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Dedication
This book that contains 38 research articles on marine ecology of Pacific
salmon and steelhead trout, is dedicated to the International Year of the Salmon
and is the first scientific publication that contributes to the library of the project.
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Preface
This Bulletin is a compilation of 37 papers presented at
an International Symposium on Pacific Salmon and Steelhead Production in a Changing Climate: Past, Present, and
Future held in Kobe, Japan, May 17–19, 2015, under the
auspices of the North Pacific Anadromous Fish Commission.
In addition, this Bulletin includes one paper submitted after
the symposium that reviews the NPAFC 2011–2015 Science
Plan. The NPAFC Science Plan was developed with the goal
to explain and improve forecasting of the annual variation in
Pacific salmon production under a changing climate and provided the impetus for convening the 2015 Symposium. All
articles in this Bulletin have been peer-reviewed, and the list
of reviewers is provided at the end of this volume.
The Symposium was hosted by the NPAFC and was
co-sponsored by the Fisheries Research Agency (Japan),
Gordon and Betty Moore Foundation, Hokkaido Salmon
Propagation Association, Hokkaido Stationary Net Fisheries Association, North Pacific Research Board, Pacific
Salmon Foundation, Pacific Seafood Processors Association, and North Pacific Marine Science Organization
(PICES). Members of the Symposium Organizing Committee included Shigehiko Urawa (Chairperson), James Irvine, Ju Kyoung Kim, Alexander Zavolokin, Edward Farley, and Nancy Davis.
Understanding how climate change and variability impacts the marine ecology of Pacific salmon and steelhead is
important to their future sustainability. Over the past several decades there have been significant variations in marine
production of Asian and North American salmonid populations linked to climate change. Better information on the

migration and survival mechanisms of salmonids during
critical periods of their marine life history, specifically their
initial period of marine life and possibly the winter period, is needed to better explain annual variation of salmon
production. There is a strong need for improved information on the ecological mechanisms regulating production
of anadromous populations and for estimating climate impacts on salmon in the North Pacific. Anadromous populations may function as an ecological indicator of marine
ecosystems; and long-term monitoring of salmon populations and environments can yield the information required
for retrospective studies that are fundamental to gauging
long-term changes in salmon ocean habitats. Stock identification, marking, and tagging methods yield critical information on where salmonids go in their ocean habitats and
contribute significantly to models incorporating ecosystem
and environmental conditions by which to explore possible
salmonid production scenarios. Accurate forecasting of returning salmon abundances offers opportunities to improve
fisheries management and hatchery techniques by anticipating future variations in salmon production.
In 2017 the NPAFC will observe its 25th Anniversary.
It is hoped that the research presented in this volume will
act as a springboard toward future improved scientific understanding of factors influencing salmon survival and production in the North Pacific Ocean.
The NPAFC Secretariat
December 2016
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Size-Selective Mortality of Chinook Salmon in Relation to Body
Energy after the First Summer in Nearshore Marine Habitats
Kathrine G. Howard1, James M. Murphy2, Lorna I. Wilson3, Jamal H. Moss2, and Edward V. Farley, Jr.2
Alaska Department of Fish and Game, Division of Commercial Fisheries,
333 Raspberry Road, Anchorage, AK 99518, USA
2
Auke Bay Laboratories, Alaska Fisheries Science Center, NMFS, NOAA,
17109 Point Lena Loop Road, Juneau, AK 99801-8344, USA
3
Alaska Department of Fish and Game, Mark, Tag and Age Laboratory,
P.O. Box 115526, Juneau, AK 99811-5526, USA
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Howard, K.G., J.M. Murphy, L.I. Wilson, J.H. Moss, and E.V. Farley, Jr. 2016. Size-selective mortality of Chinook
salmon in relation to body energy after the first summer in nearshore marine habitats. N. Pac. Anadr. Fish
Comm. Bull. 6: 1–11. doi:10.23849/npafcb6/1.11.
Abstract: The probability of size-selective mortality (SSM) after the first summer of marine residency (i.e., the
second critical period [SCP]) was evaluated for Yukon River Chinook salmon (Oncorhynchus tshawytscha). Size
distributions of fish sampled as juveniles and back-calculated from adults were compared to evaluate SSM. Size
distribution for juvenile samples at SCP was estimated from fork length (FL) of fish collected in the northeastern
Bering Sea. Scale radii distributions for adult samples at SCP were estimated using the mean early marine
circuli count from available juvenile scales, and back-calculating FL at SCP using a linear regression between
juvenile FL and scale radius. A second regression was used to estimate body weight at FL. Size at SCP in the
average adult sample (95% confidence interval of the mean = 163–178 g) was greater than that in the juvenile
sample (95% confidence interval of the mean = 134–140 g), indicating SSM between SCP and sexual maturity.
A generalized additive model (GAM) indicated a significant relationship between weight or energy density at SCP
and the probability of SSM. These results support the theoretical mechanism of SCP: that SSM in salmon could
be attributed to energy density after the first summer in nearshore habitats.
Keywords: Bering Sea, Chinook salmon, size-selective mortality, energy density, growth

INTRODUCTION

(Beamish and Mahnken 2001). Juvenile Yukon River Chinook salmon enter marine waters in late May through August
(Martin et al. 1987), and utilize habitats in the northeastern
Bering Sea during their first summer in the ocean, prior to
winter ice formation (Farley et al. 2005; Murphy et al. 2009).
Most Yukon River Chinook salmon are “stream-type”, migrating to the ocean after rearing for one year in-river as
fry. Smaller proportions of “ocean-type” (freshwater residency of months; age-0.X), and freshwater residency of two
years (age-2.X) are also observed in returning adults (JTC
2015). “Ocean-type” adults are particularly uncommon. It
is unknown how freshwater life-history characteristics, outmigration timing, and environmental conditions interact to
influence size, growth, and mortality of these stocks.
Previous size and growth studies of Yukon River Chinook salmon have focused on different reference points
throughout their life from historic scale collections of adult
salmon (Ruggerone 2009a, b; Myers et al. 2010). It is important, however, to recognize that the life history of size and
growth for individual Chinook salmon are back-calculated

Size-selective mortality (SSM) is believed to be an important factor of the juvenile salmon life stage that links ecosystem processes to salmon mortality (Healey 1982; Sogard 1997; Moss et al. 2005; Farley et al. 2007; Cross et al.
2009; Miller et al. 2013). While SSM during the first critical
period (FCP) of the critical period-critical size hypothesis
(estuarine and early marine residence) is predicted to be predation-dependent, the second critical period (SCP; summer
growth prior to the first winter at sea) is expected to be energy status-dependent (Beamish and Mahnken 2001). Mortality during SCP is generally considered to be a function of
total energy storage, with larger juveniles typically having a
higher probability of surviving. Energy allocation patterns
in juvenile salmon, to growth or storage, and these relationships to nearshore rearing conditions are poorly understood.
High mortality is expected for juvenile stages of salmon
(Hartt 1980), and only a portion of a brood is expected to
attain adequate size and energetic status to survive the SCP
All correspondence should be addressed to K. Howard.
e-mail: kathrine.howard@alaska.gov
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of a grid-based sampling design with stations spaced at each
degree of longitude and 30 minutes of latitude (Fig. 1). Surface rope trawls (Cantrawl Pacific Limited, Richmond, British Columbia) were fished for 30 minutes at each station,
during daylight hours (0730–2100, Alaska Daylight Savings
Time), and covered a distance of approximately 3.2–4.2 km.
Trawls were fished to sample the top 20 m of the water column, encompassing the entire water column in some shallower areas (Farley et al. 2007, 2009; Murphy et al. 2009).
Individual FL (to nearest mm) and weight (to nearest
g) were recorded for up to 50 juvenile Chinook salmon at
each station sampled. Scales were collected when present in the preferred area (the second to the seventh rows of
scales above the lateral line diagonal from the back of the
dorsal fin), and placed on gummed cards for later processing
(Mosher 1963). Most salmon were largely descaled by the
trawl gear, particularly the smallest sized fish, limiting the
available scales obtained in a given year. Hatchery fish were
rarely encountered, presence of adipose fin clips associated
with coded wire tags was noted, and these fish were excluded from this study.
To define total Yukon-origin juvenile Chinook salmon
size distributions at SCP of each of the 2002–2007 juvenile
years, length and weight frequencies of juvenile Chinook
salmon captured in 2002–2007 northeastern Bering Sea marine trawl surveys were assessed. At least 60% of juveniles
captured north of 60°N originate in the Yukon River based
on mixed stock genetic analysis, with the remaining 40%
containing Yukon stocks that cannot be definitively differentiated from other coastal western Alaskan stocks using current genetic markers (Murphy et al. 2009). Because the Yukon River represents over 90% of the total Chinook salmon

Fig. 1. Typical station coordinates (black dots) of surface trawl
surveys in the northeastern Bering Sea.

from adult salmon scales. Therefore, the back-calculated
size and growth characteristics represent Chinook salmon
that survived from egg to adult and therefore are subject to
the combined effects of growth and SSM.
Recent dramatic productivity declines in western Alaska Chinook salmon, Yukon River Chinook salmon in particular, has prompted considerable research into mechanisms
that may structure productivity trends in these stocks (ADF&G 2013; Schindler et al. 2013). Our primary objective
was to evaluate the role of size and energetic status at SCP
in structuring Yukon River Chinook salmon survival. This
study attempts to determine if significant SSM is present
in juvenile Yukon River Chinook salmon after SCP, and to
evaluate how SSM varies with energetic condition of juvenile Chinook salmon.

Table 1. Adult scale samples digitized and used for growth
analysis are shown by age class and return year that are
proportional to actual ages returning from 2002-2007 juvenile
years. Scales sampled from Pilot Station, Yukon River. Age is
shown using the European notation, with the numeral before the
decimal indicative of the number of winters the fish spent in fresh
water before outmigration, and the numeral after the decimal
indicative of the number of winters the fish spent in salt water
before returning to the river (Koo 1962).
Return
year
2004

MATERIALS AND METHODS
Juvenile Sampling: Defining Total Juvenile Size Distribution
The Bering Aleutian Salmon International Survey (BASIS) and later surface trawl surveys in the northeastern Bering Sea captured juvenile Yukon River Chinook salmon in
September of their first year in the ocean. Surveys have been
conducted since 2002, excluding 2008. Surveys consisted

Age class
1.1

1.2

1

27

1.3

1.5

2005

15

61

16

63

30

2007

13

61

52

1

2008

7

77

47

15

2009

30

2.4

76
3
1

112
1

129

3

149

67

54

4

1

2

158

54

5

1

1

149

28
1

108

Total

88

2011
Total

2.3

28

2006

2010

2

1.4

417

265

28
25

6

7

829
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A

B

Fig. 2. Digitized scales from a freshwater age-1 adult (A), freshwater age-2 adult (B). The mean ± 1 SD (20–24 circuli) is identified and
corresponds to the SCP reference point sample area for most back-calculated adult scales. Samples collected from Pilot Station, Alaska, for
this study. Images from ADF&G MTA Laboratory.

tion) using standard bomb calorimeter methods (Fergusson
et al. 2010). Fish were dried to a stable weight (≤ 5 mg
change), homogenized with a Waring pulverizer, and ground
to a fine powder with a mortar and pestle prior to analysis
with a 1425 Parr micro-bomb calorimeter. Energy density
estimates (kJ/g) from the calorimeter were rescaled to wet
weight energy density by the percent water content (ratio of
dried weight to initial body weight).

production for rivers entering the northeastern Bering Sea,
it can be assumed that the remaining 40% of juveniles that
cannot be genetically discriminated are primarily of Yukon
origin, and the size distribution of juveniles in this region
is representative of the size distribution of Yukon-origin juvenile Chinook salmon in a given year. Juvenile size data
at SCP were standardized to an average capture date of 20
September (2002–2007), based on an assumed growth rate
of 1 mm/day (Farley et al. 2009) or 1.2% body weight g/
day (Walker et al. 2013). Fork length and weight distributions from the juvenile samples represented the portion of
the juvenile population that survived to the end of their first
summer in salt water and represented the candidate adult
population at the SCP.

Adult Sampling and Scale Digitization
Scales from the adult Chinook salmon represented the
portion of the juvenile population that survived past the
SCP to adulthood. A target subsample of 150 scales was
collected from adult Chinook salmon at Pilot Station, Alaska, in the lower Yukon River for each of the 2002–2007
juvenile years (adult return years = 2004–2011). The Pilot
Station test fishery was chosen because it uses a suite of gillnet mesh sizes (7 to 21.6 cm stretched mesh) and modeling
efforts demonstrate the overall catch to be relatively unbi-

Juvenile Sampling: Energy Density
Energy density is a measure of nutritional condition and
was estimated from a subset of juvenile Chinook salmon
captured since 2005 (typically two juveniles from each sta-

Table 2. Mean and standard deviation of circuli counts and
summed circuli distance for freshwater and first-year saltwater
growth observed in juvenile scales (by date of capture) used for
length-scale radius linear regression, and for adult scales used
in the scale back-calculation analysis. SW1 measurements for
juvenile scales represents a partial year while those for adults
scales represents the full SW1 year.

Saltwater
circuli
Freshwater
annulus

Scale
growth
zone

Fig. 3. Digitized juvenile scale demonstrating the freshwater annulus
and saltwater circuli (age 1.0) present at capture. Juvenile Chinook
salmon was sampled in 2005 on the eastern Bering Sea shelf and was
277 mm and 270 g at capture. Image from ADF&G MTA Laboratory.
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Juvenile scales (n = 84)
Circuli
count
(SD)

FW0

NA

FW1

7.2 (1.8)

FW2

NA

SW1

22 (1.98)

Circuli
distance,
µm (SD)
NA
0.3 (0.04)

Adult scales (n = 829)
Circuli
count
(SD)
NA

Circuli
distance,
µm (SD)
NA

9.6 (2.2)

0.3 (0.06)

NA

9.5 (2.0)

0.2 (0.04)

0.8 (0.1)

29.7 (4.6)

1.3 (0.2)
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nile cohort would be selected from the 2005 adult return,
and those samples would span the sex, size, and run timing
distributions of age-1.3 returns observed in 2005. Due to
their rarity in returns, no freshwater age-0 adults were sampled (Table 1).
Scale digitization followed procedures described by
Hagen et al. (2001). Scales were scanned using Indus
4601-11 Screen Scan and a fixed 22 mm optical lens producing a high-resolution image (3360 x 4426 pixels, 400
dpi). Scales were measured using Image Pro Plus image analysis software, version 7.01, and the Otolith and
Fish Scale Analysis macro, version 2.17, at the Alaska
Department of Fish and Game (ADF&G) Mark, Tag and
Age (MTA) Laboratory in Juneau. Measurements were
made along a transect from the focus (initial growth) to
the furthest edge of the scale margin. Distances between
circuli (growth rings) were measured to the nearest 0.1
micrometer and circuli measurements were summed for
each growth zone (fresh- and saltwater annuli, Fig. 2A, B).
MTA Lab technicians were trained by experienced Yukon
River agers to identify marine transition points and freshwater plus growth patterns unique to Yukon River Chinook
salmon. To test for the effect of reader on scale growth
zone measurement, a subset of scales was re-measured and
compared using multiple analysis of variance (MANOVA)
with independent variable reader on multiple dependent
variables (growth zone measurements) and no significant
differences were found (p > 0.05 for all growth zones) suggesting no difference in growth zones due to reader. Scale
images were saved as uncompressed tiff files to archive
scale appearance and measurements were stored in an Oracle database and summarized using Microsoft Access PL/
SQL queries.

Fork Length (mm)

290
270
250
230
210

190
170
150

0.6

0.7

0.8

0.9

1

1.1

1.2

Scale Radius (mm)

1.3

1.4

1.5

1.6

Fig. 4. Relationship between scale radius (distance from focus
to scale edge in mm) and fork length (mm) of juvenile Chinook
salmon captured during surface trawl surveys in the northern
Bering Sea (Myers et al. 2010). Line represents a linear regression
model: y = 150.0x + 49.4, r2 = 0.82.

ased to the size and age composition of returning adult fish
(Bromaghin et al. 2011). All adult scales were taken from
the preferred area and only clean, readable scales without
regeneration were used. Scales were cleaned, mounted on
gummed cards, heated, and hydraulically pressed on acetate
cards.
Adult Chinook salmon scales were selected to be included in the subsample to best match the age composition
of each juvenile Chinook salmon year of return, as well
as the run timing and sex composition of the run. Adult
scales were sampled proportional to brood-year age structure and aggregated across return years by juvenile year.
Within-age scale sampling was completed proportionally
to the size-at-age and sex distribution occurring within
each age stratum of returns. For example, if 40% of the
fully returned 2002 juvenile cohort matured as age-1.3 fish,
then a target of 60 adult scales representing the 2002 juve500
450
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100
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100

150

200

250

300

350

Length (mm)
Fig. 5. Relationship between fork length (mm) and fresh weight (g) of juvenile Chinook salmon captured in the northern Bering Sea during surface
trawl surveys in the northern Bering Sea (Murphy et al. 2013). Grey points are individual fish measurements, black points are from the fitted
allometric growth model ln(weight) = 3.08 ln(length) - 11.7.
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Table 3. Juvenile sample catch characteristics, 2002–2007. Mean length and weight standardized to 20 September catch date also provided.
Year

Sample
size

Mean date of
capture

Mean FL, mm
(SD)

Mean standardized
FL, mm (SD)

Mean weight,
g (SD)

Mean standardized
weight, g (SD)

2002

126

26 September

229 (33)

223 (36)

156 (59)

149 (57)

2003

232

15 September

201 (32)

207 (29)

102 (49)

116 (44)

2004

175

17 September

221 (26)

224 (25)

136 (56)

146 (53)

2005

136

22 September

225 (21)

223 (18)

139 (42)

140 (38)

2006

104

9 September

188 (16)

199 (15)

77 (22)

99 (22)

2007

267

19 September

236 (25)

237 (12)

169 (57)

171 (50)

Identification of the Second Critical Period Reference
Point on Adult Samples

Back-Calculation of Weight at the Second Critical Period from Adult Samples

The reference point on adult scales estimating growth
prior to SCP was defined by the sampling distribution of
total marine circuli counts on available juvenile scales sampled and standardized to 20 September (Fig. 2). As trawlcaught fish are largely descaled, a subsample of juvenile
Chinook salmon scales available from eastern Bering Sea
samples in 2002–2007 were digitized and scale growth increments analyzed (n = 84; Myers et al. 2010). When standardized, mean juvenile marine circuli was a count of 22,
variance of 4: this does not yield a SCP saltwater circuli
range different from the unstandardized circuli distribution (Fig. 3; Table 2). Scale measurements for each adult
scale at the estimated SCP reference point were randomly
assigned based on circuli numbers drawn from a normal
probability distribution defined by this juvenile circuli distribution. Each adult in the sample was randomly assigned
a circuli count and radius measurement once in each simulation of the adult population, and 1000 simulations were
performed. Simulations represent possible realities of the
true size distribution at SCP for those salmon that survived
and returned as adults.

Several studies have documented clear relationships
between scale radius and fish body length (Francis 1990;
Ricker 1992), enabling back calculation of previous fish size
using scale radius length. The subsample of paired juvenile
length and scale radius measurements was used to determine
relationships between body size and scale radius (n = 84;
Myers et al. 2010). Scale radius measurements at SCP of
adult fish were converted to fork length (FL, mm) based on
the following scale radius (S, mm) to length relationship (r2
= 0.82; n = 84; p < 0.001; Fig. 4):
(1)
Reconstructed FL was converted to weight (WT, g) based
on the following length-weight relationship for juvenile Chinook salmon (Fig. 5):
(2)
Scale radius measurements from adult sample simulations
were converted to weights to allow for comparisons to the
weights of the juvenile sample at SCP.

Fig. 6. Average weight distribution of simulated back-calculated adult weights at SCP (grey), compared to weight distribution of the total
juvenile population at SCP (black).
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Size-Selective Mortality Modeling

Size-Selective Mortality Modeling and Juvenile Energy
Density

Weight models, rather than length models, were used to
describe size-selective mortality at SCP as it is believed to be
primarily a function of available energy reserves required to
survive the first winter in the ocean (Yerokhin and Shershneva
2000; Beamish and Mahnken 2001). Weight can be used as
proxy for energy storage for juvenile Yukon River Chinook
salmon (Murphy et al. 2013). Weight distributions of the total
observed juvenile population at SCP and the average of the
simulations of back-calculated size of the adult survivor population at SCP, standardized to 20 September, were used to examine mortality probabilities. Size-selective mortality probabilities, ρi, were estimated from the proportion of juvenile,
ji, and surviving adults, ai, within each weight interval, i, as:

The mortality GAM model for Yukon River Chinook
salmon indicates that mortality is very high for the smallest
juveniles, but rapidly declines to the point of neutral selecTable 4. Observed juvenile weight distribution, averaged backcalculated adult weight distribution at SCP, and size-selective
mortality probabilities averaged across 1000 simulations.
Weight
bin (g)

Juvenile
weight
distribution

Back-calculated
adult weight
distribution

Size-selective
mortality
probability

10–20

0.00

0.00

1.00

21–30

0.00

0.00

1.00

31–40

0.01

0.00

1.00

41–50

0.01

0.00

0.98

51–60

0.01

0.00

0.86

61–70

0.02

0.01

0.70

71–80

0.03

0.01

0.69

81–90

0.04

0.02

0.66

91–100

0.07

0.04

0.66

RESULTS

101–110

0.06

0.04

0.58

111–120

0.10

0.05

0.65

Size Comparisons at the Second Critical Period

121–130

0.09

0.07

0.55

131–140

0.07

0.07

0.50

141–150

0.10

0.07

0.59

151–160

0.07

0.07

0.47

161–170

0.06

0.08

0.45

171–180

0.06

0.07

0.46

181–190

0.06

0.06

0.48

191–200

0.03

0.06

0.38

201–210

0.03

0.05

0.37

211–220

0.02

0.04

0.36

221–230

0.02

0.04

0.32

231–240

0.01

0.03

0.25

241–250

0.01

0.03

0.30

251–260

0.01

0.02

0.35

261–270

0.00

0.02

0.16

(3)

Generalized additive models (GAM; Chambers and Hastie
1992) were fit to mortality probabilities and used to describe
size-selective mortality in juvenile Chinook salmon.

Yearly size distributions of juvenile Chinook salmon varied within and among years (Table 3). The smallest size classes captured in marine surveys overlap with outmigrating smolt
sizes documented in the Yukon River Delta (mean smolt FL
(SD) = 94 (12) mm in 1986, 2014, and 2015), while the largest
individuals were roughly three times larger than outmigrating
smolt sizes (Martin et al. 1987; K. Howard, unpublished data).
Size distribution differences, as measured in either FL
or weight, are evident between the total juvenile population
and the survivor population reconstructed from adult scales.
In each of the simulations of adult size distribution at SCP,
the mean (± 95% confidence interval) was larger than the
distribution of the juvenile samples (simulation with the
smallest adult sample mean = 167 ± 4 g; juvenile sample
mean = 137 ± 3 g). The smallest sized juveniles were notably absent in the back-calculated sizes of adults at SCP,
while a higher proportion of the adult samples were in the
largest size classes at SCP (Fig. 6; Table 4). The total juvenile population had a lower minimum weight (18 g) than
back-calculated adult samples at SCP (56 ± 4 g averaged
across simulations) from 2002 to 2007.
Although juvenile salmon were not aged in this study,
freshwater life-history differences were evident in the
back-calculated sizes of adult samples at SCP, with freshwater age-2 fish being significantly larger than freshwater age-1
fish by 20 September (mean (SD) = 239 g (57) and 168 g
(45), respectively; Welch’s two sample t-test: p < 0.001).
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271–280

0.00

0.01

0.11

281–290

0.00

0.01

0.18

291–300

0.00

0.01

0.10

301–310

0.00

0.01

0.00

311–320

0.00

0.00

0.26

321–330

0.00

0.00

0.18

331–340

0.00

0.00

0.20

341–350

0.00

0.00

0.20

350–360

0.00

0.00

0.00
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Weight (g)
Fig. 7. Generalized additive model (thick solid black line) fit to size selective mortality (SSM) probabilities of juvenile Yukon River Chinook
salmon based on differences between actual juvenile weights and the average of simulated back-calculated weights of adults at SCP. The
horizontal dashed 0.5 probability line identifies the reference point of neutral selection on the GAM model; a selective disadvantage is
expected for weights smaller than this point, a selective advantage is expected for weights larger than this point. Shaded area represents
GAM model confidence intervals.

tion (mortality probability of 0.5) at approximately 145 g
(Fig. 7; Table 4). Chinook salmon smaller than 145 g weight
or 227 mm length would be expected to experience higher
mortality rates at SCP, and larger fish to experience a survival advantage due to size.
Much of the variability in energy density can be explained
by weight alone and, consequently, weight can be used as a
surrogate for identifying energy storage patterns in juvenile
Yukon River Chinook salmon (Fig. 8). Given this relationship, it would be expected that energy storage of 4.96–5.16
kJ/g (95% CI, defined by the GAM model) would be needed
at neutral selection and individuals with energy stores less
than this would incur a survival disadvantage while fish with
additional energy stores would gain a survival advantage at
SCP. The average energy density for the juvenile sample was
4.98 ± 0.41 kJ/g, indicating that fish with below average energy density would be subject to SSM at SCP.

that may be attributed to environmental conditions (see
Farley et al. 2011) or to variation in growth during their
freshwater life-history stage.
While we see evidence of SSM for juvenile Yukon River Chinook salmon during the SCP, there are other factors
influencing freshwater and FCP survival that may be more
influential on cohort strength. Juvenile Yukon River Chinook salmon abundance before SCP has been demonstrated
to be a good predictor of future adult run size and indicator
of productivity (Murphy et al. in press). If SSM at SCP and
mortality processes in later marine life were more significant
in defining cohort strength, then abundance measured prior
to SCP would not be a good predictor of adult run size. For
the juvenile years examined in this study, the stock group for
which a juvenile survival index has been developed (Cana-

Energy density (kJ/g)

DISCUSSION
Our analyses suggest that size-selective mortality
(SSM) of juvenile Yukon River Chinook salmon at the
second critical period (SCP) is evident. Juvenile Chinook
salmon that attain a size of 227 mm or larger and a caloric
content of 4.96 to 5.16 kJ/g or higher before the end of September are expected to have a greater chance of surviving
their first winter at sea. These late summer size and energetic reference points for juvenile Yukon River Chinook
salmon come from a time series of data collected over a
period of varying climate states that had an impact on ecosystem production (see Hunt et al. 2011). Consequently,
we also found the juvenile Chinook salmon late summer
size and energetic data contained interannual variability

Juvenile weight (g)

Fig. 8. Relationship between weight (g) and energy density (kJ/g)
for juvenile Chinook captured during surface trawl surveys in the
northeastern Bering Sea (2005–2011). Line represents linear
regression model: y = 0.0085x + 3.8165, r2 = 0.67
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It should be noted that there are several limitations
and potential biases that may limit interpretation of SSM at
SCP with the data available for this study. The trawl gear
used to sample the juvenile population typically descales all
fish sampled, particularly from the preferred area, limiting
the scale samples available. While a subset of scales was
available (n = 84), larger fish tended to retain scales, and
the smallest individuals were not represented in the scale
sampling (Fig. 9). Using this subset of fish with scales
alone would have artificially limited the range of sizes, excluded small-sized fish, and inflated the mean size of juveniles compared to the sampled population (Welch’s two
sample t-test: p < 0.001). These limitations necessitated
that back-calculated adult scale radii measurements be converted to FL and weight using linear regression, rather than
a direct comparison of scale radius measurements between
the adult and juvenile samples. This approach, however, introduces its own biases because the linear regression to convert scale radius to FL has a tendency to underestimate the
slope of the relationship (i.e., underestimate the FL values
of back-calculated adult samples at SCP that are larger juveniles, and overestimate the FL values of back-calculated
adult samples at SCP that are smaller juveniles). The same
underestimate of slope would be true in the linear regression
relationship converting FL to weight. As both linear regression relationships have a high correlation coefficient (0.91
and 0.96 for scale radius-FL and FL-weight relationships,
respectively), the potential bias introduced with these linear
regression conversions is likely relatively small. However,
it should be noted that if the size of smaller fish are overestimated in back-calculated adult samples, this bias could give
the appearance of SSM existing at SCP when it does not. It
does not, however, explain the presence of back-calculated
fish that are larger than juveniles observed in the surveys.
If a more representative scale sample were available, then
a more straightforward relationship between samples that
was not contingent on a linear regression conversion could
have been performed.
It is also possible that sampling error of reconstructed size of juveniles and/or the effect of combining multiple juvenile years into a single probability model is biasing
the true underlying mortality curve. It is reasonable to assume the true relationship has a higher level of non-linearity than we can estimate with this model. The presence of
non-linearity in the relationship between size and survival
is important when attempting to reconstruct juvenile size
distributions from back-calculated adult scales as it will
reduce the variation in size of back-calculated adults at
SCP relative to the true size of juveniles and subsequently
between low and high growth periods. Caution is needed
when attempting to reconstruct body size and growth rates
from scale back-calculations during life stages with size-dependent survival.
Other biases related to sampling were minimized to the
greatest extent possible, but should be considered. Sampling
bias may occur in years when more juvenile Chinook salm-

Frequency

Juveniles With Scales

Frequency

All Juveniles

Juvenile Chinook Salmon Fork Length

Fig. 9. Size distributions of juvenile fish sampled from the eastern
Bering Sea shelf that retained scales from the preferred region and
were available for digitization, and total juvenile Chinook salmon
sampled in marine surveys (2002–2007).

dian-origin Yukon River Chinook salmon) does not demonstrate a relationship between relative juvenile survival (adult
return abundance/juvenile abundance index) and average juvenile size in that year. The lowest average juvenile weight
by September (2006; 99 g), was associated with the highest
juvenile survival index (0.08; Murphy et al. 2013). Consequently, SSM at SCP does not appear to substantially explain adult return strength beyond what would be predicted
by juvenile abundance alone prior to SCP for Yukon River
Chinook salmon.
Research on other Chinook salmon stocks suggest the
FCP may be more influential than the SCP in defining cohort strength. Rapid growth and size by July were found
to be important to marine survival in Puget Sound Chinook
salmon, but size differences after September (SCP) were less
related to marine survival (Duffy and Beauchamp 2011).
Likewise, size during the first month at sea appeared to be
highly influential to Central Valley Chinook salmon survival
and adult return abundance in a year when ocean productivity was poor (Woodson et al. 2013). It is likely a combination of processes that structures Yukon River Chinook
salmon cohort survival and adult returns, but it is important
to understand the relative magnitude of mortality processes
in shaping overall stock productivity.
Although abundance information prior to SCP suggests
SSM at SCP may be less influential in structuring cohort
strength in Yukon River Chinook salmon than earlier mortality processes, SSM may nevertheless introduce important
constraints on juvenile life-history. Due to the presence of
SSM, faster growth rates, larger juvenile sizes, and increased
energy storage will improve survival. Neutral selection (size
at which there is no survival advantage or disadvantage) appears to occur at approximately the average juvenile Chinook salmon energy density across all years sampled.
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on are in shallow nearshore areas and unavailable to sampling gear. If smaller Chinook salmon preferentially use
nearshore areas inaccessible to sampling gear, then these fish
may be under sampled in the juvenile survey and the relative
role of SSM at SCP may be underestimated by this model. While it is possible that larger juveniles could be deeper
in the water column than sampling gear can accommodate,
features of the northern Bering shelf are expected to sharply limit the vertical distribution of juvenile salmon. The
northern Bering shelf exhibits a highly stratified two-layer
water column with a well-mixed layer at the surface and a
cold (< 2°C) dense bottom layer known as the “cold pool”
(Danielson et al. 2011; Lauth 2011). It is believed that this
colder bottom layer is unsuitable for juvenile salmon (Brett
1952). Shallow bottom depths and temperatures within the
cold pool limit the vertical distribution and permit surface
trawls to effectively sample much of the vertical habitat of
juvenile salmon (Murphy et al. in press). If a portion of the
juvenile population were inaccessible to sampling and were
exclusively the largest individuals, then it may explain why
the largest sized individuals of back-calculated adults at SCP
were larger than the largest sized individuals in the juveniles
sampled in the survey.
Increased energetic demand for overwinter survival is
expected in high latitude stocks of salmon and is evident in
the contrast between the energy density-weight relationships
of juvenile Chinook salmon in the northern Bering Sea and
those in the Gulf of Alaska (Moss et al. 2016), where the
allometric energy density-weight relationship for juvenile
Chinook inhabiting the northern Bering Sea is greater than
that for those inhabiting the Gulf of Alaska. The average
energy density in the Gulf of Alaska juvenile Chinook salmon samples is less than what would be expected to meet the
neutral selection reference point for northern Bering Sea
juvenile Chinook salmon. Differences in the energy density-weight relationship between the northern Bering Sea and
Gulf of Alaska are believed to reflect counter-gradient variation in juvenile energy allocation (Conover et al. 2009). As
Yukon River Chinook salmon are among the most northerly
stocks of this species, research into the role of environmental
disruptions, such as climate change and the loss of sea ice,
as drivers of growth and size-selective mortality is needed.
This study provides an important first step in understanding
energy storage needs in northerly juvenile Chinook salmon
stocks.
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technicians at the ADF&G MTA Laboratory who contributed to the digitization and optical analysis of digitized adult
scales. A special thank you to Kate Myers whose work digitizing juvenile Chinook salmon scales enabled us to develop the scale radius-fish length model, which was integral
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Abstract: A laboratory study was conducted to estimate utilization rates of thiamine (vitamin B1) and lipid in whole
fish, muscle, and liver tissues of fasting Chinook salmon (Oncorhynchus tshawytscha). The experiment was
conducted with Chinook salmon held at 5ºC over a period of 150 days to simulate fasting during migration or
overwintering. Chinook salmon body length and wet weight did not change (p > 0.05) over the course of the study;
however, significant declines were observed in muscle thiamine (p < 0.01) and lipid (p < 0.01). There was an inverse
relationship between lipid and water content. Under the experimental conditions with no strenuous swimming,
thiamine utilization rates reported are conservative estimates and were found to be 5.3–6.8 pmol·g-1·day-1 in
muscle tissue and ~110 pmol·g-1·day-1 in liver tissue over the first 100 days. Fasting lipid depletion rates in whole
fish were calculated to be 0.14–0.16%·d-1. Muscle lipid decline rate (0.13%·day-1) over the first 100 days was
similar to whole fish lipid loss, however, muscle lipid utilization was slower (0.04%·day-1) over the last 50 days.
During periods of fasting, Chinook salmon deplete bodily reserves of both thiamine and lipid which may have
consequences for successful spawning migration and overwinter survival.
Keywords: overwinter, spawning migration, metabolic energy, vitamin B1

INTRODUCTION

ATP (Harper 1973). Production of metabolic energy from
fatty acyl triglycerides, the primary storage form of lipid,
begins with beta-oxidation. This pathway reduces fatty
acid carbon chains into two carbon fragments (acetyl-CoA).
Acetyl-CoA is incorporated into a Krebs cycle intermediate and continues through the cycle passing through a thiamine-requiring enzyme, α-ketoglutarate dehydrogenase.
Without thiamine, which is converted to the active co-factor,
thiamine pyrophosphate, the Krebs cycle stops and the production of ATP ceases (Depeint et al. 2006). Thiamine loss
occurs through normal metabolic turnover with the degradation of thiamine pyrophosphate to thiamine monophosphate
(Gubler 1991). Thiamine is also used as an antioxidant (Portari et al. 2008) in addition to its primary metabolic role,
thus oxidative processes and stress can lead to additional
thiamine loss (Lundstrom et al. 1999: Vuori and Nikinmaa
2007; Vuori et al. 2008). In summary, production of metabolic energy requires a source of energy (lipid) and a metabolic process that utilizes thiamine.
Chinook salmon are predominantly piscivorous and
often forage on clupeid species (Daly et al. 2009, 2010).
Chinook were introduced into the Great Lakes in the 1960s
and became an important part of the sport fishery (Tanner
and Tody 2002). These fish were brought in to control an

Body composition of Chinook salmon, Oncorhynchus
tshawytscha, is dynamic over its life cycle. Chinook and other anadromous salmon species expend a significant amount of
energy during their spawning migration and do not actively
feed (Dickhoff et al. 1997). Overwinter lipid and thiamine
(vitamin B1) content in Lake Michigan Chinook salmon have
been shown to decrease and tissue water content to increase
(Peters et al. 2007; Honeyfield et al. 2008). Chinook have
been reported to catabolize 95–99% of their muscle lipid and
73–86% of their visceral lipid to complete their spawning
migration up the Columbia River (Mesa and Magie 2006).
These changes in lipid composition show a pattern of increasing energy reserves in summer when food is plentiful, and
declining reserves over winter or during spawning migration.
While seasonal variation in lipids has been reported across
a number of species (Jonas et al. 1996; Dawson and Grimm
1980; Craig et al. 2000; Madenjian et al. 2000; Pedersen and
Hislop 2001; Brown and Murphy 2004; Vollenweider et al.
2011), there is little or no comparable information available
for body stores of thiamine.
Lipid is a form of energy reserve whereas thiamine is
necessary to convert lipid subunits of fatty acid carbon into
All correspondence should be addressed to D. Honeyfield.
e-mail: honeyfielddale@gmail.com
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overabundance of alewife, Alosa pseudoharengus, a clupeid that dominated the forage base. Many clupeid species
are known to contain thiaminase, an enzyme that destroys
thiamine (NRC 1983). Reproductive failure in Lake Michigan salmonids including Chinook salmon has been linked to
foraging heavily on alewife (Marcquenski and Brown 1997;
Fitzsimons et al. 1999; Brown et al. 2005b; Wolgamood et
al. 2005). Consumption of alewife greater than 20–25% of
the diet leads to thiamine deficiency and mortality (Brown
et al. 2005a; Honeyfield et al. 2005). Although thiamine has
been reported to decrease overwinter in Lake Michigan Chinook (Honeyfield et al. 2008), it is not known if the decrease
in thiamine was the result of thiaminase from the consumption of an occasional alewife or from basal metabolism utilizing thiamine. The objective of the reported work was to
document changes in Chinook salmon tissue thiamine and
lipid content in animals fasted for 150 days.

ratory and fed commercial feed for two months prior to the
experiment. Forty-eight hours before the start of the study,
feed was withdrawn. During the 150-day study, no feed was
offered to the fish. Water temperature was lowered incrementally over a five-day period from 9ºC to < 5ºC and held
at 4.5–4.8ºC for the duration of the study to simulate winter
conditions. Fish were monitored daily throughout the study
and fish mortality recorded.
Chemical analysis was conducted on fish collected on
days 0 (n = 8), 100 (n = 8) and 150 (n = 10) of the study.
Starting body weight and length were recorded for all fish (n
= 27) on day 0. Body weight and length were also collected
on day 100 and 150. Fish were randomly selected, killed
by cervical dislocation and immediately processed. A dorsal
muscle sample (5–10 g) and the entire liver were collected.
Liver and intestinal tract were removed and weighed. For
whole fish lipid and water content, intestinal tract and carcass minus the liver were mixed and processed as described
in Peters et al. (2007). Muscle, liver and ground whole fish
were stored frozen at -80ºC until analysis. The muscle sample removed for lipid and thiamine analysis constituted approximately 1–2% of the total body weight. Whole fish lipid
and water content reported were not adjusted for the muscle
and liver tissue removed.
Muscle and liver thiamine were determined using the
method of Brown et al. (1998). The chromatography (HPLC)
method separated thiamine pyrophosphate, thiamine monophosphate, and free or unphosphorylated thiamine which
were quantified using commercially available authentic
standards. Duplicate analysis was conducted and data are
reported from duplicates with < 10% difference. Water content or dry matter analysis was conducted on whole fish and
muscle samples from each fish (AOAC 1995). The Soxtec
method was used to determine lipid content (Soxtec System
HT6; Tecator, Sweden) (AOAC 1995).

METHODS
Chinook salmon with an average length of 35.3 cm,
average weight of 428 g, and age of approximately 1 year
were included in the study. The fish were obtained from
the Salmon River Hatchery in Altmar, New York, and were
similar in size to the small-sized fish category in Peters et al.
(2007). Fish were reared from eggs collected from Lake Ontario Chinook salmon stocks spawned at the hatchery. The
fish were transported from New York to Wellsboro, Pennsylvania (USGS, Northern Appalachian Research Laboratory), and were divided equally into two insulated rectangular
tanks (51 cm x 58 cm x 305 cm) with continuous flowing
fresh well water (11.4 L·min-1, 9ºC, 8–9 ppm dissolved oxygen). Tanks were covered with one-inch thick polystyrene
insulation board during the study to limit heat gain from the
ambient laboratory temperature. Fish were held in the labo-

Table 1. Tissue weight and percentage water and lipid in Chinook salmon fasted for 150 days.
Days after fasting
Variable

0 Days

100 Days

150 Days

p

n

Mean

SE

n

Mean

SE

n

Mean

SE

Liver weight, g

8

5.6a

0.8

8

3.6b

0.3

10

3.6b

0.5

< 0.05

Viscera weight, g

8

20.7a

2.7

8

14.3b

1.2

10

14.2b

0.9

< 0.05

Water, %

8

73.4a

0.4

7

78.7b

0.7

10

81.0c

0.5

< 0.001

Lipid, % DM1

8

29.1a

1.9

8

14.4b

1.5

10

11.9b

2.6

< 0.001

Water, %

8

75.8a

0.7

7

79.3b

0.4

10

81.1c

0.4

< 0.001

Lipid, % DM

8

18.3

1.6

7

5.7

0.9

10

3.5b

0.7

< 0.001

Whole Fish

Muscle

1

a

b

DM, lipid as percent of the dry matter.
Means with similar superscripts are not significantly different.
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Data Analysis

RESULTS

Statistical analyses were completed using R statistical
software package (R Development Core Team 2013). Analysis of Variance was used to test for significant differences
among sampling periods (days 0, 100, 150) for fish length,
weight, liver and viscera weight, water and lipid levels in
muscle tissue and the whole fish, and thiamine levels in muscle and liver. A Tukey “Honest Significant Difference” test
was used for a post-hoc comparison among means.

Whole body weight and length did not change during the
course of the study. Average, ±SE, and starting fish length
and weight (34.9 ±0.5 cm; 469 ±29 g) were not significantly
different between fish examined after fasting for 100 days
(35.1 ±0.7 cm; 409 ± 24 g) or 150 days (35.1 ±0.5 cm; 409
±21 g). Liver and viscera weights were significantly lower at days 100 and 150 compared to day 0 (Table 1). Percent water in whole fish and muscle increased substantially
over time while percent lipid decreased in a corresponding
fashion (Table 1; Fig. 1). There were significant differenc-
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2.0

Muscle total thiamine

Chinook salmon fasted over the 150-day study showed
depleted thiamine and lipid stores in both muscle and liver tissues. Additionally, a strong relationship between liver
thiamine pyrophosphate (TPP), the active co-factor in thiamine-requiring enzymes in the Krebs cycle, and whole body
lipid (R2 = 0.68) and muscle lipid (R2 = 0.79) was found (Fig.
1a, c). Utilization of lipid during fasting is considered common knowledge (Hendry and Berg 1999; Hendry and Beall
2004; Mann et al. 2009), but this is the first data to suggest
that significant thiamine utilization is co-occurring with lipid catabolism during fasting. Mann et al. (2009) reported
that 95% of Chinook lipid was utilized by fish that successfully spawned, but only 65% lipid utilization was found in
fish that did not reach their spawning sites. These authors

4.0

DISCUSSION

5.0

suggested that lack of lipid was not the cause of death and
that disease, water temperature, or other factors should be
investigated for the cause of death. Both lipid and thiamine
are required to produce metabolic energy and thiamine deficiency has been linked to immune dysfunction (Ottinger
et al. 2012, 2014). Cooke et al. (2006) reported no difference in lipid content of successful and unsuccessful spawning sockeye salmon (O. nerka) in the Fraser River, Canada.
However, it’s not clear whether low thiamine was involved
in Fraser River sockeye because fish were dying prior to ascending the river with low body stores of lipid. Although
there are many reasons unsuccessful fish may die prior to
spawning, possible explanations include limited lipid stores,
or limited lipid utilization and disease as a result of thiamine
deficiency. Therefore, the importance of adequate lipid and
thiamine should not be overlooked in salmon that have not
successfully reached their natal spawning areas.
The present work shows that during fasting, there is a
loss of thiamine due to normal metabolic processes without considering metabolic cost of work such as rigorous
migratory swimming. Migration and overwintering are a
non-feeding time when prey items either with or without
thiaminase are not being ingested. Chinook salmon do not
harbor thiaminase (NRC 1983). Therefore, these results isolate the basal metabolic turnover of body stores of thiamine
from thiaminase degradation or other demands for thiamine,
such as swimming. If Chinook have reduced energy (lipid)
stores, reduced thiamine, or both, these fish will be less likely to successfully reproduce. Low thiamine has previously
been shown to limit salmonid spawning migration (Fitzsimons et al. 2005; Ketola et al. 2005, 2009). Liver thiamine
loss plateaued between 100 and 150 days whereas the muscle thiamine loss was continuous over the 150-day period.
Thiamine is important in the liver because the liver processes dietary carbohydrates, proteins, fats, vitamins and minerals, is vital for ridding
the body of
and
0
100toxins and microbes,
150
produces ATP.
The
liver
plays
a
vital
role
in
maintaining
Sampling Period (days since feeding stopped) the
body’s metabolic balance. Our data suggest there is a meta3.0

es among all three time periods for percent water. On day
131, one fish was found dead from unknown causes. All
other fish remained active displaying normal fish behavior
through day 150 of the study when all remaining fish were
killed and tissues collected for chemical analysis.
Total thiamine decreased over the course of the study in
muscle and liver tissue (Fig. 2). Thiamine levels in liver tissue were significantly lower by the end of the study, with no
apparent difference between day 100 and day 150 (Table 2).
Changes in muscle thiamine were not as great as for the liver,
with day 0 different from day 150 but no significant difference
between day 0 and day 100 or day 100 and day 150 (Table
2). The loss of liver thiamine occurred predominately during
the first 100 days with little or no loss during the last 50 days.
Thiamine pyrophosphate levels were correlated with lower
lipid levels in muscle (R2 = 0.79; Fig 1) and whole fish (R2
= 0.68). Thiamine pyrophosphate was negatively correlated
with muscle water (R2 = -0.78) and whole fish water (R2 =
-0.80) content. Free thiamine was low in both muscle and
liver and was not different across time.

0
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Fig. 2. Muscle and liver total thiamine (nmol·g-1 wet weight) in Chinook fasted for 0, 100 and 150 days.
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Table 2. Muscle and liver thiamine pyrophosphate (TPP), thiamine monophosphate (TP), free thiamine (T), and sum of three forms of
thiamine (Total) concentrations (nmol·g-1 wet weight) in Chinook salmon over the fasting period of 150 days at 5ºC.
Days after fasting
Variable

0 Days
n

Mean

TPP

8

TP

100 Days

150 Days
Mean

p

SE

n

Mean

SE

n

SE

3.35a

0.15

7

3.00abc

0.30

10

2.56c

0.20

< 0.05

8

0.65a

0.06

7

0.50b

0.05

10

0.45b

0.04

< 0.05

T

8

0.05

0.01

7

0.03

0.00

10

0.03

0.00

N.S.

Total

8

4.06ab

0.19

7

3.58abc

0.38

10

3.04c

0.22

< 0.05

Muscle

Liver
TPP

8

14.10a

0.89

7

6.74b

0.51

9

6.84b

0.20

< 0.001

TP

8

8.85

a

1.07

7

5.29

b

0.39

9

5.58b

0.31

< 0.01

T

8

0.55

0.06

7

0.44

0.04

9

0.42

0.06

N.S.

Total

8

23.50a

1.37

7

12.47b

0.55

9

12.84b

0.57

< 0.001

abc

Means with similar superscripts are not significantly different.

bolic priority for maintaining liver concentration of thiamine
(Fig. 2) during the depletion process for important metabolic
functions such as ATP production and the other processes
mentioned above. Thiamine utilization in this study was
calculated to be 5.3–6.8 pmol·g-1·day-1 in muscle and ~110
pmol·g-1·day-1 from 0–100 days in liver tissue.
In addition to thiamine, cumulative whole body dry
matter and lipid declined significantly over the course of this
study. Chinook salmon lost 21% and 30% of their whole
body dry matter content after fasting for 100 and 150 days,
respectively. Wet body weight, however, remained constant.
A significant amount of dry matter loss was from lipid: 59%
and 80% of whole body lipid after 100 and 150 days fasting, respectively. Lipid utilization rates in the present study
were calculated to be 0.14–0.16%·day-1 in whole body and
0.1–0.13%·day-1 in muscle tissue. Mesa and Magie (2006)
reported 95–99% depletion of Chinook muscle lipid and 73–
86% visceral lipid stores in order to reach natal spawning
areas on the Columbia River. Therefore, it appears that basal
metabolic lipid utilization constitutes a measurable portion
of the total energy cost of migration. This pattern would
suggest that once spawning migration has begun, delays to
a fish’s up-stream movement could have consequences on
reproductive success, especially in Yukon River Chinook
salmon that travel up to 3200 km.
An inverse relationship between lipid and tissue water
content was found in this study; as lipid decreased whole
body water increased. The percentage of lipid lost from
muscle (74%) was greater (p < 0.05) than from whole body
(68%) after 100 days. At 150 days, muscle and whole
body lipid losses were similar (85% vs. 86%). Comparable
over-winter lipid losses have been reported in Lake Michigan Chinook (Peters et al. 2007) with losses of 75% lipid
from muscle and 60% loss from whole body. The results
suggest that overwinter lipid losses reported in small size

Lake Michigan Chinook salmon were similar to losses in
laboratory Chinook fasted for 100 days. Because lipid and
water are inversely related, data suggest that measuring
muscle water could be an easy yet reliable way to estimate
lipid stores in Chinook (Fig. 1b; Trudel et al. 2005).
Adequate stores of lipid and thiamine are needed for basic metabolic function and overall health. The significance
of these findings on Chinook salmon reproduction has not
been determined. Additional research is needed to determine
thiamine and lipid utilization in migrating Chinook salmon.
The present study demonstrated that fasting leads to a loss of
tissue lipid and thiamine, which are both essential for health
and reproductive success. This data may provide insight for
some unexplained observations in migrating anadromous
fish and in overwintering survival.
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Abstract: This study was conducted to investigate the thiamine status of Chinook salmon Oncorhynchus
tshawytscha. Egg thiamine levels in Yukon and Kuskokwim River Chinook were examined in 2001 and 2012.
Muscle and liver thiamine in Chinook, coho O. kisutch, chum O. keta, and pink O. gorbuscha salmon were
measured in northern Bering Sea juveniles and the percentage of the diet containing thiaminase, an enzyme
that destroys thiamine, was calculated. Only 23% of the eggs were thiamine replete (> 8.0 nmol·g-1) in 2012.
Seventy-four percent of the eggs had thiamine concentrations (1.5–8.0 nmol·g-1) which can lead to mortality
from secondary effects of thiamine deficiency. Only 3% of the eggs had < 1.5 nmol·g-1 associated with overt fry
mortality. In 2001 egg thiamine in upper Yukon Chinook was 11.7 nmol·g-1 which was higher than that measured
in 2012 (6.2 nmol·g-1) and paralleled Chinook productivity. Total thiamine (nmol·g-1) in Bering Sea Chinook muscle
(3.8) was similar to coho (4.15), but lower than in chum (8.9) and pink salmon (9.6). Thiaminase-containing
prey in Chinook (63%) and coho (36%) stomachs were elevated compared to those of chum (3%) and pink (5%)
salmon. These results provide evidence of egg thiamine being less than fully replete. Thiamine deficiency was
not observed in juvenile muscle tissue, but differences were present among species reflecting the percentage of
diet containing thiaminase. Additional studies are recommended.
Keywords: Thiamine deficiency, thiaminase, Yukon River, Chinook salmon, survival

INTRODUCTION

portunities. Causes of reduced productivity and poor returns are unknown, and have led to several initiatives to
improve assessment and understanding of the mechanisms
driving these declines (ADF&G 2013; Schindler et al.
2013).
Thiamine plays a critical role in bodily metabolic
functions and there is evidence that thiamine deficiency
can affect aquatic species survival and recruitment (Hill
and Nellbring 1999; Blazer and Brown 2005; Honeyfield
et al. 2008b). The role of this essential nutrient is therefore an avenue of research that may provide insight into
the poor returns of western Alaska Chinook salmon. Thiamine is an essential dietary nutrient required for Krebs
cycle production of ATP (Agyei-Owusu and Leeper 2009).
The majority of thiamine in most organisms is found in
three forms. The unphosphorylated or free thiamine (T)
is readily converted to thiamine pyrophosphate (TPP), the

Chinook salmon Oncorhynchus tshawytscha returns
to western Alaska have declined markedly since the late
1990s. Most notably, Chinook salmon returns to the Yukon River have declined by approximately half of their
1982–1997 historical size (ADF&G 2013). In a broader
geographic scope, productivity has synchronously declined
in numerous stocks across Alaska, beginning with those
cohorts spawned in 2001 (ADF&G 2013). Poor returns
have occurred despite adequate numbers of salmon escaping fisheries to spawn. These poor returns have resulted
in management actions dramatically restricting subsistence
harvests, and closing or severely restricting commercial
and sport fisheries. Such restrictions significantly impact
Alaskan fishermen and the communities that depend on
Chinook salmon for subsistence needs and economic opAll correspondence should be addressed to D. Honeyfield.
e-mail: honeyfielddale@gmail.com
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active form of thiamine. Thiamine pyrophosphate is the
active form of thiamine (coenzyme) required in enzymatic
reactions in cells throughout the body (Depeint et al. 2006).
Thiamine monophosphate (TP) is a degradation product of
TPP and cannot be directly converted to TPP by fish (Gubler 1991). Free or unphosphorylated thiamine (T) is the
primary form of thiamine found in fish eggs; the metabolic
importance of thiamine monophosphate (TP) is less well
defined (Gubler 1991) but may play role in immune function (Ottinger et al. 2014).
Thiamine deficiency causes abnormal neuromuscular
signs and mortality in fish consuming diets lacking thiamine, or containing thiaminase, an enzyme that destroys
thiamine (Halver 1989; NRC 2011). In the mid-1990s, thiamine deficiency was first linked to reproductive failure in
wild fish (Fitzsimons 1995; Fisher et al. 1996). Honeyfield
et al. (2005) demonstrated that lake trout Salvelinus namaycush reared on a diet containing bacterial thiaminase,
or alewife Alosa pseudoharengus (a species known to contain thiaminase), produced low egg thiamine resulting in
fry mortality. The clinical signs of the experimental lake
trout fry were similar to those observed in lake-dwelling
Chinook salmon, coho salmon O. kisutch, wild steelhead
trout O. mykiss, brown trout Salmo trutta, and Atlantic
salmon Salmo salar with high mortality rates in the Laurentian Great Lakes, New York Finger Lakes, and the Baltic Sea (Fisher et al. 1996; Marcquenski and Brown 1997;
Norrgren et al. 1998). In the Great Lakes, non-native
alewives were the primary source of dietary thiaminase
whereas in the Baltic Sea thiamine deficiency was associated with population changes in Baltic herring Clupea
harengus and sprat Sprattus sprattus known to contain thiaminase (NRC 1983). Pacific Chinook are known to feed
on prey fish that contain thiaminase (Davis et al. 2005). In
addition to overt fry and adult mortality observed when fish
consume prey fish that contain thiaminase (Brown 2005a),
low thiamine can limit spawning migration (Fitzsimons et
al. 2005; Ketola et al. 2005, 2009), decrease growth, affect
vision, reduce both predator avoidance and prey capture
(Carvalho et al. 2009; Fitzsimons et al. 2009) and impair

immune function (Ottinger et al. 2012, 2014), all of which
can negatively affect population recruitment (Brown et al.
2005b). Thus, thiamine deficiency impacts multiple life
stages and multiple physiological processes.
The cause of the decline of Yukon River Chinook
salmon has not been determined and many factors may
be involved. As mentioned above, research studies in the
Great Lakes and Baltic Sea have shown that thiamine deficiency has been associated with reproductive failure and
declining salmonid populations. It is not known if changes
in marine prey and/or migratory patterns of Chinook salmon could lead to an increase in variation in Chinook thiamine levels but it is known that Chinook salmon forage
on thiaminase-positive prey species during their marine
life-history period. Thiaminase-positive prey species such
as capelin (Mallotus villosus) and Pacific herring (Clupea
pallasii) are typically only present on the eastern Bering
Sea shelf and their abundance varies with climate conditions (Andrews et al. 2015). Therefore we conducted the
study reported here to gauge the potential for thiamine deficiency to occur in returning Chinook salmon because there
appeared to be similarities in patterns previously observed
in thiamine-deficient fish such as reduced adult migrants
returning to natal spawning sites. As part of the exploratory nature of this work we measured tissue thiamine in
Bering Sea juvenile salmon because there are no published
thiamine data available for Alaskan salmon. The Yukon
River supplies 90% percent of the juvenile Chinook salmon found in the northern Bering Sea (Murphy et al. 2009).
This report provides an exploratory assessment of thiamine
levels in Yukon River Chinook salmon and is the first report on the thiamine status of Pacific salmon in Alaska.
The objectives of this study were to assess the potential
for early life mortality and secondary effects of thiamine
deficiency on fry, based on egg thiamine concentrations of
Yukon River Chinook salmon, and to examine the role of
diet on muscle and liver thiamine concentrations in juvenile Chinook salmon from the northern Bering Sea. Implications of thiamine deficiency on Chinook salmon stocks
in the Yukon River are discussed.

Table 1. Spawning stock mean (SD) thiamine concentrations (nmol·g-1) in egg samples collected in upper Yukon River drainage (Whitehorse
Hatchery) and opportunistically within the middle river drainage (Salcha, Chena and Goodpaster rivers) and in the lower river drainage (east
fork of Andreafsky River) during carcass surveys and broodstock collections in 2012. In 2001 eggs were collected from upper Yukon Chinook
salmon and from Kuskowim River Chinook and chum salmon. Thiamine concentrations are reported for thiamine pyrophosphate (TPP),
thiamine monophosphate (TP), free or unphosphorylated thiamine (T), and total thiamine (sum of TPP, TP, and T).
Location

Species

Year

n

TPP

TP

T

Total

Upper Yukon

Chinook

2012

28

0.2 (0.0)

0.5 (0.0)

5.6 (0.3)

6.2 (0.3)

Middle Yukon

Chinook

2012

8

0.2 (0.1)

0.4 (0.1)

7.0 (3.1)

7.5 (3.3)

Lower Yukon

Chinook

2012

2

0.2 (0.0)

0.5 (0.2)

8.5 (1.1)

9.2 (1.3)

Upper Yukon

Chinook

2001

4

0.7 (0.0)

0.6 (0.0)

8.4 (0.2)

9.6 (0.2)

Kuskokwim

Chinook

2001

10

0.7 (0.0)

1.0 (1.0)

10.1 (0.2)

11.7 (0.2)

Kuskokwim

Chum

2001

31

1.3 (0.3)

1.0 (0.2)

9.7 (1.0)

12.0 (1.3)
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Fig. 1. Map showing where egg samples for thiamine analysis were opportunistically collected from Chinook salmon stock groups from the
upper (Rampart Rapids; Whitehorse Rapids Fish Hatchery), middle (Salcha, Chena, and Goodpaster rivers) and lower (east fork of the
Andreafsky River) sections of the Yukon River and from Chinook and chum salmon at Bethel on the Kuskokwim River.

METHODS

carcass surveys at the following middle Yukon rivers: the
Chena, Salcha, and Goodpaster, and the lower Yukon River,
and the east fork of Andreafsky River above the US Fish and
Wildlife Service weir (Fig. 1). Eggs were only collected from
recently spawned females during carcass surveys. Eggs were
frozen immediately on dry ice or kept on ice until samples
could be frozen (-80 C
ͦ ). In 2001 Chinook salmon eggs were
collected at Rampart Rapids (upper Yukon) and at Bethel on

Sample Collection
Chinook salmon eggs were collected in 2012 from returning broodstock females (Table 1) at the Whitehorse
Rapids Fish Hatchery and fish ladder (upper Yukon River,
Canada), and from opportunistic collections during weir and

Table 2. Mean (SD) length (mm), weight (g) and thiamine concentrations (nmol·g-1) in muscle and liver tissue of juvenile Chinook, coho,
chum, and pink salmon collected from the northern Bering Sea (2012). Thiamine concentrations are reported as thiamine pyrophosphate
(TPP), thiamine monophosphate (TP), free or unphosphorylated thiamine (T), and total thiamine (sum of TPP, TP, and T).
Length

Weight

(mm)

(g)

Muscle

Species

n

Chinook

13

207 (15)

107 (29)

1.34 (0.49)

1.91 (0.33)

0.56 (0.24)

3.82 (0.68)

9

260 (14)

210 (37)

2.37 (0.40)

1.32 (0.30)

0.46 (0.20)

4.15 (0.62)

Coho

TPP

TP

T

Total

Chum

15

167 (16)

47 (13)

2.83 (1.28)

4.36 (1.38)

1.70 (0.69)

8.89 (2.51)

Pink

10

152 (11)

29 (6)

5.79 (1.43)

2.50 (0.98)

1.34 (0.89)

9.63 (2.94)

Chinook

12

--¹

--

1.07 (0.48)

2.96 (1.19)

12.36 (4.78)

16.39 (5.28)

Liver
Coho

8

--

--

3.15 (1.85)

4.20 (1.66)

10.98 (3.10)

18.33 (4.33)

Chum

15

--

--

0.92 (0.18)

1.50 (0.69)

21.52 (4.94)

23.94 (4.96)

Pink

10

--

--

2.68 (0.90)

3.70 (1.89)

15.78 (3.85)

22.15 (3.98)

--¹ Fish length and weight data are listed above with muscle data
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Table 3. Threshold values for overt mortality and secondary effects of thiamine deficiency in lake trout, Chinook, coho, and Atlantic salmon.
Threshold values for juvenile and adult salmonid muscle are very limited and unknown for liver.
Tissue

Critical level of total thiamine
Overt mortality

Secondary effects

Replete

Egg

≤ 1.5 nmol/g
(Honeyfield et al. 2005;
Fitzsimons et al. 2007;
Fisher et al. 1996)

1.5–8 nmol/g
(Honeyfield et al. 2005, 2008c;
Fitzsimons et al. 2009;
Carvalho et al. 2009)

> 8 nmol/g
(Fitzsimons et al. 2009)

Muscle

< 1 nmol/g
(Brown et al. 2005a;
Honeyfield et al. 2008a;
Karlsson et al. 1999)

Undetermined

> 3 nmol/g
(Honeyfield et al. 1998a, b;
Honeyfield unpublished Chinook data;
Brown et al. 2005a)

the Kuskokwim River. In addition chum salmon eggs were
also collected at Bethel, Kuskokwim River, in 2001.
Muscle and liver tissue of juvenile salmon collected
during surface trawl surveys in the northern Bering Sea as
part of the 2012 Arctic Ecosystem Integrated Survey (Andrews 2012) were collected and stored frozen (Table 2).
Although several river drainages contribute to juvenile
Chinook salmon stocks in the northern Bering Sea, the Yukon River is the primary (90%) source of juvenile Chinook
salmon (Murphy et al. 2009). Coho, chum and pink juvenile
salmon were included in this analysis to provide species-level contrasts between tissue thiamine concentrations and their
diets. Whole juvenile fish were frozen at -20 ͦC onboard the
vessel, shipped on dry ice to Wellsboro, PA, and stored at
-80 ͦC until analysis.
Food habits of juvenile salmon were summarized from
diet information collected in the northern Bering Sea during
similar surveys between 2009 and 2013. Diet data from
2009–2011 and 2013 were used. Due to the highly digested
state of the stomach contents, and possibly human error, the
2012 diet data were unusable. The proportional weight of
the ith prey species at the jth station (Stomach Content Index,
SCIi,j) was scaled by predator body weight and subsequently
weighted by the predator catch at each station, calculated as:

nase activity < 1.5 nmols·g-1·min-1 have not been associated
with thiamine deficiency.
Thiamine Measurement and Analysis
Thiamine concentrations were measured in egg, muscle, and liver tissue by high pressure liquid chromatography
following the methods of Brown et al. (1998). This method reports thiamine pyrophosphate (TPP), thiamine monophosphate (TP) and free thiamine (T). Total thiamine is the
sum of the three forms. All samples were run in duplicate.
Samples were evaluated for degradation visually and by data
QA/QC. Samples with evidence of degradation (increase in
TP, decrease in TPP, and loss of total concentrations due to
improper sample collection or handling such as refreezing
thawed samples) were discarded.
Total thiamine levels were evaluated in four ways: (1)
Yukon River Chinook salmon eggs and juvenile salmon
muscle thiamine concentrations from the northern Bering
Sea shelf were compared to reference critical levels for salmonine eggs and muscle tissues; (2) 2012 Yukon River Chinook salmon egg thiamine concentrations were compared to
2001 Chinook salmon egg collections from Yukon and Kuskokwim rivers; (3) Chinook salmon egg thiamine levels from
upper, middle and lower Yukon stocks were compared to
each other; and (4) prevalence of known thiaminase-positive
prey fish species (capelin, rainbow smelt Osmerus mordax,
and Pacific herring) was compared among the diets of juvenile salmon predator species and related to average muscle
thiamine levels detected in each species of juvenile salmon.
To estimate the potential impact tissue concentration of
thiamine may pose on the Yukon River Chinook, threshold
or critical thiamine concentrations of egg and muscle were
drawn from other studies listed in Table 3. Eggs containing < 1.5 nmols·g-1of thiamine were considered to result in
> 20% overt fry mortality (ED 20) (Fitzsimons et al. 2007).
Egg thiamine concentrations from 1.5 to 8.0 nmols·g-1 have
been linked to secondary effects of low thiamine such as poor
growth, reduced predator avoidance, reduced prey capture
and immune dysfunction. These secondary effects of thiamine deficiency increase the probability of mortality. Eggs
with concentrations above 8.0 nmol·g-1 total thiamine were
considered thiamine replete. Threshold levels for muscle tis-

where Preyi,j is the total weight of the ith prey species at station j, Predj is the total predator weight at station j, and Cj is
the predator catch at station j. Prey specific SCIi,j values for
each predator species were summed across stations by year
and divided by the total SCIi,j for all prey items. Predator
diets were calculated from the average proportion of prey
items across years. Based on published data, prey items
were classified as thiaminase positive when thiaminase I
(Wittliff and Airth 1968) activity was reported > 2.5 nmol·g-1·min-1 (Ceh et al. 1964; NRC 1983; Zajicek et al. 2005).
We applied literature values of thiaminase activity for diet
prey species from other locations in this report. Thiaminase
activity in Alaska prey items has yet to be reported. Thiaminase activity > 2.5 nmols·g-1·min-1 has been shown to reduce
the thiamine status of the consumer. Species with thiami24
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sue thiamine concentration are less well-defined in the literature than the threshold for eggs. Thiamine deficient mortality
in lake trout, Atlantic salmon, coho salmon and rainbow trout
occur when muscle tissue is below 1.0 nmol·g-1 (Karlsson
et al. 1999; Brown et al. 2005a). In this report we used the
threshold for potential fish mortality from thiamine deficiency at < 1 nmol·g-1 muscle thiamine.

2012 Eggs from upper Yukon River stock
A

T3

RESULTS

T2

Egg Thiamine Concentrations

T1

Average total thiamine concentrations in the majority of
Chinook salmon eggs were above the concentration known
to cause overt fry mortality (Table 3). Overall, three percent of females sampled had egg thiamine concentrations
low enough to result in overt fry mortality; however, 74%
of females sampled had egg thiamine concentrations in the
range in which lake trout develop secondary effects of thiamine deficiency (1.5–8.0 nmol·g-1). Only a quarter of the egg
lots were fully thiamine-replete (Fig. 2; Table 3). Although
the number of samples at the lower and mid-river sites may
limit conclusive statements, averages reported here provide a
basis for further research. Average egg thiamine concentration decreased with increasing migratory distance of adults
(lower, 9.2; middle 7.5; and upper Yukon River drainage 6.2
nmol·g-1). The predominant form of thiamine present in egg
samples was either unphosphorylated or free thiamine (92%)
(Table 1). Samples from 2012 exhibited much lower egg thiamine concentrations than those obtained in 2001 (Table 1).
Average total thiamine in 2001 Chinook salmon eggs (9.6
nmol·g-1) collected at Rampart Rapids (upper Yukon) were
lower than Chinook salmon eggs (11.7 nmol·g-1) from Bethel, Kuskokwin River. Furthermore, 2001 Chinook salmon
egg thiamine from Bethel, Kuskowim River was similar to
concentrations observed in chum salmon eggs collected from
the same location in the same year (12.0 nmol·g-1).
Whitehorse Hatchery (Fig. 2a; Table 1) was the only location with a sufficient number of egg samples to support a
site-specific summary. Low sample numbers at other sampling sites were due to the opportunistic and exploratory
nature of the collections (Fig. 2b; Table 1). None of the females sampled at the Whitehorse Hatchery had egg thiamine
concentrations low enough to cause overt fry mortality (Table 3). However, thiamine concentration in 25 of 28 (89%)
egg lots was in the range associated with the deleterious secondary effects of thiamine deficiency in lake trout. Only 3
of 28 (11%) egg samples at the Whitehorse Hatchery were
fully thiamine-replete. At the Chena River site (Fig. 2) one
of four females sampled (25%) had egg thiamine concentrations sufficiently low to produce overt fry mortality however, the sample size is very low for a reliable population
estimate. Five of the 10 females sampled at Yukon River
sites other than the Whitehorse Hatchery had fully replete
egg thiamine levels, and four of 10 females contained egg

2012 Eggs from lower and middle Yukon River stocks
B

T3

T2

T1

2012 Eggs from Kuskokwim and upper Yukon River stocks
C

T3

T2
T1

Fig. 2. Total thiamine concentration (nmol·g-1) in Chinook eggs
collected in 2012 from the upper Yukon River (panel A), the middle
and lower Yukon River sections (panel B) at Salcha, (Sa), Chena
(Ch), Goodpaster (GP) and east fork of the Andreafsky (An) Rivers
and in 2001 eggs (panel C) collected from Kuskokwim River (K)
and upper Yukon River (Y) Chinook salmon. The right axes show
critical levels of total thiamine concentrations. T3 > 8.0 nmol/g
thiamine replete; T2 < 4.0 nmol/g secondary effects; T1 < 1.5
nmol/g fry mortality.
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thiamine levels in the range where secondary effects of thiamine deficiency are known to occur in salmonids.

salmon diets contained few (3–5%) known thiaminase-containing prey fish species.

Juvenile Thiamine Concentrations and Diet

DISCUSSION

Concentrations of total thiamine (nmol·g-1) in muscle
and liver of juvenile Chinook (3.8 and 16.4) and coho (4.2
and 18.3) salmon were lower than those found in juvenile
chum (8.9 and 23.9) and pink (9.6 and 22.2) salmon. Total
muscle and liver thiamine from juvenile salmon (Table 2)
tended to reflect the proportion of thiaminase-positive forage fish consumed (Table 4; Fig 3).
Invertebrate prey items were the main component of juvenile chum and pink salmon diets at 90% and 66%, respectively; while Chinook and coho salmon juveniles consumed
almost entirely teleost prey (96%). In the present study
thiaminase-positive species (Pacific herring, capelin, and
rainbow smelt) made up 63% of the Chinook salmon diet.
One-third of the coho salmon diet consisted of one thiaminase-positive species, capelin. In contrast chum and pink

An exploratory analysis of thiamine in western Alaska Chinook salmon was completed to determine if thiamine could be a factor contributing to their recent decline
in survival. We examined thiamine levels in the egg and
juvenile stages, both known to be critical periods in their
overall survival. Here we provide evidence to suggest that
thiamine appears to be low and there may be a link between
thiamine and reduced productivity in Yukon River Chinook
salmon stocks which merits further investigation. Over the
past few decades, total recruitment failure was observed
in Lake Michigan lake trout, associated with thiamine deficiency. Although other factors may have been involved
in the observed stock declines, thiaminase associated with
alewife played a key role (Honeyfield et al. 2005; Bronte et
al. 2008). Reduced Chinook and coho salmon fry survival was also documented at the same time in eggs collected
from adults eating alewife. The importance of thiamine in
lake trout reproduction can be seen with the recent increase
in recruitment coinciding with egg thiamine concentrations
exceeding 4 nmol·g-1 (Hanson et al. 2013), however for full
and normal recruitment, egg thiamine will need to be > 8
nmol·g-1.
Although the data are limited, egg thiamine levels appear consistent with productivity patterns observed in upper
Yukon River Chinook salmon. Productivity levels in 2001
were more than twice that observed in the past 6–7 years
(JTC 2013). Similarly, mean egg thiamine levels in 2001
(9.6–11.7 nmol·g-1) were nearly twice as high as in 2012 (Table 1). Egg thiamine concentrations in 2001 Chinook salmon
were fully thiamine-replete and these eggs contained thiamine levels similar to those in chum salmon, which consume
less thiaminase-positive prey fish (Table 4; Fig. 3; Davis et
al. 2005). These data suggest that low thiamine may be a
contributing factor in the decline of Yukon River Chinook.
However many unanswered question remain and these findings may only be coincidental. However higher egg thiamine
concentrations and higher productivity observed in 2001,
compared to 2012, clearly merits further investigation.
Average Yukon River Chinook salmon egg thiamine
concentrations decreased with migratory distance of females in both 2012 and 2001. These results suggest that
there is a thiamine cost of migration that was not previously recognized in studies with severely thiamine-deficient
rainbow trout, Chinook or coho salmon (Fitzsimons et al.
2005; Ketola et al. 2005, 2009). Based on egg concentrations, Chinook salmon in the current study were not as severely thiamine-depleted as in the above-mentioned studies.
If Chinook adults returning to Whitehorse Hatchery started
with the same thiamine levels as these juvenile Chinook,
(Table 3) the expected tissue cost or loss of thiamine from

Table 4. Percent mean catch weighted diet composition (SD) of
juvenile Chinook, coho, chum, and pink salmon in the northern
Bering Sea (2009–2011, 2013).
Prey
organism

Thiaminase¹

Chinook

Coho

2 (1)

1 (1)

Chum

Pink²

Invertebrates
Amphipod

-

4 (8)

1 (1)

Appendicularia

Unk

60 (19)

5 (6)

Chaetognath

Unk

4 (9)

6 (11)

Copepod

-

3 (5)

9 (8)

Decapod

Unk

2 (1)

Euphausiid

Unk

1 (1)

Mysid

-

Polychaeta

Unk

Pteropod

Unk

Other Inv

Unk

1 (1)

1 (1)

1 (1)

2 (3)

13 (22)

1 (1)
1 (1)
2

15 (15)

30 (24)
5 (3)

Teleosts
Capelin

+

58 (22)

32 (26)

2 (2)

Flatfish

Unk

4 (4)

2 (3)

1 (2)

Herring

+

4 (3)

4 (6)

1 (1)

Pollock

Unk

Rainbow smelt

+

Saffron cod

Unk

Sandlance

Unk

Sculpin

-

Unid fish³
Total diet

6 (10)
<1 (1)
1 (1)
16 (12)

49 (27)

3 (4)

25 (33)

Unk

13 (10)

3 (5)

2 (1)

2 (2)

% thiaminase

63 (30)

36 (25)

3 (2)

5 (3)

2 (2)

1Thiaminase, + positive; - negative; Unk, unknown or not reported
(Ceh et al. 1964; NRC 1983; Zajicek et al. 2005)
22013 pink salmon diet data not available.
3Unidentifiable fish species
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Muscle
Liver

20
15
10
5
0

Percentage of diet containing thiaminase

Chinook

Pink

100

Coho

Chum

Pink

Coho

Chum

Pink

100

80

60

40

20

0

B

80

60

40

20

0
Chinook

Fig. 3. Samples collected in 2012 from Bering Sea juvenile
salmon (Panel A) muscle and liver total thiamine and the (Panel B)
percentage of prey fish in the diet containing thiaminase.

basal fasting metabolism would be approximately 0.42 and
8.8 nmol·g-1 in muscle and liver, respectively. These resting
metabolic thiamine (100 days at 5 ͦC) costs in fasting Chinook salmon were calculated to be 5.3 pmol·g-1·day-1 loss
from muscle and 110 pmol·g-1·day-1 from liver tissue (Honeyfield et al. 2016). It must be pointed out that these values
do not include the cost of thiamine associated with strenuous
swimming. Thiamine required for strenuous swimming has
not been determined and is yet another fertile area of investigation.
Juvenile muscle and liver thiamine concentrations
(Table 2) measured in four salmon species from the northern Bering Sea were considered adequate and above the
critical threshold levels for salmonids (Table 3). However,
the thiamine requirements for northern Bering Sea juvenile
salmon to avoid negative effects of thiamine deficiency have
not been determined. We measured both muscle and liver
thiamine to provide a better assessment of a fish’s overall
27

thiamine status. When muscle thiamine is < 1.0 nmol·g-1,
B thiamine status of the fish is considered to be low, but
the
the fish may not be in imminent danger of death if its liver stores have not been fully exhausted. In one study there
was little evidence of thiamine deficient behavior (lethargy)
in Chinook salmon with ≤ 0.5 nmol·g-1 total muscle thiamine, suggesting that Chinook may be more tolerant of low
thiamine; however the study did not measure liver concentration (Honeyfield et al. 2008a). More work is needed to
refine threshold tissue values for effects of low thiamine on
sub-adult and adult mortality. Only limited data describe
secondary effects over a range of thiamine concentrations
in sub-adult or adult salmonids (see Ottinger et al. 2012 on
immune dysfunction). Also there are no previous studies
on thiamine status of northern Bering Sea or Gulf of Alaska
salmon
Chinook for comparison.
Coho
Chum
Pink
Our interpretation of thiamine data is limited by not
having specific reference thiamine values for western
Alaska Chinook salmon. Although there are differences
between Chinook salmon and lake trout, the use of lake
trout thiamine muscle thresholds values to estimate thiamine susceptibility could be argued to be an overestimate
of the severity of thiamine deficiency. Sufficient data exist
to substantiate that the threshold for egg thiamine concentration and fry mortality are lower in Chinook than in lake
trout (Fitzsimons et al. 2007). For all other tissues there
are insufficient data to differentiate thresholds among the
salmonid species. More research is needed to determine
thiamine requirements/thresholds of Chinook. Despite
differences among species, a common theme has been observed when thiamine deficiency is present. This often includes reproductive failure, a decline in populations, and
multiple hypotheses offered to explain the reproductive
failures observed (see Hill and Nellbring 1999; Brown et
al. 2005b; Honeyfield et al. 2008b; Balk et al. 2009).
The relationship between juvenile salmon diet, specifically the prevalence of thiaminase-positive prey fish in the
diet, and thiamine status is evident in this study. Juvenile
Chinook and coho had lower muscle and liver total thiamine concentrations than chum or pink salmon. Juvenile
Chinook salmon are known to be highly piscivorous and are
much more selective for fish as prey than other salmon species (Brodeur et al. 2007; Daly et al. 2010; Weitkamp and
Sturdevant 2010). Juvenile Chinook had the highest yearly
average proportion of thiaminase-positive prey fish (63%) in
their stomachs followed by coho salmon at 36% (Table 4),
yet Chinook and coho muscle and liver total thiamine were
similar. Although diet (thiaminase-positive prey) and thiamine data were not available for 2012, Brodeur et al. (2007)
found that juvenile salmon diet exhibits minimal variation
on an annual scale, especially in the case of Chinook and
coho salmon. In both Chinook and coho the distinct lack
of invertebrate prey, only 4% of stomach content, illustrates
this consistent selectivity for teleost prey items.
Oceanographic features of the northern Bering Sea play
an important role in juvenile Yukon River Chinook salm-
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on diets. The northern Bering Sea is a unique habitat for
juvenile Chinook salmon (Murphy et al. 2013). During
colder years, a cold pool extends through the middle of the
northern Bering Sea (Stabeno et al. 2012) which represents
a thermal barrier to juvenile Chinook salmon. This barrier
seems to shape the near-shore distribution of juvenile Chinook salmon (Murphy et al. 2013). Forage fish species in
the northern Bering share this near-shore distribution and
this spatial overlap may be a contributing factor in the high
levels of thiaminase-positive prey items in the juvenile Chinook salmon diet. Over 80% of the Chinook diets from this
area were comprised of small forage fish, primarily age-0
capelin (Cook and Sturdevant 2013). Typically, the dietary
composition of juvenile Chinook in other regions (California Coastal Current, WA, OR, BC, and the Columbia River
plume) also tend to be predominantly piscivorous, (Schabetsberger et al. 2003; Brodeur et al. 2007; Daly et al. 2009,
2010) but focused on different taxonomic groups (e.g. Sebastes spp., Hexagrammidae, and Engraulis mordax).
Previous studies with alewife, rainbow smelt, and
Baltic herring Clupea harengus found thiaminase activity
to be highly variable (Wistbacka et al. 2002; Tillitt et al.
2005; Honeyfield et al. 2012). More importantly, Wistbacka and Bylund (2008) suggested that Baltic salmon with a
high incidence of thiamine deficiency (referred to as M74)
targeted herring with higher thiaminase activity. The variability in thiaminase concentration in Alaska prey items is
unknown. Likewise the effect of variable thiaminase activity on thiamine concentrations in juvenile Chinook or coho
salmon has not been determined. Therefore knowledge of
thiamine and thiaminase activity of potential prey items is
important information, not only for Alaskan salmon species, but also for other top predators found to have low
thiamine (Balk et al. 2009).
Significant environmental changes have been reported
in the aquatic ecosystem off the Alaska coast (Grebmeier et
al. 2006; Doney et al. 2012; Moore et al. 2014). Ecosystem
shifts and changes in fish populations can and have led to
thiamine deficiency in top predators. Thiamine deficiency
directly impacts top predator metabolic functions and low
thiamine in its inhabitants appears to be an indicator of ecosystem distress or dysfunction as seen in the Great Lakes
Basin, Baltic Sea, and in Florida lakes (Hill and Nellbring
1999; Blazer and Brown 2005; Honeyfield et al. 2008b).
In each of these ecosystems, abnormal food web dynamics
produced direct and indirect thiamine-deficient mortality in
top predators. Non-native alewife containing thiaminase
became the dominant prey item for lake trout, Chinook and
coho salmon in the Great Lakes basin as coregonid prey species without thiaminase either declined or disappeared. Thiamine deficiency (M74) in Baltic Sea salmon occurred with
a shift in marine populations of Baltic cod Gadus morhua,
sprat, and Atlantic herring (Hill and Nellbring 1999), such
that salmon with a high incidence of M74 were selectively
feeding on herring containing the highest thiaminase levels
(Wistbacka and Bylund 2008). In the third case, an increase

in American gizzard shad Dorosoma cepedianum containing thiaminase in the Florida alligator (Alligator mississippiensis) diet resulted in thiamine deficient mortality. Shad
populations increased due to changes in water quality (Rice
et al. 2007; Ross et al. 2009). In these examples, a stressed
ecosystem and a change in dietary thiaminase led to a population decline in its top predator. While thiamine deficiency
is a problem in and of itself, thiamine deficiency may also be
an indicator of a stressed ecosystem.
The research reported here provides an exploratory
assessment of the thiamine status of Yukon River Chinook
salmon and suggests that additional studies on thiamine status are justified. The data showed no overwhelming evidence for acute thiamine deficiency in eggs leading to overt
fry mortality, but egg thiamine values were sufficiently low
enough to lead to secondary effects of thiamine deficiency
such as immune dysfunction (Ottinger et al. 2012). Low thiamine is unlikely to be the only factor involved in Chinook
salmon declines from Alaska to California but interactions
with thiamine are highly probable. Little is known about
food web dynamics in the open ocean or its effect on Chinook thiamine stores. Collecting thiamine and thiaminase
activity data in all environmental compartments (water, primary productive organisms, prey items and top predators)
across life stages is recommended.
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Abstract: Predation is often assumed to be the ultimate cause of mortality for juvenile salmonids in marine waters,
but the specific biological or physical factors that influence predation are poorly understood. The Columbia River
estuary is a useful model ecosystem to understand the relationship between avian predators, alternative prey,
environmental variation, and predation on juvenile Pacific salmonids (Oncorhynchus spp.). Here, we explore the
influence of a suite of local and ocean basin-scale environmental variables on the composition and abundance of
the estuarine fish assemblage, an important determinant of avian predation on juvenile salmon in the Columbia
River estuary. Multivariate analyses indicated that variables representing both freshwater (river flow) and
marine (ocean temperature, upwelling, plume volume) conditions explained up to half of the variation in the fish
assemblage. Many of the same environmental variables were related to the abundances of individual fish species.
Our results also suggest that the estuarine fish assemblage in the future will be quite different from the current one,
with likely repercussions for predator-prey interactions. Our results from estuarine habitats provide a useful model
for understanding the dynamics of predation in marine habitats, which are much more logistically difficult to study.
Keywords: Pacific salmon, avian predation, environmental variation, Columbia River estuary

INTRODUCTION

regarding predation on salmon during the marine phase of
the life cycle remain unanswered (Miller et al. 2013; Claiborne et al. 2014) including: (1) What is the identity of predators by major taxon (i.e., bird, fish, marine mammals)? (2)
When does most predation occur? (3) How does predation
vary by year or location? (4) Is predation size-selective?
Perhaps the greatest challenge to studying predation is
catching predators “in the act” of consuming juvenile salmon—actually finding juvenile salmon in the stomachs of
predators. This difficulty is due to rapid digestion rates, extremely large populations of some predators, and relatively
low abundance levels of juvenile salmon compared to other
prey typically consumed by known salmon predators. For
example, Emmett and Krutzikowsky (2008) examined the
stomachs of over 5,000 Pacific hake (Merluccius productus)
and 2,000 jack mackerel (Trachurus symmetricus) over six
years, in which they observed a total of seven juvenile fall

Our understanding of the marine ecology of juvenile
Pacific salmon (Oncorhynchus spp.) and steelhead (O. mykiss; hereafter collectively referred to as “salmon”) has greatly
increased over the last two decades as a result of systematic
sampling and study of salmon in coastal ecosystems from
California to Alaska (Grimes et al. 2007). This large research effort has resulted in improved understanding of the
distribution and migration patterns (e.g., Tucker et al. 2009,
2011; Fisher et al. 2014; Teel et al. 2015), diets (e.g., Brodeur et al. 2007; Daly et al. 2009), and habitat requirements
(e.g., Bi et al. 2008; Peterson et al. 2010) of juvenile salmon.
Despite these advances, however, one aspect of the marine
ecology of juvenile salmon, predation, remains poorly understood (Pearcy 1992; Pearcy and McKinnell 2007; Emmett and Krutzikowsky 2008). Many fundamental questions
All correspondence should be addressed to L. Weitkamp.
e-mail: Laurie.Weitkamp@noaa.gov
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Chinook salmon (O. tshawytscha). Based on the estimated
population sizes of the two predators, they estimated that
each salmon found in a predator’s stomach represented 0.4
million to 3.4 million juvenile salmon consumed by Pacific
hake and 0.1 million to 0.4 million salmon consumed by jack
mackerel. This level of predation potentially represents up
to 20% of the approximately 80 million fall Chinook salmon
that emigrate from the Columbia River annually (R. Zabel,
Rich.Zabel@noaa.gov, pers. comm.).
The Columbia River estuary presents a unique opportunity to study predation on juvenile salmon because hundreds of millions of juvenile salmon from throughout the
Columbia River basin are concentrated in the lower estuary
as they migrate to the ocean (Weitkamp et al. 2012, 2015;
Teel et al. 2014). The lower estuary also contains two large
breeding colonies of piscivorous birds, Caspian terns (Hydroprogne caspia) and double-crested cormorants (Phalacrocorax auritus), which both consume millions of juvenile
salmon each year (Collis et al. 2001; Ryan et al. 2003; Roby
et al. 2014). Furthermore, because both bird species forage
largely within the estuary (Lyons et al. 2007), and the estuary itself has well defined borders (land to the north and
south, a restricted mouth), it can serve as a model ecosystem for the study of predation on juvenile salmon.
As part of a broader study, we are using paired data
sets of the estuarine fish assemblage (Weitkamp et al. 2012;
Weitkamp, unpublished data) and tern and cormorant diets
(Roby et al. 2014; Lyons, unpublished data) to examine prey
selectivity by the two avian predators over a six-year study
period (2007–2012; Lyons et al. 2014; Good, unpublished
data). Results of these analyses point to the critical role that
alternative prey plays in determining predation rates on juvenile salmon. Specifically, consumption of juvenile salmon by

both Caspian terns and double-crested cormorants is strongly
influenced by the availability of alternative prey, although the
level of alternative prey that changes predation behavior is
quite different between the two avian predators (Roby et al.
2002, 2014; Lyons et al. 2014). In addition, cormorant diet
composition in the Columbia River estuary is related to environmental variation, presumably through environmental influence on the estuarine fish community and alternative prey
(Lyons 2010; Lyons et al. 2014).
Here, we examine the environmental factors that likely influence the estuarine fish community in the Columbia
River estuary, a critical piece of the salmon-alternative
prey-predator puzzle. A previous analysis of the same dataset during 2007–2010, found that salinity, river temperature
and flow, and sea surface temperature (SST) were important drivers of the fish community at extremely fine temporal
scales (hours to weeks; Weitkamp et al. 2012). We were
interested in expanding this analysis to determine whether
the same factors remained important when two additional
years (2011 and 2012) were added to the analysis at longer
time scales (weeks to months) using a more rigorous quantitative method. River flow in 2011 was the highest in over
a decade, reaching 17,188 m3/sec (607,000 ft3/sec) on 31
May 2011 (USGS stream flow data, www.usgs.gov); such
extremes in parameter values are important to understand
the influence of environmental variation.
We also explored how changes in environmental conditions might influence individual fish species abundances.
We expected that individual species would respond uniquely
to environmental conditions, given the diverse life-history
patterns represented by the estuarine fish assemblage. For
example, most juvenile salmon display directed downstream
migration to the ocean, northern anchovy (Engraulis mor-

Fig. 1. Map of the lower Columbia River estuary showing the locations of the two purse seine sites, Trestle Bay and North Channel, and the
bird colonies on East Sand Island. The inset map shows the location of the Columbia River estuary along the west coast of North America.
State (U.S.) or provincial (Canada) abbreviations are: BC: British Columbia; WA: Washington; OR: Oregon; CA: California.
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Fish Assemblage Data

dax) are a marine species that occasionally enters the estuary, while threespine sticklebacks (Gasterosteus aculeatus),
shiner perch (Cymatogaster aggregata), and juvenile American shad (Alosa sapidissima) are considered estuarine residents.
Finally, we used the results of this analysis to explore
the likely response of the fish assemblage to the effects of
climate change. Climate change in this region is expected
to increase water temperature in both freshwater and marine
habitats, and decrease river discharge due to more precipitation falling as rain rather than snow (Mote et al. 2003; Mote
and Salathé 2010; Abatzoglou et al. 2014). How climate
change will influence ocean dynamics, specifically upwelling strength and phenology, is an area of active debate (Mote
and Mantua 2002; Diffenbaugh 2005; Bograd et al. 2009).
Overall, our results indicate a dynamic fish assemblage that
is responding to local and basin-scale environmental variation, and will likely change in the future, with implications
for predation on juvenile salmon.

Our analysis used fish data expressed as both numbers
and biomass of each species. We did this because some
species (e.g., threespine stickleback) are smaller than others, and the size of most fish of a given species varied by
season and year. The biomass of each fish species was
estimated for each cruise from all measured lengths of that
species converted to weight using a length-weight relationship based on 100s or 1000s of fish measurements (Weitkamp, unpublished data), and averaged for that cruise.
These species- and cruise-specific biomass estimates were
then multiplied by the mean number of fish caught during
that cruise to produce total biomass for each species in
each cruise.
We restricted our analysis of the fish community data
to 13 species/age classes that are commonly caught in the
estuary and comprise > 95% of the fish caught by number and
biomass. The 13 species include the six juvenile salmon species/age classes (chum [O. keta], coho [O. kisutch], sockeye
[O. nerka], subyearling and yearling Chinook salmon, and
steelhead [O. mykiss]), American shad, longfin smelt (Spirinchus thaleichthys), northern anchovy, Pacific herring (Clupea
pallasii), shiner perch, surf smelt (Hypomesus pretiosus), and
threespine stickleback. In these analyses, monthly numeric
or biomass data for each species/age class were transformed
using square root (x + 1). Using fewer or more fish species
and different transformations produced similar results as
those presented here.
The fish assemblage data were analyzed using two time
scales: biweekly (every two weeks when cruises occurred)
and monthly (averaged across cruises each month). We did
this for several reasons. First, the estuarine fish community
is extremely dynamic (Weitkamp et al. 2012) and we wanted to identify environmental variables that likely contributed to variation among cruises. Second, many of the largescale environmental parameters (e.g., the Pacific Decadal
Oscillation (PDO) and the Oceanic Niño Index (ONI)) are
only available at monthly time scales, and therefore we used
fish data averaged by month to compare against monthly
environmental variables. By using two time scales, we
also recognize that environmental variation occurs across
a range of temporal scales. Accordingly, we expected that
environmental parameters associated with biweekly data
would likely differ from those associated with monthly
data. Our dataset included 33 biweekly and 18 monthly estimates of the estuarine fish assemblage during April–June
for the years 2007–2012 (Fig. 2).

MATERIALS AND METHODS
Fish Collection
The estuarine fish assemblage data comes from an ongoing study of juvenile salmon and associated estuarine fishes in the lower Columbia River estuary during 2007–2012.
The methodology is described in detail by Weitkamp et al.
(2012) and is briefly summarized here. Fish were sampled
with a fine mesh purse seine (10.6-m deep × 155-m long)
during daylight hours at two stations, North Channel (46°
14.2’N, 123° 54.2’W) and Trestle Bay (46° 12.9’N, 123°
57.7’W), which are within sight of the mouth of the Columbia River, and the large Caspian tern and double-crested cormorant colonies on East Sand Island (Fig. 1). Sampling was
conducted every two weeks from mid-April until late June
or early July in all years (2007–2012).
During each sampling trip (termed a “cruise”), the
net was repeatedly set, retrieved, and the catch processed
throughout the incoming tide at each station. The net was
deployed in two configurations: during quantitative round
hauls it was set in a circle (area = 1,912 m2) and immediately pursed, while during non-quantitative tows the net was
towed upstream for 10 minutes before pursing to increase
the catch of fish. Mean fish densities were estimated from
3–6 quantitative hauls made at each station during each
cruise, while fish sizes were estimated from both round hauls
and tows. Regardless of the net configuration, all captured
fish were identified to species, enumerated, and up to 50 of
each species were measured (fork length (FL) or total length
(TL) to the nearest 1 mm). A subset of fish was given a
lethal dose of MS-222, labeled and bagged; once on shore,
these fish were measured for both length (FL or TL in mm)
and weight (g).

Statistical Analysis
Environmental Variables
Our primary goal was to determine which environmental
variables, if any, likely influenced the estuarine fish assemblage we observed in the Columbia River estuary. We selected 10 environmental variables that represented both local and
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Percent of total

Am. shad
Longﬁn smelt

N. anchovy

P. herring
Salmon
Shiner perch
Surf smelt
Thrspn s�ckleb

Time period
Fig. 2. The estuarine fish assemblage data set used in the analysis, expressed as percent abundance (left column) or biomass (right column)
by two-week time periods. To simplify the graph, all juvenile salmon are placed in a single category. Abbreviations are Am.: American; N.:
northern; P.: Pacific; Thrspn stickleb.: Threespine stickleback.

2003), our environmental dataset of these indices included
lags of 0, -2, and -4 months (i.e., values of the indices 0, 2, or
4 months before the fish data of interest), which are indicated
by numbers following the indicator name (e.g., PDO0 has
zero lag, NPGO-4 has a 4-month lag).
This analysis was based on the assumption that concurrent changes in environmental variables and the fish assemblage reflect causation (the environment influences the
fish assemblage). Because of this assumption, we deliberately omitted river temperature from the analysis. Prior
investigations have shown that strong seasonal trends in
river temperature (nearly linear increase from April to June
with very little interannual variation) was consistently chosen as a strong explanatory variable. However, we believe
the selection of this variable by models at least partially
reflected seasonal changes in the fish community rather
than direct response of the fish community to temperature
variation. Because we could not distinguish between these
two processes, we chose to exclude river temperature in
our analysis.

ocean basin-scale variables for this analysis (Table 1). Local variables represented both riverine (e.g., river flow), and
marine conditions (e.g., sea surface temperature (SST), sea
level height (SLH), upwelling strength, plume volume) because the fish assemblage included both estuarine and marine
species. Analyses at monthly time scales only used monthly values for these local variables (the month in which fish
data were collected), but biweekly analyses included weekly
means from the week preceding fish collection, although correlations between monthly and weekly data were generally
high (r > 0.53).
Ocean basin-scale variables represented oceanic and
atmospheric processes and patterns at much larger spatial
scales. These variables included the PDO and the North Pacific Gyre Oscillation (NPGO; Table 1), both of which have
been shown to drive the dynamics of salmon and invertebrate
populations in the California Current (Mantua et al. 1997;
DiLorenzo et al. 2008; Lindegren et al. 2013). Because there
are often delays between changes in large-scale indices and
changes observed in our region (e.g., Peterson and Schwing
36

Environmental variation and an estuarine fish assemblage

NPAFC Bulletin No. 6

blage structure. The MDS ordination technique places all
points in MDS space in relation to their similarity (i.e., points
further apart in MDS space are less similar than those closer
together). In all MDS analyses, random starting locations
were used for each of 25 iterations to find the best solution.
Minimum stress was attained in multiple iterations suggesting a true minimum solution. Stress values from our MDS
plots were less than 0.15, indicating spatial representation of
data by the MDS plot was consistent with the structure of the
original data set (Clarke and Gorley 2006).
We quantitatively evaluated temporal variation on assemblage composition using ANOSIM, a multivariate analog to analysis of variance. This produces Global R values
that indicate the degree of separation of groups generated
by a particular factor (or pair of factors). These Global R
values range from 0 (no separation) to 1 (complete separation); it also generates statistical probabilities by permutation (Clarke and Gorley 2006).
We used two methods to investigate the influence of environmental variables (i.e., = indicators) on fish in the estuary (i.e., = response variable): multivariate techniques were
used on the overall fish community and univariate methods
on individual fish species. We used multivariate, multiple
regression to evaluate the influence of environmental variation on the overall community expressed as numbers of

Many of the environmental variables were correlated
with each other at r > 0.5, due in large part to the use of lags
of ocean basin-scale environmental variables. For example,
values of PDO, ONI, NPGO or North Pacific Index (NPI)
separated by two months (e.g., PDO0 vs. PDO-2, NPGO-2
vs. NPGO-4) had an average correlation of 0.69, while the
PDO0, PDO-2, and PDO-4 were positively correlated with
ONI-2 and ONI-4 (r = 0.61–0.74). In addition, monthly
plume volume and river flow were strongly correlated (r =
0.81). Environmental variables used in the analysis were
found to meet the assumptions of normality, and all were
transformed so they had a mean of zero and standard deviation of one for the time period of interest.
Multivariate and Univariate Methods
We used multivariate and univariate methods to explore
variation in the fish community data and the influence of
environmental variables on fish in the estuary. To explore
seasonal and interannual variation in the fish community, we
first constructed matrices of pairwise Bray Curtis similarity coefficients calculated from the fish community among
2-week periods or months by year, with separate matrices
for numeric and biomass data. These matrices were then
used to construct non-metric multiple-dimensional scaling
(MDS) plots to graphically explore variation in fish assem-

Table 1. Environmental variables used in the analysis. All values were provided by month (ocean basin-scale variables), or averaged by
week or month (local/regional variables) for April–June for the years 2007–2012.
Variable name

Description and data source

Local/regional variables
River flow

Weekly and monthly means of daily Columbia River flow at Quincy, OR (USGS site 14246900). Units:
m3/sec. Source: www.usgs.gov

Columbia River plume

Weekly and monthly means of modeled daily volume of the Columbia River plume. Units: km2. Source:
www.stccmop.org/datamart/virtualcolumbiariver).

Sea surface temperature
(SST)

Weekly and monthly means of hourly SST recorded at three NOAA buoys: Umpqua offshore (46229),
Stonewall Bank (46050), and Grays Harbor (46211). Units: °C. Source: www.wrh.noaa.gov/pqr/buoys.
php

Upwelling index

Monthly upwelling at 45°N. Units: m3/sec/100 m coastline. Source: www.pfel.noaa.gov/products/
PFELData/upwell/monthly/upindex.mon

Upwelling anomaly

Monthly upwelling anomalies at 45°N. Units: m3/sec/100 m coastline. Source: www.pfel.noaa.gov/
products/PFELData/upwell/monthly/upanoms.mon

Sea level height

Monthly sea level height measured at Astoria, OR (NOAA Tide station 9439040), with seasonal
and linear trends removed. Units: m. Source: http://tidesandcurrents.noaa.gov/sltrends/residual.
htm?stnid=9439040

Ocean basin-scale variables
Pacific Decadal Oscillation
(PDO)

Leading Principal Component of monthly SST anomalies in the North Pacific Ocean. Source: http://
jisao.washington.edu/pdo/PDO.latest

North Pacific Gyre Oscillation
(NPGO)

2nd dominant mode of sea level height for the NE Pacific. Source: www.o3d.org/npgo/

Oceanic Niño Index (ONI)

Anomaly from the Niño 3.4 region. Source: www.cpc.ncep.noaa.gov/data/indices/

North Pacific Index (NPI)

Index of sea level pressure over the region 30°N–65°N, 160°E–140°W. Source: https://
climatedataguide.ucar.edu/climate-data/north-pacific-np-index-trenberth-and-hurrell-monthly-and-winter
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fish or biomass. This analysis began with matrices of pairwise-Bray Curtis similarity coefficients calculated from the
fish community among 2-week periods or months by year.
These similarity matrices were then subjected to a principal coordinate analysis to partition the variation. Finally, a
multiple regression was conducted on the principal coordinate axes using the specified environmental indicators (Table 1; Legendre and Anderson 1999; Anderson et al. 2008).
We used Akaike’s Information Criterion corrected for small
sample sizes (AICc) to find the best model from all possible models. This analysis was run using the Distance-based
Linear Model (DistLM) function in PERMANOVA+ for
PRIMER-E software (Anderson et al. 2008).
We also examined the influence of regional indicators on
individual species abundances using the two time scales (biweekly, monthly). This was evaluated as series of individual regressions for the species used in the assemblage analysis. We did not conduct regressions on any juvenile salmon
or longfin smelt because all have relatively low abundances
and the salmon were rapidly migrating through the estuary
to the ocean and therefore were unlikely responding to environmental variation. We restricted our results to regression
coefficients that were statistically significant at p < 0.05 to
minimize spurious results associated with running multiple
tests.

Fig. 3. MDS plots of fish assemblage data at biweekly time scales
expressed as numbers of fish (A) or biomass (B).

Table 2. Results of the multivariate multiple regression of Columbia River estuary fish community data expressed as numeric or biomass,
evaluated at two time scales (biweekly or monthly) for the months of April, May and June. Included are Akaike’s Information Criterion
corrected for small sample sizes (AICc) and regression coefficients (r2) for the best models.
Fish data type

Environmental variablesa

AICc

r2

245.2

0.420

Flow (W), SLH (M), SST (W), PDO0, PDO-4, Upw An

245.5

0.478

Flow (W), SLH (M), SST (W), NPGO-2, ONI0, ONI-2, ONI-4, Upw An

234.6

0.374

Flow (W), NPGO-2, Pl Vol (W), SST (W)

234.6

0.411

Flow (W), NPGO-2, Pl Vol (W), Upw In, Upw An

234.6

0.445

Flow (W), NPGO-2, Pl Vol (W), Upw In, Upw An, ONI0

124.9

0.478

NPGO-2, SST (M), Pl Vol (M)

125.9

0.555

NPGO-2, SST (M), Pl Vol (M), NPGO0

128.1

0.508

PDO0, Upw In, Upw An

128.6

0.391

SST (M), SLH (M)

128.7

0.492

SST, NPGO-2, Pl Vol (M)

Biweekly time scale
Numeric

Biomass

Monthly time scale
Numeric

Biomass

a

Abbreviations are SST: Sea surface temperature; SLH: sea level height; Upw In: Upwelling Index, Upw An: Upwelling Anomaly; Pl Vol: Plume
volume; NPGO: North Pacific Gyre Oscillation; PDO: Pacific Decadal Oscillation; NPI: North Pacific Index. Items in parentheses indicate
weekly (W) or monthly (M) values, or lag times of -2 or -4 months (see methods).
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RESULTS

data at biweekly time scales differed by the data type: biomass data formed well separated groups by month (Global
R = 0.35, p < 0.05) but not year (Global R < 0.1, p > 0.10),
while numeric data formed weak but statistically significant
groups by year (Global R = 0.21, p < 0.05) but not month
(Global R < 0.1, p > 0.10).

Estuarine Fish Assemblage
The estuarine fish assemblage each spring displayed
both seasonal and interannual variation, with differing patterns between numeric and biomass data (Fig. 2). In both
data sets, threespine sticklebacks had the greatest contributions early in the season and in time periods with high
flows (2011, early June in 2008 and 2010) and declined by
late June, especially in the biomass data. Other species, including American shad, northern anchovy, Pacific herring,
juvenile salmon, and surf smelt, varied by year and date but
were generally more prominent in May and June than in
April, especially in years with lower flow (e.g., 2007 and
2009). They also had higher relative values by biomass
than numeric abundance, likely due to their relatively large
body size.
This seasonal variation is a prominent feature of MDS
plots of the fish assemblage data expressed as both biomass
and numbers of fish at both time scales. Points representing
the fish assemblage early in the season were generally on the
left side of the graph and those later in the season were farther right (Fig. 3). These patterns were confirmed quantitatively using ANOSIM. Well-separated groups were formed
by month (Global R > 0.29, p < 0.05) but not by year (Global
R < 0.1, p > 0.10) in numeric and biomass data grouped by
month. In contrast, separation of groups in fish assemblage

Environmental Influences on the Fish Assemblage
The results of our analyses of environmental influences
on the Columbia River estuarine fish community and individual species suggested that multiple environmental factors were likely important, especially those associated with
river flow or plume volume, SST, and upwelling (Table 2;
Fig. 4). Results varied by the time scale of interest, with
less difference between models using the fish assemblage
expressed as numbers or biomass of fish. The best models
resulting from fish data at biweekly time scales included
more variables (> 4) than those using monthly time scales
(> 2) because of the larger number of fish assemblage data
points.
When evaluated at biweekly time scales, the variable
river flow was included in all top regression models. The
best models based on fish biomass also included SLH and
SST, and those based on numeric abundance all included
plume volume and NPGO-2. For models using biweekly
time scales, the AICc values were nearly identical for models containing increasing numbers of variables, but—not

Fig. 4. Graphs illustrating biweekly values of select environmental variables during the years 2007–2012 used in the analysis. The variables are
(A) river flow, (B) sea surface temperature, (C) sea level height, and (D) North Pacific Gyre Oscillation at a lag of -2 months (NPGO-2; see text).
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same environmental variables (SLH, upwelling index, and
SST, respectively) at both biweekly and monthly time scales.
The signs of the regression coefficients were almost
always the same for each environmental variable, whether
evaluated at biweekly or monthly time scales (Table 3). For
example, relationships to SLH and plume volume were negative and those to upwelling index were positive. The one
exception was SST, which was negative for threespine stickleback at biweekly or monthly time scales, but positive for
American shad at monthly time scales (Fig. 5).

surprisingly—coefficients of variation (r2) increased as the
number of variables increased.
For multivariate multiple regressions based on fish assemblage data at monthly time scales, no single variable
was found in all of the best models, and none contained the
variable river flow (Table 2). Regressions based on numeric
data all contained NPGO-2, SST, and plume volume, while
those based on biomass had no single variable in common,
although SST was included in two of the three best biomass
models. The biomass model with the lowest AICc score and
explained the most variation (r2 = 0.51) included PDO0 and
upwelling index and anomaly (Table 2).

DISCUSSION

Influence of Environmental Variation on Individual Fish
Species

Our analysis of the Columbia River estuary fish assemblage suggests that there are complex interactions between
the estuarine fish assemblage and the physical environment,
which likely cause even more complicated interactions
among the environment, alternative prey, juvenile salmon,
and their predators. River flow or plume volume, SST, and
several measures of upwelling were identified as important
explanatory factors for variation in the fish assemblage as
a whole, and also explained variation in the abundances
of individual species. However, no single environmental
variable was present in all best regression models explaining variation in the fish assemblage, and these best models
contained from two to eight environmental variables despite
the fact that the criteria we used for model selection (AICc)
included a penalty for the numbers of variables selected.
This is in contrast to other studies that have demonstrated
that single variables, especially the PDO, can have a strong
influence on species assemblages, including Pacific salmon,
coastal zooplankton, and forage fish (Mantua et al. 1997;
Peterson and Schwing 2003; Lindegren et al. 2013). This
difference can be at least partially explained by our using biweekly and monthly values of both environmental variables
and fish assemblage abundances, in contrast to other studies
that used these variables averaged across monthly or annual
time scales (e.g. Burke et al. 2013).
Sea surface temperature was an important explanatory
variable for the fish assemblage as a whole and the abundance of individual species. Sea surface temperature also
showed a strong seasonal patterns, with linear increases in
temperature over time with relatively little interannual variability (Fig. 4b). Consequently, its inclusion in many regression models may reflect the strong seasonal pattern in
the fish data, rather than their direct response to temperature. Evidence that the fish community may be directly responding to SST comes from the best regression models for
numeric data at biweekly time scales (Table 2). Both top
regression models included SST, despite the fact that the fish
assemblage data did not have a significant seasonal signal,
at least at monthly time scales. Inclusion of years with very
different seasonal patterns in SST will allow us to determine
the extent to which the fish assemblage is directly responding to SST or whether it marks the passage of time. Unfor-

Linear regressions between the numeric abundance of
each fish species and each environmental variable (Table 3)
indicated that no single variable explained variation across
all fish species, consistent with our expectations. Instead, the
environmental variables of SST, SLH, and upwelling index
each had explanatory power for abundances of three groups.
The results were consistent regardless of the time scale used.
For example, the abundances of northern anchovy, shiner
perch and threespine stickleback were all explained by the
Table 3. Results of regressions between environmental variables
and the abundance of fish species at biweekly or monthly time
scales. Only regression coefficients that were statistically
significant at p < 0.05 are shown. The sign of the regression
coefficient is also indicated.
Fish species

r2

Environmental variable
(coefficient sign)a

Biweekly time scale
Northern anchovy

0.17

SLH (-)

Northern anchovy

0.13

Flow (-)

Pacific herring

0.18

SLH (-)

Shiner perch

0.27

Upw In (+)

Threespine stickleback

0.35

SST (-)

American shad

0.45

Upw In (+)

American shad

0.38

SST (+)

American shad

0.25

Pl vol (-)

Northern anchovy

0.27

SLH (-)

Shiner perch

0.52

Upw In (+)

Shiner perch

0.28

Pl vol (-)

Threespine stickleback

0.36

SST (-)

Monthly time scale

a

Abbreviations are SLH: Sea level height; Upw In: Upwelling index;
SST: Sea surface temperature; Pl vol: Plume volume.
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Fig. 5. Scatter plots illustrating the abundance of fish species (transformed using square root of x + 1) and normalized environmental
variables at monthly time scales. The plots show American shad and plume volume (A) and sea surface temperature (SST; B), shiner perch
and plume volume (C) and threespine stickleback and SST (D).

tunately, it is not possible to differentiate between these two
scenarios from our data.
Although the environmental variables included in the
best regression models varied by the time scale and type of
data used, they described many of the same processes. For
example, plume volume is a function of both river flow and
coastal winds (Burla et al. 2008), and flow and plume volume
were highly correlated in our dataset (r = 0.81). Similarly,
upwelling was represented by four variables: directly by the
upwelling index and upwelling anomaly, and indirectly by
SLH and the NPGO. The upwelling anomaly differs from
the index by excluding the seasonal trend, SLH decreases
during upwelling as surface waters move offshore by Ekman
transport, while fluctuations in the NPGO are driven by regional and basin-scale variations in wind-driven upwelling
(DiLorenzo et al. 2008). The PDO describes the pattern of
SSTs across the North Pacific Ocean and has been shown
to lead changes in coastal SSTs in our geographic area (Peterson and Schwing 2003). However, correlations between
PDO and its lags and SST in our dataset were quite low (r <
0.11) for reasons that are not clear. Despite the many environmental variables identified as important in our analyses,
they reflect just a few physical processes.
Our findings that ocean temperature, river flow, NPGO2, and upwelling were important explanatory variables for
the estuarine fish assemblage at biweekly time scales differs
somewhat from a previous analysis using the same data set

but fewer years (4 vs. 6; Weitkamp et al. 2012). The earlier
analysis found that river temperature and flow, SST, and the
PDO were important, but that NPGO and upwelling were
not. Apparent differences in the results of the two studies
may reflect differences in the methodology. The earlier
analysis used ranks (rather than actual values) to find matrices constructed from environmental variables that best fit
the structure of the matrix of fish assemblage similarities,
regardless of the number of environmental variables used.
In contrast, the current analysis used multiple regression to
find the environmental variables that fit the actual variation
in the multivariate fish data, using criteria that restrict the
number of variables selected. Consequently, the current
analysis should be considered more quantitative than the
previous one. In addition, the current analysis used two additional years of data—one of which provided extreme flow
values—therefore increasing the number of data points and
statistical power, with greater contrast in flow.
A similar analysis of the fish and nekton assemblage
in the Columbia River plume—just outside the river mouth
from our study area—also found multiple local environmental variables were associated with seasonal and interannual
variation in the plume assemblage (Litz et al. 2013). As in
our study, Litz et al. (2013) demonstrated that environmental conditions including temperature, salinity, and upwelling,
were most strongly correlated with variation in the fish and
nekton assemblage. However basin-scale parameters (e.g.,
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PDO, NPGO, ONI) provided little explanatory power, although time lags for these parameters were not included in
the analysis. Given that many individual fish species, including surf smelt, northern anchovy, and Pacific herring,
likely move between these two study areas and are therefore
responding to the same environmental conditions, parallel
findings are to be expected.
One crucial question is how the estuarine fish community will respond to future climate conditions—specifically
increased water temperatures and decreased flow—which
has important implications for predation on juvenile salmon
in the future. Flow and plume volume (which is strongly
correlated to river flow) were important explanatory variables in top regression models of the fish assemblage data,
as well as in regressions using the abundance of individual
species. This suggests that expected future declines in river
flow will likely influence the fish community, perhaps resulting in disproportional increases in some species such as
northern anchovy, American shad, and shiner perch, which
generally increased in abundance as river flow or plume volume decreased (Fig. 5).
Sea surface temperature was also identified as an important explanatory variable. However, while SST was negatively related to the abundance of threespine stickleback,
it was positively related to the abundance of American shad
(Fig. 5), suggesting future increases in SST may have contradictory effects on the fish community, causing some species
to increase and others to decline. Clearly, sorting out the
direct effects of current—let alone future—environmental
forcing on the estuarine fish assemblage and its consequent
influence on salmon predation is complex and extremely difficult to predict.

tributions, and habitat requirements—for most forage fish
species in coastal waters (Pikitch et al. 2012; Lindegren et
al. 2013; Litz et al. 2013). This lack of basic information
limits our ability to predict the response of these species to
current environmental conditions (Brodeur et al. 2005; Ruzicka et al. 2012), let alone those expected to occur with climate change in the next few decades (Cheung et al. 2015).
Given the importance of forage fishes to coastal food webs
(Field et al. 2006), and their role as alternative prey for salmon predators (Gladics et al. 2014), greater understanding of
forage fish biology is a topic of research that desperately
needs more attention.
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Abstract: Many stocks of Pacific salmon enter into and transit through the Strait of Georgia during their migration
to offshore waters. Knowledge of the duration of juvenile sockeye salmon residency in the Strait of Georgia and
when they migrate out of the strait is essential to understand both natural and anthropogenic factors that may
be regulating their early marine survival. We present results from the first year of a multi-year integrated study
that demonstrates stock-specific differences in the migration timing of juvenile Fraser River sockeye salmon over
the first eight to 12 weeks of their marine life. The geography of the study region provides a unique opportunity
to sample virtually the entire population as they migrate down the Fraser River and as they leave the Strait of
Georgia through the Discovery Islands and lower Johnstone Strait. This analysis indicated that juvenile 1-year-old
sockeye salmon were resident in the Strait of Georgia for seven to eight weeks in 2014. The catch rates in the
Discovery Islands indicated that, in 2014, the peak migration period for Fraser River sockeye salmon occurred
over approximately two weeks, with about 80% of all sockeye salmon caught between June 12 and June 19. The
results suggest that the Strait of Georgia and the Discovery Islands/Johnstone Strait regions function in a similar
manner as the nursery lakes and main river ways in the Fraser River watershed. The Strait of Georgia provides
abundant food in a relatively protected habitat similar to their rearing lakes in the watershed. The Discovery Islands
and Johnstone Strait, an area of lower food availability, is similar to the river, where fish move in concentrated
numbers through high current flow areas over a relatively short period of time.
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INTRODUCTION

trend in returns to all cycle lines (DFO 2015). However, in
the early 1990s returns began to decline and culminated in
the lowest return on record at 1.5 million fish in 2009. This
resulted in a Federal Commission of Inquiry into the decline
of sockeye salmon in the Fraser River (hereafter referred to
as the Cohen Commission) to examine the causes of the decline. Although returns subsequent to 2009 have included two
of the largest returns recorded (DFO 2015), the uncertainty
and variability in their abundance and productivity remains
high. Recommendations arising from the Cohen Commission
included support of research examining the abundance and
conditions of the juvenile sockeye salmon during their ear-

The Fraser River is a major producer of sockeye salmon (Oncorhynchus nerka) in British Columbia with over 90
distinct spawning populations throughout the watershed (Fig.
1). These fish support commercial, recreational and First Nations fisheries and are an important cultural icon to Canadians.
Management of these fish is complex due the high number of
distinct spawning populations, life-history types, and variable
production over four separate cycle lines, which naturally produce variability in returns between the cycle years. Between
the 1960s and early 1990s, there was a general increasing
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one of the largest concentrations of salmon farms in British
Columbia, and reach the continental shelf and eventually the
Gulf of Alaska (Tucker et al. 2009; Preikshot et al. 2012; Beacham et al. 2014a, b; Furey et al. 2015). A small component
of Fraser River sockeye salmon are ocean-type fish and enter
the SOG in the year they emerge (Schaefer 1951). In the Fraser River these ocean type fish are typically from the Harrison
River with the majority entering the SOG in July and rearing
in this inland sea through to the fall (Tucker et al. 2009; Beamish et al. 2016) and due to differences in timing are not considered in this study. To determine the relative importance of
the conditions in the SOG and Discovery Islands to the overall
marine survival of lake- and stream-type sockeye salmon, we
need to identify the residence time of juvenile salmon in the
SOG and the timing and duration of their migration through
the Discovery Islands and Johnstone Strait. A previous study
using trawl and purse seine surveys indicated that the majority
of juvenile Fraser River sockeye salmon, which are 1-yearolds, remain in the SOG for 6–8 weeks (Preikshot et al. 2012).
In contrast, acoustic tagging of larger 2-year-old Fraser River
sockeye salmon smolts, which represent less than 5% of the
juvenile sockeye salmon from Chilko Lake (Irvine and Akenhead 2013), suggest that they spend little time (2–3 weeks)
in the Strait of Georgia (Welch et al. 2009; Rechisky et al.
2015). However, the residence period and migration timing
of these older and larger juveniles may not be representative
of the population (Freshwater et al. 2016).
This paper examines results from the first year of a
multi-year program assessing the migration period and
stock-specific migration timing of juvenile sockeye salmon
as they pass through the lower Fraser River into the SOG
and migrate through the Discovery Islands, approximately
200 km to the north (Fig. 1). In addition, the study estimates
the residence period for juvenile sockeye salmon in the SOG
and the Discovery Islands region at both the population and
stock levels. Changes in the size and diet of the juveniles between the three regions are examined to provide information
on the conditions juveniles encounter and changes that occur
during this early marine period.
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Fig. 1. The Fraser River watershed, showing the spawning location
of the key sockeye salmon stocks caught in this study. The location
of the Mission rotary screw trap (RST) and Discovery Islands purse
seine survey area are also indicated (checkered ovals). The box
outlined in grey is the area depicted in Fig. 2.

ly marine residence (Cohen 2012a, b). The Cohen Commission recognized that identifying when and where significant
mortality occurs is essential for future management of these
fish and determining how various stressors may contribute to
the total mortality experienced by the Fraser River sockeye
salmon. The first few weeks of marine life may be particularly critical in regulating the recruitment dynamics of salmon
(Beamish and Mahnken 2001; MacFarlane, 2010; Duffy and
Beauchamp 2011; Beamish et al. 2012), although the factors
affecting that mortality remain poorly understood. Hence,
an assessment of where Fraser River sockeye salmon occur
during this period may help to target research to determine the
causes of this mortality.
Sockeye salmon from the Fraser River enter the Strait of
Georgia (SOG), a 6,800 km2 inland sea, between the British
Columbia mainland and Vancouver Island (Figs. 1, 2; Thomson 1981). The majority of juvenile Fraser River sockeye
salmon are either lake- or stream-type fish and spend at least
one winter rearing in fresh water prior to entering the SOG
(Foerster 1954; Burgner 1991; Wood et al. 2008). These fish
enter the SOG in the spring and migrate north from this inland sea, through the Discovery Islands, an area that harbours

METHODS
Field Sampling
In 2014 juvenile sockeye salmon from the Fraser River were sampled during their downstream migration in the
river, their early marine residence in the SOG, and their migration through the Discovery Islands area (Figs. 1, 2). The
methods used to sample the juveniles varied by location and
are described in more detail below.
Migration out of the Fraser River
Juvenile sockeye salmon were sampled during their
downstream migration using a rotary screw trap fished at
Mission, British Columbia, approximately 80 km from the
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Fig. 2. Study area showing the location of the rotary screw trap at Mission (black dot), the standard track lines for the trawl survey in the
Strait of Georgia (black solid line) and the purse seine sampling area in the Discovery Islands and lower Johnstone Strait (oval). The extent of
the Fraser River drainage in relation to the study area is shown in Fig. 1. The location of trawl sets conducted off the standard track line in the
Gulf Islands, Desolation Sound, and Discovery Islands are shown in Fig. 3.

Fraser River mouth (Figs. 1, 2). This site was selected as
all river flow is confined to one channel with dykes on both
sides, which allows for effective sampling across the channel
width. In addition, all Fraser River sockeye salmon smolts,
with the exception of the Pitt River stock that enters the Fraser River downstream of this site, have to pass this location.
Fish were collected at fixed locations across the river channel using a 2.4-m rotary screw trap mounted on a
barge following the procedures described in Mahoney et al.
(2013). Briefly, the barge was held in position alongside an
8.5-m (28 ft) motorized fishing vessel with the speed of vessel adjusted as necessary to maintain a standard flow rate of
ca. 1 m/s through the trap. The trap was fished and samples
were collected over a 24-hr period every four days between
6 April and 17 June 2014. These dates were selected in order
to sample prior to the beginning of the downstream migration period of 1-year-old sockeye salmon smolts and continue until the migration was complete. Juvenile salmon were
removed from the trap and identified to species. All sockeye salmon were euthanized in tricaine methane sulfonate
(MS-222) and measured for fork length (FL) to the nearest
mm; the caudal fin was clipped and stored in 95% ethanol
for DNA analysis.

SOG at this time. The net was towed at a speed of approximately 5 knots (~9.6 km/hr) and the average mouth opening
was 30 m wide by 15 m deep. Fishing was conducted during
daylight hours with sets of 15 to 30 minutes duration. The
net was towed with the head rope either at the surface, or at
15 m, 30 m, 45 m or 60 m, with the majority of effort in the
top 30 m. A more detailed description of the protocols and
gear are described in Beamish et al. (2000) and Sweeting
et al. (2003). This survey fished standard track lines that
have been used for juvenile salmon surveys in the SOG
since 1998 (Fig. 2). Additional sets were also conducted in
the Discovery Islands, Desolation Sound and Gulf Island
regions. Catches were emptied into 40-L totes and sorted
to species. All sockeye salmon were measured for length
(FL) and wet weight (g) and a section of their caudal fin was
clipped and stored in 95% ethanol for DNA analysis. The
stomach contents of a sub-sample of the fish were removed.
The contents of the stomachs were identified to the lowest
possible taxonomic level.
Migration through the Discovery Islands and Lower Johnstone Strait
Juvenile Pacific salmon were sampled in the Discovery
Islands and lower Johnstone Strait using a modified purse
seine with a small mesh bunt (300 m by 20 m with 0.6-cm
mesh bunt) fished from the commercial seiner F/V Nordic
Queen. Fishing was conducted in the lower Johnstone Strait
in an area where the channels converge and all juvenile sockeye salmon migrating north must pass (Figs. 1, 2). Additional fishing was also conducted within inlets and channels of
the Discovery Islands. Sampling was conducted from 15
May to 22 July 2014 to cover the expected migration period

Migration through the Strait of Georgia
A trawl survey was conducted to collect juvenile sockeye salmon in the SOG using a modified trawl net with a
small mesh bunt fished from the commercial trawler F/V
Viking Storm between 1 June and 11 June 2014. The survey was timed to sample the juvenile sockeye salmon during
their peak abundance in the SOG (Preikshot et al. 2012) to
examine stock composition and distribution throughout the
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of 1-year-old sockeye salmon leaving the SOG, as reported
in Preikshot et al. (2012) and Neville et al. (2013). Fishing
was conducted weekly to provide information on the change
in catch rates over the migration period and to compare with
information on migration timing of sockeye salmon collected at Mission. Fishing was conducted two days a week over
this time period. After each set, the bunt of the purse seine
was kept alongside the fishing vessel in a 1–2 m pool of
water. The depth of water was dependent on the size of the
catch and was reduced as the fish were sampled until the
bunt was empty. The salmon were transferred by dip net to
buckets and moved to live tanks equipped with flow-through
water on the deck of the vessel. The catch was sorted to
species and enumerated and all sockeye salmon were euthanized in MS-222. The length (FL) of the sockeye salmon
was recorded and a section of their caudal fin was clipped
and stored in 95% ethanol for DNA analysis. Other species
of fish not required for the study were transferred to a recovery tank and released live.

ed for six sub-regions within the study area: (1) southern
(SSOG), (2) central (CSOG) and (3) northern Strait of Georgia (NSOG), (4) Desolation Sound, (5) Discovery Islands,
and (6) Gulf Islands (Fig. 3). The average CPUE for the
purse seine was summarized by fishing week.
Stock composition of sockeye salmon from all surveys
was determined in the Molecular Genetics Laboratory at the
Pacific Biological Station in Nanaimo, British Columbia, using procedures outlined in Beacham et al (2014a, b). Only
assignments with a probability of stock origin or run-timing group of 50% or greater were included in the analysis.
Comparisons were only conducted for stocks with a minimum sample size of 15 fish from the purse seine or trawl
survey. To facilitate analysis by increasing sample sizes
available for analysis and to examine variations in juvenile
sockeye salmon migration timing, we grouped DNA results
by run timing. Run-timing groups (early Stuart, early summer, summer, and late) are defined by the Pacific Salmon
Commission and are based on the return timing of adults to
fresh water. Sockeye salmon identified as originating from
systems outside of the Fraser River were classified together
as non-Fraser River fish. Statistical analysis included Pearson’s Chi-square to compare the proportion of different run
and stock groups among regions.

Analysis
CPUE Estimation and Stock Composition
Catches were summarized for each fishing region and
type of gear used. The fish caught in the river in the rotary
screw trap were summarized to catch per day. Catches in
the ocean were summarized as average catch-per-unit-effort
(CPUE) for the trawl (catch per hr) and seine (catch per set).
The average CPUE for the trawl survey was calculated for
sets fished in the top 30 m and for the total study area of
the Strait of Georgia. In addition, the CPUE was calculat-

Migration Timing
The migration peak at Mission and in the Discovery Islands was estimated by plotting the CPUE over time. The
peak migration period was considered the time when the
largest catches or greatest CPUE was observed at the rotary
screw trap on the lower Fraser River or in the purse seine sur-

CPUE 54.2

(Discovery Islands)

CPUE 34.4

(Desolation Sound)

CPUE 216.8
(NSOG)

CPUE 1.3
(SSOG)

CPUE 47.6
(CSOG)

Fraser River

CPUE 17.5
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Fig. 3. The start location of the trawl sets from 1–11 June 2014, and the CPUE (catch/hr, log 10) of sockeye salmon by set. The Xs represent
set locations when no juvenile sockeye salmon were captured. The total CPUE for each of the six regions is indicated. CSOG = central,
NSOG = northern, and SSOG = southern Strait of Georgia.

48

Residence and migration timing of juvenile sockeye salmon from the Fraser River

NPAFC Bulletin No. 6

Fig. 4. Total daily catch of juvenile sockeye salmon in the rotary screw trap (RST) at Mission between 6 April and 17 June 2014, and the
weekly CPUE (catch/set) of juvenile sockeye salmon in the Discovery Islands purse seine survey between 15 May and 11 July 2014.

vey in the Discovery Islands. The average migration period
was classified as the time period between the peak migration
at Mission and the peak migration in the Discovery Islands.
In addition, to examine the timing differences between individual stocks or run-timing groups, we plotted the cumulative
catch curve to assess visually when the fiftieth percentile for
each stock or run-timing group passed either Mission on the
lower Fraser River or through the Discovery Island region.

Stomach Analysis
Frozen samples from all surveys were processed at the
Pacific Biological Station. During processing in the lab,
stomachs were removed and stored in 70% ethanol for identification of prey items and otoliths were removed and stored
dry. Stomach analysis of both the preserved samples and
the stomachs examined fresh at sea were conducted by the
same expert with over 20 years of experience conducting
diet analysis on juvenile salmon trawl surveys in the Strait
of Georgia. The volume of food and the proportion of each
prey category were estimated. Items in the stomach were
identified to the lowest taxonomic level and developmental
stage possible using a hand magnifying lens. Stomachs with
volumes less than 0.1 cc were classified as empty. The stomach content data were summarized into major categories or
groups for analysis.

Size and Growth
We performed a one-way analysis of variance (ANOVA)
to compare the mean FL of sockeye salmon smolts among
sampling dates at Mission. A one-way ANOVA was performed to compare the mean fork length (FL) among run and
stock groups caught in the rotary screw trap, trawl, and purse
seine survey. A separate analysis was performed for each of
the sampling methods and stock groupings. The p-values of
these tests were not adjusted for multiple comparisons, as they
were considered independent tests. Similar results were obtained by log-transforming the fork length data and by using a
non-parametric ANOVA (Kruskal Wallis; results not shown).
A Tukey HSD post-hoc test was performed when the one-way
ANOVA revealed significant differences among factors. A
two-way ANOVA was performed to compare the mean fork
length from ocean entry to the Discovery Islands/Johnstone
Strait region among run-timing groups and individual stocks.

RESULTS
Catches and Stock of Origin of Juvenile Sockeye Salmon
Mission Rotary Screw Trap
A total of 1,103 sockeye salmon was captured in the rotary screw trap in the lower Fraser River at Mission between
10 April and 24 May (Fig. 4). This time period indicated a

Table 1. The percentage of juvenile sockeye salmon collected in the three surveys and identified as originating from the four run-timing groups.
Proportions when Pitt River fish are excluded from the data set are provided in parentheses.
Run timing

Mission rotary
screw trap
n = 1,084

Early Stuart

1.5

9.2 (9.9)

6.7 (7.1)

Early Summer

58.3

41.4 (37.3)

42.7 (38.7)

Summer

31.9

42.7 (45.6)

35.7 (38.2)

8.3

6.7 (7.2)

14.9 (16.0)

Late

Strait of Georgia trawl
n = 567
(% without Pitt River fish)
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migration period of about 44 days or just over 6 weeks for
juvenile sockeye salmon in the lower Fraser River in 2014.
The peak migration during this period was 26 April to 4 May
when about 66% of the juvenile sockeye salmon were captured (Fig. 4).
DNA analysis was conducted on all the sockeye salmon collected; 1,055 (96%) of the fish could be assigned a
stock of origin and 1,084 (98%) assigned to a run-timing
group. Fifty-eight percent of the sockeye salmon smolts
were from the early summer run timing and 32% were from
the summer run timing group (Table 1). The late run and
early Stuart fish made up 8.3 and 1.5% of the fish collect-

ed, respectively (Table 1). DNA results indicated that the
dominant stocks observed at Mission in 2014 were Dolly
Varden (49%), Chilko (19%), Gates (7%), Cultus (7%),
and Stellako (6%) (Table 2). Smaller numbers of fish from
the North Thompson (2.5%), Raft (1.7%), and Nahatlatch
(1.6%) were also identified (Table 2). The remaining eight
stocks or stock groups identified represented 1.5% or less of
the catch each (Table 2).
The late-run group of sockeye salmon were the earliest
migrants past Mission with over fifty percent of the individuals observed by 14 April (Fig. 5A). This run-timing group
was dominated by the Cultus Lake fish which represented

Table 2. The percentage of sockeye salmon collected in the three surveys and identified as originating from the 24 stocks or groups of
stocks from the Fraser River and from rivers outside the Fraser River. Proportions when Pitt River fish are excluded from the data set
are provided in parentheses. The number of sockeye salmon identified as non-Fraser River is indicated but is not included in the
percentages.
Stock group

Run timing

Mission rotary screw
trap
n = 1,055

Strait of Georgia trawl
n = 523 (487)

Discovery Islands
purse seine
n = 282

Early Stuart mix (Rossette,
Blackwater, Dust, Paula, Cayenne)

Early Stuart

1.3

7.8 (8.5)

5.1 (5.5)

Bowron

Early Summer

-

1.0 (1.0)

1.7 (1.8)

Chilliwack

Early Summer

0.7

-

-

Dolly Varden

Early Summer

49.3

14.0 (15.0)

14.9 (16.1)

Fennel

Early Summer

0.5

-

2.1 (2.3)

Gates

Early Summer

6.6

5.7 (6.2)

3.4 (3.7)

Nadina

Early Summer

1.0

14.1 (15.2)

13.2 (14.2)

Nahatlatch

Early Summer

1.6

0.2 (0.2)

Pitt

Early Summer

-

6.9

7.2

Seymour, Scotch, Upper Adams

Early Summer

-

1.7 (1.8)

3.0 (3.2)

Chilko

Summer

18.9

33.8 (36.3)

27.2 (29.4)

Kuskwa

Summer

-

3.4 (3.7)

Middle

Summer

-

-

0.4 (0.5)

North Thompson

Summer

2.5

0.6 (0.6)

1.7 (1.8)

Raft

Summer

1.7

1.7 (1.8)

Stellako

Summer

5.9

2.1 (2.3)

Tachie

Summer

1.5

-

-

Cultus

Late

6.5

1.0 (1.0)

-

Big Silver

Late

-

1.0 (1.0)

0.4 (0.5)

Birkenhead

Late

1.1

5.0 (5.3)

14.5 (15.6)

Lower Shuswap,
Little Shuswap

Late

0.5

-

1.3 (1.4)

Weaver

Late

0.4

-

-

n = 14

n = 11

Non-Fraser
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% of total catch

100%

fish/hr) in the CSOG (Fig. 3). In the CSOG, the catches
were larger on the west side of Texada Island compared
to Malaspina Strait. Average catches in the Discovery
Islands and Desolation Sound regions were 54.2 fish/hr
and 34.4 fish/hr, respectively. Only 30 juvenile sockeye
salmon were captured in the SOG south of Texada Island
(1.3 fish/hr) and at the two sites fished in the Gulf Islands
(17.5 fish/hr).
DNA analysis was conducted on 578 sockeye salmon
collected during the survey and 567 (98%) and 537 (93%)
results met the requirements for assignment to run-timing
and stock groups, respectively. Approximately 3% of the
fish that could be assigned to stock of origin were from systems outside of the Fraser River (Table 2). The majority
of the juvenile sockeye salmon of Fraser River origin were
from the early-summer (41.1%) and summer runs (42.7%)
(Table 1). The early Stuart and late run sockeye salmon represented 9.2% and 6.7% of the sample, respectively. When
the 36 Pitt River fish were excluded from the analysis, the
summer run and early-summer run timing groups remained
dominant (Table 1).
The dominant stock groups observed in the trawl survey were from the Chilko (34%), Dolly Varden (14%), and
Nadina (14%) systems on the Fraser River. Fish from the
Birkenhead, early Stuart mix, Gates, and Pitt stock groups
represented 5–8% of the catch. The remaining nine stocks
each represented < 2% of the catch (Table 2).
There were insufficient numbers of samples for the
Gulf Islands and the southern SOG to include them in an
analysis of run-timing groups by region. In addition, due to
the low sample sizes at general locations north of the SOG,
we pooled the data from the Discovery Islands and Desolation Sound regions for this analysis. There was a significant difference in the proportion of each run-timing group
between the central and northern SOG and the Desolation
Sound/Discovery Islands study regions (χ2 = 14.7, df = 6, p
= 0.02). The summer run-timing group dominated in both
the central and northern SOG (45% and 43%, respectively)
whereas the early summer run-timing dominated in the Desolation Sound/Discovery Islands region (54%). The early
Stuart run timing represented 11% of the sockeye salmon in
the central SOG with reduced numbers in the northern SOG
(7%) and Desolation/Discovery regions (6%). The late run
-timing group represented 11% of the sockeye salmon identified from the northern SOG with 4% in each of the other
two regions.
As in the analysis performed above, we excluded data
from the Gulf Islands and the southern SOG, and pooled
data from the Discovery Islands and Desolation Sound regions to compare the proportion of the seven main stocks
(i.e., Birkenhead, Early Stuart mixed, Chilko, Dolly Varden, Gates, Nadina and Pitt) among regions. The proportion of the seven main stock groups did not vary significantly among these three regions (χ2 = 20.1, df = 12, p >
0.05).
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Fig 5. The cumulative catch (% of total catch) of juvenile sockeye
salmon at the Mission rotary screw trap based on (A) the run-timing
groups and (B) the stock groups observed (see Table 1).

about 70% of the late run-timing group (Table 2). About
80% of the Cultus fish were captured at Mission by 14 April
(Fig. 5B). Conversely, the fish that were the latest to be observed were from the early Stuart run-timing group. Fifty
percent of these fish were not observed at Mission until 20
May (Fig. 5B). The stocks from this run-timing could not be
examined individually due to low catch numbers and were
grouped for all analyses. Fifty percent of the total catch of
the early-summer and summer-run fish were observed at
Mission between 26 April and 4 May with the early summer
slightly ahead of the summer run fish (Fig. 5A). The timing
of the individual stocks within the early-summer and summer run-timing groups were similar. Sockeye salmon from
Gates (early summer) were slightly earlier with 50% of the
migration observed by 26 April (Fig. 5B). The remainder of
the dominant stocks captured in the survey all had 50% of
their migration observed at Mission between 30 April and 4
May (Fig. 5B).
Trawl Survey in the Strait of Georgia and Associated Regions
The trawl survey captured 1,798 juvenile sockeye
salmon in 74 sets between 1–11 June 2014. The average
CPUE of juvenile sockeye salmon over the 10-day survey was 59.6 fish/hr. The largest catches (CPUE 216.8
fish/hr) were in the NSOG with moderate catches (47.6
51
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DNA analysis was completed on all of the juvenile
sockeye salmon collected in this survey with 266 fish (89%)
and 246 fish (83%) meeting the requirements for assignment
to run-timing groups and individual stocks, respectively.
Eleven or 4.5% of the samples were not identified as Fraser
River stocks but originated from the Phillips and Sakinaw
systems on the British Columbia mainland and Baker Lake
in the United States (Table 2). Of the fish originating from
the Fraser River, the DNA results indicated that the early
summer (42.7%) and summer (35.7%) run timings were
the most prevalent (Table 1). Early Stuart and late fish represented 6.7% and 14.9% of the catch, respectively. The
proportion of early-summer and summer-run fish was more
similar (39% and 38%, respectively) when the 17 Pitt River
fish were removed from the sample (Table 1). Over 50% of
the catch of the early-Stuart, early-summer and summer- run
fish were caught by 15 June (Fig. 6). The late run-timing
group did not reach 50% of the total catch until the following
week.
When individual stocks were examined, the majority of
the juvenile sockeye salmon were allocated to the Chilko
stock (27%). Three early summer stocks, Dolly Varden
(14.9%), Nadina (13.2%), and Pitt (7.2%), and one late stock
(Birkenhead, 14.5%) were also relatively common (Table 2).
The mixed early Stuart group represented just over 5% of
the fish. The remaining nine stocks each accounted for less
than 4% of the catch (Table 2). No Cultus Lake fish were
captured in the Discovery Islands.
Fifty percent of each of the six dominant stocks (Dolly
Varden, Gates, Nadina, Pitt, Birkenhead, and the mixed early Stuart group) was captured over a two-week period (Fig.
6B). The timing of the Nadina, Pitt, Chilko and the mixed
early Stuart group was almost identical and was followed a
week later by Birkenhead and Dolly Varden stocks (Fig. 6B).
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Fig. 6. The cumulative catch (% of total catch) of juvenile sockeye
salmon in the Discovery Islands purse seine based on (A) the runtiming groups and (B) the major stock groups (see Table 1).

Purse Seine Survey in the Discovery Islands and Lower
Johnstone Strait
The purse seine survey captured 298 sockeye salmon
over the nine weeks between 15 May and 11 July 2014 (Fig.
4). Pink (O. gorbuscha) and chum salmon (O. keta) were
the dominant species and represented about 88% of all fish
captured and 99% of the juvenile salmon captured. Pacific
herring (Clupea pallasii) represented about 10% of the total
catch and were comprised of both young-of-year fish and
older year classes in similar proportions. Sockeye, coho (O.
kisutch), and Chinook salmon (O. tshawytscha) all represented less than 1% of the total catch. Other species observed
in the survey included threespine stickleback (Gasterosteus
aculeatus), soft sculpin (Gilbertidia sigalutes), juvenile kelp
greenling (Hexagrammos decagrammus), steelhead trout
(O. mykiss), starry flounder (Platichthys stellatus), juvenile
walleye pollock (Theragra chalcogramma), juvenile wolf
eel (Anarrhichthys ocellatus), staghorn sculpin (Leptocottus
armatus) and squid (Loligo opalescence). The first juvenile
sockeye salmon was captured during the second week of the
survey on 22 May. Small numbers of juvenile sockeye salmon (n = 2) were captured on 11 July during the last week of
fishing. The highest average CPUE (catch/set) of juvenile
sockeye salmon in the Discovery Islands/Johnstone Strait
area occurred during the weeks of 12 and 19 June (Fig. 4).
Eighty-one percent of the juvenile sockeye salmon caught
in the purse seine surveys were captured during these two
weeks (Fig. 4).

Comparison among Study Areas
Catches were largest in the Fraser River with considerably fewer sockeye salmon caught in the Discovery Island
region (Table 1, 2). The peak catch of juvenile sockeye
salmon in the Discovery Islands occurred 7–8 weeks after
the peak timing of the fish at Mission (Fig. 4). The proportion of run-timing groups in the Discovery Islands was
significantly different from that observed at Mission whether
the Pitt River summer-run fish were included (χ2 = 41.9, df
= 3, p < 0.001) or excluded (χ2 = 53.1, df = 3, p < 0.001) in
the analysis.
To compare the proportion of individual stocks between
the Fraser River and Discovery regions, we included only
those stocks present in both surveys or stocks representing
more than 5% of the catch in a single survey in the analysis.
This included 11 stocks or stock groups (Table 2). Pitt River
was excluded from the analysis as it is located downstream
of Mission and could not be captured in the rotary screw
trap. The proportion of these 11 stocks at Mission and the
Discovery Islands was significantly different (χ2 = 299, df =
10, p < 0.0001).
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Fig. 7. The average fork length (mm) of juvenile sockeye salmon captured at the Mission rotary screw trap and in the Discovery Islands purse
seine by survey period. The horizontal dashed line represents the average length of sockeye salmon in each survey.

Juvenile Sockeye Salmon Size

was no significant difference in size between juveniles from
Tachie and Stellako (97 ± 8 mm) or North Thompson (95 ±
9), although both Cultus and Gates were significantly larger than both Stellako and North Thompson (p < 0.05), and
all three groups were significantly larger than the other four
stock groups (p < 0.05). Fish from the Nahatlatch (84 ±
8 mm) and Dolly Varden (86 ± 7 mm) systems were significantly smaller than the other stocks examined (p < 0.01,
Table 4). The remaining stocks, Raft, North Thompson,
Chilko, and Stellako were all similar in size.

Mission Rotary Screw Trap
The average FL of the juvenile sockeye salmon smolts
captured at Mission was 92 ± 11 mm (Fig. 7). A single large
fish (171 mm) from Gates (early summer run) was captured
on 10 April. This fish had been called a two-year-old smolt
in field notes but it has not been confirmed with scale or
otolith examination. Although the average FL of the sockeye salmon appeared relatively stable from 14 April to 20
May 2014, there were significant differences in the average
lengths (F10, 1,076 = 17.3, p < 0.001) specifically at the beginning and end of the survey. Results from the Tukey HSD
post-hoc test indicated that sockeye salmon smolts captured
at the beginning of the survey (14 April, 101 ± 8 mm) and
near the end of the survey (16–24 May, 99 ± 9 mm) were
significantly larger than those captured between 18 April and
12 May (90 ± 10 mm).
The average FL of sockeye salmon smolts caught at
Mission varied significantly among run-timing groups (Table 3, F3, 1,076 = 149.7, p < 0.001). Post-hoc tests indicated
that the fish from the early summer run-timing group (88
± 9 mm) were significantly smaller than fish from other run-timing groups (p < 0.01, Table 3). In addition, fish
from the late run-timing group (105 ± 12 mm) were significantly larger than fish from the summer runs (p < 0.01), but
not from the early Stuart run-timing group (Table 3). Nine
stocks or stock groups identified from DNA analysis had 15
fish or more (Table 4). This included Dolly Varden, Gates,
and Nahatlatch from the early summer stock groups, Chilko,
North Thompson, Raft, Stellako, and Tachie from the summer run-timing groups and Cultus from the late run-timing
group. There was variation in the size of the fish between
these stock groups (Table 4, F8, 985=89.14, p < 0.001). Posthoc tests indicated that the Cultus fish (102 ± 6 mm) were
significantly larger than all other groups (p < 0.01) with the
exception of juveniles identified as originating from Gates
(101 ± 10 mm) and Tachie (102 ± 12 mm, Table 4). There

Trawl Survey in the Strait of Georgia and Associated Regions
The average FL of the 578 sockeye salmon analyzed
for DNA analysis was 123 ± 14 mm. There were significant
differences in the size of the fish among run-timing groups
(Table 3, F3, 549 = 17.3, p < 0.0001). Post hoc tests indicated
that the late run-timing fish (136 ± 21 mm) were significantly larger than other run-timing groups (p < 0.01). The summer run-timing group (124 ± 15 mm) was significantly larger (p < 0.01) than the early summer run-timing group (119
Table 3. The average fork length (mm) and standard deviation
of fork length of juvenile sockeye salmon collected in the three
surveys and identified as originating from the four run-timing groups
or from rivers outside the Fraser River (non-Fraser). Sample size is
provided in parentheses.
Discovery
Islands purse
seine
124 ± 10.0 (17)

Mission rotary
screw trap

Early
Stuart
Early
Summer
Summer

101 ± 9.0 (16)

Late

105 ± 12.2 (90) 136 ± 21.2 (37)

128 ± 19.4 (38)

125 ± 17.8 (14)

127 ± 18.6 (11)

Non-Fraser

53

Strait of
Georgia
trawl
120 ± 8.9 (51)

Run
timing

88 ± 8.9 (629) 119 ± 11.3 (229) 124 ± 11.9 (109)
96 ± 8.4 (346) 124 ± 15.2 (236) 129 ± 13.9 (91)

Neville et al.

NPAFC Bulletin No. 6

Table 4. The average fork length (mm) of sockeye salmon collected in the three surveys and identified as originating from stocks or groups of
stocks from the Fraser River. All non-Fraser River fish are grouped as a single category. Sample size is provided in parentheses.
Stock group

Run timing

Mission rotary
screw trap
n = 1,084

Strait of Georgia
trawl
n = 565

Discovery Islands
purse seine
n = 282

Early Stuart mix (Rossette,
Blackwater, Dust, Paula, Cayenne)

Early Stuart

102 ± 7.2 (14)

121 ± 9.4 (121)

123 ± 11.7 (12)

Dolly Varden

Early Summer

86 ± 6.6 (86)

116 ± 11.6 (116)

119 ± 12.2 (35)

Gates

Early Summer

101 ± 10.4 (70)

124 ± 11.9 (30)

125 ± 8.9 (8)

Nadina

Early Summer

102 ± 7.1 (11)

119 ± 7.4 (74)

128 ± 7.2 (31)

Nahatlatch

Early Summer

84 ± 8.2 (17)

Pitt

Early Summer

Chilko

Summer

Kuskwa

Summer

North Thompson

Summer

95 ± 9.2 (26)

142 ± 1.7 (3)

Raft

Summer

94 ± 5.6 (18)

134 ± 1.4 (9)

Stellako

Summer

97 ± 7.9 (62)

125 ± 11.6 (11)

Tachie

Summer

102 ± 11.6 (16)

Cultus

Late

102 ± 6.4 (69)

142 ± 15.4 (5)

Birkenhead

Late

117 ± 24.1 (12)

132 ± 22.5 (26)

95 ± 8.3 (199)

123 (1)
127 ± 13.5 (36)

131 ± 14.0 (17)

124 ± 16.1 (124)

130 ± 14.5 (64)

122 ± 8.6 (18)

± 11 mm), but not the early Stuart run-timing group (120 ±
9 mm). This relationship did not change when the Pitt River fish were removed from the analysis. The lengths of the
eight stocks with sample sizes > 15 were compared (Table
4). Eight stocks captured in the trawl survey had samples of
15 fish or more. An ANOVA performed on the fork length
of the fish from these stocks indicated that there were differences in the average fork lengths of some groups (Table 3,
F7, 478 = 6.3, p < 0.0001). The Tukey HSD test indicated that
the sockeye salmon from the Dolly Varden system (116 ± 12
mm) were significantly smaller (p < 0.01) than those from
the Birkenhead (132 ± 23 mm), Chilko (124 ± 16 mm), and
Pitt systems (127 ± 14 mm). In addition, the sockeye salmon
from Birkenhead were also larger than those from the Nadina and Early Stuart groups (p < 0.01, Table 4).

123 ± 8.7 (4)

129 ± 17.1 (9)

129 ± 18 (34)

remaining survey weeks (127 ± 13 mm), whereas those that
were captured the week following 5 June were significantly
larger (140 ± 14 mm) than the subsequent weeks (Fig. 7, p <
0.05). The average size varied little beyond 5 June (p > 0.05).
The average fork length of the fish varied significantly
among run groups (Table 3, F3, 251 = 3.0, p = 0.01). The summer-run fish (129 ± 14 mm) were significantly larger (p <
0.05) than the early summer-run fish (124 ±12 mm) and this
remained consistent when the Pitt River fish were removed
from the sample. There were no other significant differences
between the sizes in the run-timing groups. Five stocks had
sample sizes > 15 fish each: Birkenhead, Chilko, Dolly Varden, Nadina, and Pitt. The average length (FL) varied significantly among these stocks (Table 4, F4, 176 = 4.5, p = 0.002).
Sockeye salmon belonging to the Dolly Varden stock (119 ±
12 mm) were significantly smaller than fish from Chilko (p <
0.01), Birkenhead, and Pitt (p < 0.05, Table 4) stocks.

Purse Seine Survey in the Discovery Islands and Lower
Johnstone Strait
The average fork length of sockeye salmon sampled by
the purse seine survey was 126 ± 14 mm (Fig. 7). On 22 May,
a single sockeye salmon with a length of 185 mm was captured (Fig. 7). This fish was possibly a two-year-old smolt.
As with the first sampling period, very few fish were caught
during the last sampling period on 11 July (n = 2). The average length (FL) of the fish varied significantly between 29
May and 5 July (F3, 251 = 14.2, p < 0.0001). Post-hoc tests
indicated that the 17 fish captured on 29 May were significantly smaller (109 ± 12 mm) than fish captured during the

Comparisons among Study Areas
The sizes of the fish at Mission, CSOG, NSOG, the Discovery/Desolation trawl catches, and the Discovery purse
seine catches were compared. The southern SOG and Gulf
Island regions were excluded from analysis due to small sample sizes. Overall, the size of sockeye salmon from the Fraser River varied by region with a general increase in length
with distance from the Fraser River (Fig. 8, F4, 1,846 = 1,046, p
< 0.0001). Fish at Mission and the CSOG were significantly smaller than fish in the northern regions (p < 0.01). The
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Stomach Contents of Juvenile Sockeye Salmon

A

Trawl Survey in the Strait of Georgia and Associated Regions
Stomachs were examined from 244 of the sockeye salmon collected in the trawl survey in the SOG. Twenty-nine
percent of the stomachs examined from the Strait of Georgia
were empty (Fig. 9). The dominant prey items in the diet
were crab larvae and hyperiid amphipods, making up 52%
and 27% of the stomach volume, respectively. Euphausiids
and teleosts represented 6% and 4% of the stomach volume,
respectively. The “other” category represented about 9% of
the contents and was comprised of polychaetes, shrimp, chaetognaths, gammarids and insects.
Purse Seine Survey in the Discovery Islands and Lower
Johnstone Strait
The stomach contents of 279 juvenile sockeye salmon
caught in the Discovery Islands and Johnstone Strait purse
seine and trawl survey were examined. The majority of the
stomachs (58.0%) were empty (Fig. 9). The major diet item
in stomachs with some content was crab larvae (28% of
stomach volume). Copepods (19%), euphausiids (15%) and
Oikopleura, a tunicate (14%), were also common. Smaller
volumes of hyperiids (7%) and gammarids (6%) were also
identified. The “other” category included shrimp, barnacles,
caprellids, pteropods, chaetognaths and unidentified eggs,
representing about 2% of the volume in stomachs. About
7% of the stomach content volume was classified as digested
matter.

B

Fig. 8. The average fork length based on (A) run-timing groups
and (B) individual stocks of sockeye salmon that were collected
in the rotary screw trap at Mission, the trawl survey in the central
(CSOG) and northern (NSOG) Strait of Georgia, Discovery Islands
(DISC/DES), and the purse seine survey in the Discovery Islands
(PS-DISC).

Comparisons among Study Areas
The proportion of sockeye salmon with empty stomachs
captured by trawl in the SOG was significantly lower when
compared with those captured in the purse seine and trawl
surveys in the Discovery Islands and Desolation Sound areas (χ2 = 40.5, df = 1, p < 0.0001). A principal component
analysis of those stomachs with contents indicated that in
the SOG the diet was predominantly explained by the crab
and hyperiid amphipods, whereas in the Discovery Islands
and Desolation Sound region the diet was predominantly explained by crab and other diet elements including Oikopleura, copepods, and digested matter.

fish captured in the NSOG, Discovery Islands and Desolation
Sound were the largest and were not significantly different
among these regions. Significant differences were observed
among run groups (Fig. 6A, F3, 1,846 = 105, p < 0.0001). The interaction between catch region and run group was also significant (F12, 1,846 = 6.5, p < 0.0001), indicating that the differences
observed among run groups varied by region. In particular,
the early Stuart run group was larger than the early summer
group at Mission and in the Desolation Sound/Discovery Islands area sampled during the early June trawl survey, but
similar in size to the fish sampled in the purse seine survey in
the Discovery Islands/Johnstone Strait region (Fig. 8A). Six
stocks or stock groups that had been captured in at least two
of the study areas were compared across regions: Early Stuart
mix, Dolly Varden, Gates, Nadina, Chilko, and Birkenhead.
There were significant differences among regions (F4, 1,384 =
945, p < 0.0001), stocks (F5, 1,384 = 75, p < 0.0001), and a significant interaction between region and stock (F19, 1,384 = 6.1, p
< 0.0001). The significant interaction indicated that differences among other stocks were inconsistent across all regions.
However, fish from the Dolly Varden system were consistently smaller than those from Chilko (Fig. 8B).

DISCUSSION
Residence Time in the Strait of Georgia
In this study, we estimated the residence time of juvenile Fraser River sockeye salmon in the SOG by sampling
smolts during their downstream migration at Mission and at
their exit point in the Discovery Islands and Johnstone Strait.
This study was designed to sample all downstream migrating sockeye salmon in the Fraser River with the exception of
the Pitt River stock. In addition, the purse seine located on
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The earliest studies by Healey (1980) and Groot and Cooke
(1987) reported shorter residence times (20–30 days). It is
important to note that these estimates were made without
data on the timing of the smolt migration out of the Fraser
River and that they were based on limited sampling efforts,
especially in the NSOG.
Our estimated residence time is comparable to the results obtained by Preikshot et al. (2012) who modeled the
residence time of juvenile Fraser River sockeye salmon using in-river data and SOG trawl data (1997–2010). Their
analyses focused on even years during this period, as information was obtained from a pink salmon enumeration
program that was conducted only in those years. Using the
available information they estimated that 1-year-old juvenile
Fraser River sockeye salmon remained in the SOG for approximately 6–8 weeks (43–54 days).
Acoustic tagging studies conducted by Welch et al.
(2009, 2011) estimated the migration timing of individual juvenile Fraser River sockeye salmon in the SOG to be
24–29 days. The difference between the migration timing
reported in these acoustic tag studies and in ours and another study (Preikshot et al. 2012) was likely due to the size
of the fish tagged and the location of the receiver arrays to
detect the fish in the SOG. Due to the size of the acoustic
tag, the tagging was limited to fish > 120–130 mm in length.
Fraser River sockeye salmon in this size range were typically 2-year-old smolts which represent < 5% of the total
population (Irvine and Akenhead 2013). In addition, older and larger sockeye salmon smolts tend to migrate north
earlier than younger and smaller smolts (Freshwater et al.
2015, 2016). Therefore, the shorter residence time, while
representative for these larger fish, may not reflect the migration of the smaller and more abundant 1-year-old Fraser
River sockeye salmon. In addition, the receiver array used
to measure passage of the fish in the NSOG was placed at the
northern tip of Texada Island which is over 50 km south of
the Discovery Islands/Johnstone Strait region. As a result,
the residence period in the SOG estimated using the acoustic tags may have also underestimated the residence period
within the entire SOG for these older, larger smolts. The
trawl and purse seine surveys conducted in this study and by
Neville et al. (2013) indicated that the largest concentration
of juvenile sockeye salmon in the SOG in early June was in
the northern portion of the strait, past the receiver line for
the acoustic tags. Therefore, studies relying on information
from this receiver line may underestimate the residence period within the SOG.

A

N = 173
29% empty (n = 71)

B

N = 129
58% empty (n = 156)

Fig. 9. The percentage of juvenile salmon stomach contents for
each prey group of fish collected in (A) the Strait of Georgia trawl
survey, 1–11 June 2014; and (B) the Discovery Islands purse seine
survey, 15 May–11 July 2014. The percent of fish analyzed that had
empty stomachs in each of the surveys is indicated.

the northern route of migration through Johnstone Strait was
viewed by many authors to be the route by which the majority of juvenile (age-1.0 and -2.0) Fraser River sockeye salmon leave the SOG (Tucker et al. 2009; Beamish et al. 2012;
Preikshot et al. 2012; Beacham et al. 2014a, b; Furey et al.
2015). This view was further supported by over a decade
of trawl survey studies that routinely recovered relatively
few juvenile Fraser River sockeye salmon during the spring
and summer in Juan de Fuca Strait and off the west coast
of Vancouver Island, compared with numbers found in the
Johnstone Strait-Queen Charlotte Sound corridor (Tucker et
al. 2009; Beacham et al. 2014a, b). Although small numbers
of juveniles may migrate south through Juan de Fuca Strait
or may migrate outside of the time periods sampled in this
study, it is believed that this sampling program adequately targeted the vast majority of juvenile sockeye salmon of
Fraser River origin, and that the residence time determined
in this study reflects the behaviour of juvenile Fraser River
sockeye salmon as a whole.
The analysis indicated that in 2014 the residence time
of juvenile 1-year-old sockeye salmon in the SOG was 7–8
weeks. Previous studies that estimated the residence time of
juvenile sockeye salmon in the SOG focused on either trawl
or purse seine surveys conducted in the SOG (e.g., Groot
et al. 1985; Groot and Cooke 1987; Hartt and Dell 1986;
Preikshot et al. 2012) or on acoustic telemetry conducted on
2-year-old sockeye salmon (e.g., Welch et al. 2009, 2011).

Residence Time in the Discovery Islands
The timing of migration and residence time of Fraser
River sockeye salmon in the Discovery Islands and Johnstone Strait has not been previously documented. Neville et
al. (2013) showed that there were few juvenile Fraser River
sockeye salmon beyond the SOG at the end of May, suggesting that there was limited movement of juvenile sockeye
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diet suggests that the prey field available to juvenile salmon differs among the regions. Therefore, the extended residence within the SOG where food is more plentiful, followed by rapid migration through areas of low feeding, may
be a strategy to maximize their growth prior to migration
through a region of low food availability.
The observed narrow two-week period of migration
for all stocks through the Discovery Islands in 2014 is important as it provides the first estimate of the duration of
time during which interactions between farmed salmon and
sockeye salmon may occur in this region. It is important to
note that 2014 was one of the lowest cycle years for Fraser
River sockeye salmon and it was possible that the migration
period may be longer in years of higher abundance. Feeding conditions within the SOG may also influence both the
timing and duration of migration through this area. However, the dramatic change in catch rates over the study period in the Discovery Islands in 2014 suggests that there
are defined periods of time that must be considered when
examining potential interactions between farmed and wild
salmon and establishing management policies to reduce the
potential risks associated with these interactions. The subsequent years of this study will help determine the variability in this timing.

salmon out of the SOG before that time. However, their
study could not determine the residence period or duration
of the migration through this region. In this study, the catch
rates in the Discovery Islands indicated that, in 2014, the
peak migration period for Fraser River sockeye salmon occurred over approximately two weeks, with about 80% of all
juvenile sockeye salmon caught between 12–19 June. Catch
rates declined sharply after this period, suggesting that the
juveniles had moved through to the northern portions of
Johnstone Strait and Queen Charlotte Strait. It is important
to note that this represents the estimated migration period for
the entire population. Although it is unlikely that many juvenile sockeye salmon remained for extended periods within
this region, we currently cannot determine individual residence as no individual fish were tracked.
The short residence of sockeye salmon within the Discovery Islands may be due to the physical oceanographic
conditions in this region which include a well-mixed water
column and some of the highest tidal currents in the world
(Thomson 1981). Such conditions may limit or change the
nature of food resources that are present and may also facilitate rapid migration during periods of high current flows
to the north. In our study, the percent of empty stomachs in
juvenile sockeye salmon in 2014 doubled in the Discovery
Islands (58%) compared with the SOG (29%). The high rate
of empty stomachs in the Discovery Islands exceeded the
approximately 40% observed in sockeye salmon in the SOG
in June/July 2007 when feeding conditions were considered
poor for all species (Beamish et al. 2012). Studies examining the evacuation rate for juvenile salmon (Brett and Higgs
1970; Ruggerone 1989; Sturdevant et al. 2004; Benkwitt et
al. 2009) indicated that in general evacuation rates of prey
from the stomachs of juvenile salmon at temperatures from
10 to 14 oC was relatively rapid, requiring 2–14 hours to
clear 50% of their food. Therefore, the proportion of empty stomachs would increase rapidly when fish are in areas
of low food abundance. The proportion of empty stomachs
(29%) observed in the SOG in this study was similar to levels reported for the early summer between 2004 and 2009
by Beamish et al. (2012) and suggests that conditions in the
SOG in 2014 were not anomalous to other years.
The high proportion of empty stomachs in the Discovery
Islands and Johnstone Strait was consistent with the trophic
gauntlet hypothesis proposed by McKinnell et al. (2014)
who argued that the strong tidal mixing observed in this area
would prevent the establishment of a stable mixed-layer,
resulting in low primary and secondary productivity, and
thereby low prey availability. Therefore, the number of
empty stomachs would be related to low food abundance in
the area.
In this study, crab larvae made up the highest proportion
of the stomach contents in both regions for fish that were
feeding. Hyperiid amphipods decreased substantially from
27% to 7% of stomach volume between the SOG and the
Discovery Islands while the proportion of euphausiids, Oikopleura and copepods increased (Fig. 9). This change in

Stock-specific Migration Timing
This study provided new information on run-specific
and stock-specific timing of juvenile Fraser River sockeye
salmon in the lower Fraser River. We found that the majority
of the smolts migrated through the lower river over a twoweek period and that there were stock differences throughout
the run, especially at the beginning and end of the migration.
The late-run fish (primarily represented by the Cultus stock
in 2014) entered the SOG approximately two weeks before
the early summer and summer-run fish and four weeks before
the early-Stuart run fish. These differences observed in the
lower Fraser River were not apparent in the Discovery Islands where peak catches occurring within one to two weeks
for all groups. This suggests that there may be differences
in residence time within the SOG for the different run-timing groups and stocks. However, it is possible that due to
the small sample size of sockeye salmon from the Discovery
Islands in 2014 and the different periodicity of the sampling
compared to the rotary screw trap, the sampling was not sufficient to identify any small-scale differences in the migration
of run-timing or individual stock groups through the Discovery Islands. Further years of study and possibly modification
of the timing of the sampling are required to determine if
these differences are consistent among years.
Over 80% of the Cultus Lake fish were observed at
Mission two weeks earlier than the peak migration of other sockeye salmon. Although these fish were not observed
in the Discovery Islands, five individuals were captured
in the NSOG between 5–7 June. If we assume these fish
captured in the trawl are representative of the Cultus Lake
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stock, the residence period in the SOG would have been 7–8
weeks, or similar to most of the other 1-year-old sockeye
salmon. Beacham et al. (2014a) suggested that this stock
had a shorter residence period in the SOG than other Fraser River stocks based on the lack of recoveries of juvenile
Cultus Lake sockeye salmon in the SOG in the late June/
July trawl surveys conducted in 2006–2011, and the presence of these fish in surveys of Queen Charlotte Strait and
off the west coast of Haida Gwaii in June 1998–2011. They
associated this increased migration rate with the larger size
of fish emigrating from Cultus Lake. Beacham et al. (2014a)
assumed a consistent ocean entry date for all Fraser River
stocks, including the Cultus Lake fish of about 4 May, as
there was limited knowledge on the timing of individual
stocks through the lower Fraser River. With the new information from this study indicating that the migration of the
Cultus Lake fish was earlier and not consistent with the other
stocks, the different ocean distribution may be related to the
differences in ocean entry timing as well as size.
In contrast to the Cultus Lake sockeye salmon, 50% the
early Stuart run-timing group was captured at Mission after
20 May, almost three weeks after the peak migration of all
downstream migrating sockeye salmon. Although these fish
only represented 1.3% of the total run, the difference in run
timing is likely accurate, as all fish captured in the survey
were sampled and none was identified from this run timing
until the end of April. This early Stuart run-timing group
represented 7% of the fish captured in the Discovery Islands
and the timing through this region was consistent with the
other run-timing groups. This suggests that the residence
period in the SOG for stocks belonging to the early Stuart
run-timing group may be shorter than the average of all
stocks. On average, this group of fish was resident in the
SOG for four weeks in 2014. This is the first evidence of
a variable and possibly shorter residence time for a specific
run-timing group. The early Stuart fish were some of the
largest fish observed at Mission, however, they were some
of the smallest observed in the Discovery Islands. Although
sample size was small, this reduced change in size between
regions may be further indication of a shorter residence period within the SOG. It is interesting that in 2014 these fish
left the river later than the other run-timing groups, apparently spent slightly less time in the SOG and will be expected to be the first to return to the river in 2016. These
stock-specific variations in timing may help increase our
understanding of variations in survival between stocks. It
is recognized that these interpretations for the Cultus Lake
and mixed stock early Stuart sockeye salmon are based on
a small sample size and from a low cycle year. Further validation through subsequent years of the study is required to
determine the consistency of these observations.

Islands. This indicates that not only are the sockeye salmon resident in the SOG for up to two months, but that this
region is where significant early marine feeding and growth
occur. At present we cannot separate the increase in size
that is related to growth and the portion that is related to
size-selective mortality. However, when the average size of
fish was examined by distance from the river, it was apparent
that all the primary stocks captured showed a similar trend
and that the fish increased in size with distance from river.
Additional work being undertaken as part of this multi-year
study will examine otolith microstructure to separate out
size-related mortality from growth both at a population and
at a stock level.
CONCLUSIONS
In 2014, juvenile Fraser River sockeye salmon were resident in the SOG for an average of 7–8 weeks. In addition,
the residence time of juvenile sockeye salmon in the Discovery Islands was short, with over 80% of the fish migrating
through this region over a two-week period. Similarly, the
majority of the sockeye salmon smolts left the Fraser River
over a two-week period. In this context, the SOG may act
much as the juvenile sockeye salmon’s rearing lakes, providing abundant food availability in relatively protected habitat where their size increases significantly (Foerster 1968;
Groot et al. 1995). The Discovery Islands and Johnstone
Strait would be analogous to the downriver migration of the
juvenile sockeye salmon where there is a rapid movement in
concentrated numbers over a relatively short period of time
in high flowing waters and reduced feeding.
However, within this very distinct pattern of migration,
stock-specific differences in ocean entry timing and residence periods with the Strait of Georgia were apparent. The
preliminary results from this single year of study also suggest that differences in residence period in the SOG and migration timing through the Discovery Islands may exist between individual stocks, although a conclusive assessment
of these differences is not possible at this time due to the
small sample size in the Discovery Islands in 2014. Further
exploration of these differences in subsequent years may improve our understanding of the linkages between migration
behaviour in terms of residence time and migration timing
to the overall marine survival of the various stocks of Fraser
River sockeye salmon.
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Abstract: The number of chum salmon returning to the eastern Pacific coast of Hokkaido has been rapidly decreasing
over the last five years. The Kushiro River is the main production center for chum salmon enhancement in this area.
In order to understand the recent decrease in the number of chum salmon returning to this area, we surveyed the
distribution and migration of juvenile chum salmon in the coastal area of Kushiro from 2012 to 2014. Many juvenile
chum salmon appeared in the nearshore area after late May–early June, corresponding to sea surface temperatures
higher than 8°C. In the coastal area of Kushiro, a cold current with low salinity (called the Coastal Oyashio Current)
flows westward near shore from spring to summer and may affect the distribution of juvenile chum salmon by altering
the environmental conditions. We speculated that most juvenile chum salmon caught in the Kushiro nearshore area
after late May might have grown outside this area because body lengths differed significantly between marked fish
recaptured in ports and harbors and those in the nearshore area. In late June, the examination of the otolith marks
applied to large juveniles that appeared in the Kushiro nearshore area suggests that most of the large juveniles were
released in other regions of the Pacific coast, west of Kushiro. Most of the juvenile chum salmon were captured
within 1 km of the Kushiro shoreline. Our results suggest that coastal environments in the nearshore area (< 1 km
from shore) affect the distribution and survival of chum salmon. We further suggest that the Kushiro coastal area is
an out-migration route for juvenile chum salmon from distant stocks along the Pacific coast of Japan.
Keywords: juvenile chum salmon, Hokkaido, Pacific coast, Kushiro, sea surface temperature, distribution, migration

INTRODUCTION

(Fig. 1A). On the Pacific coast of Hokkaido, chum salmon
returns have decreased remarkably, especially in the eastern
area including the Kushiro River (Hokkaido National Fisheries Research Institute 2015). Two currents flow westward
near the eastern Pacific coast: the Oyashio Current and the
Coastal Oyashio Current (Isoda and Kishi 2003; Kono et al.
2004). The Oyashio Current, which becomes a major part
of the Western Subarctic Gyre, is formed from the combination of Okhotsk Sea water and the East Kamchatka Current
(Ohtani 1989; Talley and Nagata 1995; Yasuda 2003), and it is
characterized by low temperatures (Talley and Nagata 1995).
The Coastal Oyashio Current, which flows nearer the Hokkai-

The returns of chum salmon (Oncorhynchus keta) to the
Pacific coast of Hokkaido have decreased markedly in recent
years (Miyakoshi et al. 2013). Because the mortality of Pacific salmon is reported to be high in their early ocean life (Parker 1962; Bax 1983; Pearcy 1992; Karpenko 1998; Wertheimer
and Thrower 2007), declines in the number of chum salmon
returning to the Pacific coast of Hokkaido might be caused by
changing coastal ocean environments affecting their survival. The Kushiro River is the main production center for chum
salmon enhancement on the eastern Pacific coast of Hokkaido
All correspondence should be addressed to K. Kasugai.
e-mail: kasugai-kiyoshi@hro.or.jp
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do coast than the Oyashio Current, originates in the Okhotsk
Sea (Ohtani 1971; Isoda et al. 2003), and it is characterized by
low temperatures and low salinity in winter and spring, and
high temperatures and high salinity in summer and fall (Kono
et al. 2004). Although the ocean environment in the nearshore
areas of the eastern Pacific coast is poorly understood, it is
known that the Kushiro area is one of the coolest areas in Hokkaido occupied by juvenile chum salmon (Ogasawara 1990).

Previous studies have shown that distribution and migration of juvenile chum salmon are affected largely by sea
surface temperatures (SST) in Hokkaido (Irie 1990; Nagata
et al. 2007; Kasugai et al. 2012). According to past research
conducted in the Hiroo area (see Fig. 1A), located on the
Pacific coast west of Kushiro, and adjacent to the Coastal
Oyashio Current (Seki and Shimizu 1996), chum salmon fry
released in a period with colder SST had lower survival than

Fig. 1. Maps of the study area. A: release sites of otolith-marked fish (black circles) along the Pacific coast of Hokkaido; B: hatchery sites
(black circles) in the Kushiro River; C: survey sites in the Kushiro area: black and gray circles indicate sites for fish collection with a surface
trawl and environmental observations, white circle indicates site for environmental observation, gray triangles indicate sites for daytime fish
observation and nighttime fish collection with scoop nets, and black triangles indicate sites for daytime fish observation.
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Table 1. Fork length (mm), body weight (g), and number of otolith-marked chum salmon released into the Kushiro River in 2012–2014. Data
on thermal otolith-marked fish are from Okamoto et al. (2012) and Tomida et al. (2013, 2014).
Year

Mark

Type/Hatch
code

Release site

Release date

Mean fork
length ± SD
(range)

Mean body
weight ± SD
(range)

2012

ALC

Large ring

Osotsubetsu

17 April

43.75 ± 2.34

0.692 ± 0.140

ALC

Double rings

Biruwa

2 May

54.73 ± 3.24

1.516 ± 0.323

780

ALC

Small ring

Osotsubetsu

14 May

51.11 ± 3.53

1.252 ± 0.278

2,174

Thermal

2-2-3-3H

2014

900

Tsurui

16 April–30 May

57 (49–63)

1.60 (0.93–1.94)

8,905

Unmarked

Ashibetsu

31 March–24 May

46 (42–51)

0.92 (0.60–1.25)

18,570

Unmarked

Shibecha

10 April–18 May

52 (45–63)

1.33 (0.84–2.24)

7,630

Unmarked

Osotsubetsu

2 May–17 May

51 (49–56)

1.26 (1.10–1.61)

12,117

Unmarked
2013

Number of
fish released
(thousands)

Biruwa

24 April–18 May

47 (45–49)

0.98 (0.82–1.12)

4,780

ALC

Large ring

Osotsubetsu

19 April

48.94 ± 3.74

1.097 ± 0.294

966

ALC

Double rings

Biruwa

19 April

45.82 ± 4.78

0.872 ± 0.327

1,000

ALC

Small ring

Osotsubetsu

2 May

55.22 ± 4.35

1.634 ± 0.403

965

Thermal

2-2-3-3H

Tsurui

15 April–29 May

57 (52–61)

1.59 (1.24–1.99)

8,742

Unmarked

Ashibetsu

20 April–11 May

51 (44–57)

1.23 (0.76–1.69)

16,151

Unmarked

Shibecha

2 May–10 May

46 (42–50)

0.97 (0.81–1.20)

3,930

Unmarked

Osotsubetsu

23 April–10 May

53 (46–55)

1.42 (0.92–1.56)

7,721

Unmarked

Biruwa

7 May–13 May

48 (47–50)

1.06 (1.00–1.21)

4,006

ALC

Large ring

Osotsubetsu

4 April

41.30 ± 3.16

0.522 ± 0.172

986

ALC

Double rings

Biruwa

5 April

39.61 ± 2.34

0.447 ± 0.121

960

ALC

Small ring

Osotsubetsu

9 May

54.15 ± 3.93

1.560 ± 0.382

983

Thermal

2-9H

Tsurui

11 April

57

1.53

1,229

Thermal

2-2-3-3H

Tsurui

28 April–26 May

61 (56–63)

1.82 (1.37–2.01)

4,355

Thermal

2-10H

Tsurui

29 May

54

1.33

3,020

Thermal

2-6-2H

Ashibetsu

5 April–1 May

53 (49–55)

1.30 (1.09–1.50)

1,625

Thermal

2-6-3H

Ashibetsu

26 April–9 May

51 (45–53)

1.17 (0.80–1.35)

2,138

Unmarked

Ashibetsu

1 April–23 May

48 (45–52)

1.03 (0.78–1.30)

17,466

Unmarked

Shibecha

14 March–21 April

44 (38–47)

0.85 (0.41–1.03)

2,970

Unmarked

Osotsubetsu

27 March–14 May

48 (41–59)

1.08 (0.59–1.82)

13,983

Unmarked

Biruwa

10 April–12 May

50 (48–52)

1.19 (1.04–1.33)

4,925

MATERIALS AND METHODS

fry released in a period with warmer SST. This indicates that
lower SST affects the survival in the early ocean life of chum
salmon along the eastern Pacific coast. To elucidate the distribution and migration patterns of juvenile chum salmon
around Hokkaido, it is important to understand the factors
affecting their critical life period in this area.
Several studies have explored the relationship between
juvenile chum salmon and coastal environments on the Pacific coast of eastern Hokkaido (Irie 1985a, b, 1987, 1990; Irie
and Nakamura 1985; Seki and Shimizu 1996; Seki 2005).
These studies revealed general distribution and migration
patterns of juvenile chum salmon, but do not describe specific patterns for fish released in the Kushiro River. In the
present study, we examined the distribution and migration
patterns of juvenile chum salmon in relation to the coastal
environments in the nearshore area of Kushiro.

Stocking of Hatchery-reared Chum Salmon
In the Kushiro River, approximately 55 million hatchery-reared chum salmon are released annually in spring from
four private hatcheries and one national hatchery (the Biruwa, Osotsubetsu, Shibecha, and Ashibetsu hatcheries of the
Tokachi-Kushiro Salmon Enhancement Programs Association, and the Tsurui Field Station of the Hokkaido National
Fisheries Research Institute; Fig. 1B). The actual numbers
of stocked fish in the study period (2012–2014) were 55.9
million fry between late March and late May in 2012, 43.5
million fry between mid-April and late May in 2013, and
54.6 million fry between mid-March and late May in 2014
(Table 1).
63

Kasugai et al.

NPAFC Bulletin No. 6

Of the chum salmon stocked into Kushiro River, only
fish reared at the national hatchery received otolith thermal
marks (8.6–8.9 million fish). To distinguish the fish groups
released from private hatcheries, we applied otolith marks
by using fluorescent alizarin complexone (ALC). In 2011,
2012, and 2013, 3–4 million chum salmon eyed eggs were
immersed in 200 ppm ALC solutions for 24 h. ALC-marked
fry were released into the Kushiro River from two hatcheries
(Osotsubetsu and Biruwa) on various dates in 2012–2014
(Table 1, Fig. 1B).

bers of juvenile salmon in the ports were estimated visually.
We first counted 50 fish directly. We then compared (by
eye) the size of the (small) school to the size of a school
along an approximately 100-m length of a quay at the port.
During the night, juvenile chum salmon were collected with
scoop nets (80-cm diameter, 2-m pole, 5-mm mesh) under
a LED floodlight (3,000 lm) or headlamp for 30 min at two
stations (East and West wharves) in the Kushiro Port and
three other fishing ports (Shiranuka, Chiyonoura, and Konbumori; Table 2).
In the nearshore areas, trawl stations were set at 1, 4, and
7 km offshore at both the Kushiro (A1–A3) and Akan rivers
(B1–B3), and 1 km offshore the Shiranuka coast (C1) (Table
2, Fig. 1C). A surface trawl net (mouth 8 m wide × 5 m deep,
18 m long, with wing nets 7 m long and a central bag with a
5-mm mesh) was towed by two fishing boats for 10–20 min
at a speed of ca. 4 knots during the day. Catch per unit effort
(CPUE) is the number of juvenile chum salmon caught per
distance towed by the surface trawl net. Temperature and
salinity were measured with a CTD (Compact-CTD, JFE
Advantech, Nishinomiya, Japan) at each station. Inclement
weather conditions precluded surveys from being conducted
in late April, early May, early June, early July, and late July
in 2012 and early July in 2013.
Fish captured in rivers, ports, and nearshore areas were
fixed in a 5% neutral formalin solution for 4 hr, transferred
to 70% ethanol, and then measured for body size. Fork
length and body weight of each fish were measured to an accuracy of 0.01 mm and 0.001 g, respectively. Otoliths were
extracted from all specimens. ALC markings were verified

Field Sampling
To capture migrating fry, a rotary screw trap (cone diameter 1.5 m, EG Solutions, Inc., Corvallis, OR, USA) was
installed near a salmon weir site in the Kushiro River, 8
km up from the river mouth (Fig. 1B, C). The rotary screw
trap was operated from April to June. The livebox of the
trap was emptied daily while the trap was operating. On
Monday, Wednesday, and Friday, fish that were caught were
fixed in a 5% neutral formalin solution to examine marked
fish. In the coastal areas of Kushiro, the surveys were conducted in both ports and nearshore areas at 10-day intervals
between late April and late July in 2012–2014. Surveys
in the ports included daytime observations and nighttime
collecting. During the day, we measured SST and visually
counted the number of juvenile chum salmon at 24 sites:
three sites in the Shiranuka Fishing Port, 14 sites in the
Kushiro Port, one site in the Chiyonoura Fishing Port, and
six sites in the Konbumori Fishing Port (Fig. 1B, C). Num-

Table 2. Spatial and temporal sampling of chum salmon and associated environmental observations off the Pacific coast of Japan, late April
to late July 2012–2014. Sample collection included: a—fish collection with a surface trawl and environmental observations, b—environmental
observations, c—daytime fish observations and nighttime fish collection with scoop nets, d—daytime fish observations.
Year

Survey areas

Survey Line, harbor, or port

Distance from the shoreline/
port sites

2012

2013

2014

Nearshore areas

Off the Kushiro River mouth

1 km

a

a

a

4 km

a

-

-

Off the Akan River mouth

Ports

7 km

a

-

-

1 km

a

a

a

4 km

a

a

a

7 km

a

b

b

Off the Shiranuka coast

1 km

-

-

a

Kushiro

West Wharf

c

c

c

Shiranuka

East Wharf

c

c

c

12 other sites

d

d

d

1 site

d

d

c

2 other sites

d

d

d

-

c

c

Chiyonoura
Konbumori

1 site

-

c

c

5 other sites

d

d

d
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under a fluorescent light with a microscope for all specimens
in all three years. Thermal markings were verified by comparing with photographs (Okamoto et al. 2012) taken under
a microscope after polishing otoliths from specimens caught
in late June 2012.

few days before survey days, temperatures and salinity at
the ports were not stratified. For example, prior to our observations in early May (actually May 9th) 2013 (Fig. 2C, D)
a north-northeasterly wind (maximum velocity: 11.0–15.3
m/sec) was blowing from May 6–8 (Japan Meteorological
Agency 2015a).

RESULTS

Distribution of Juvenile Chum Salmon in Ports and
Nearshore Areas

Temperature and Salinity

In the Kushiro Port, juvenile chum salmon were observed from late April to mid–late June. Periods of peak
abundance varied by year: mid-May in 2012, early June in
2013, and late May in 2014. The number of fish observed in
the Kushiro Port was highest in 2014, lowest in 2013, and intermediate in 2012, particularly in late May. Juvenile chum
salmon numbers were highest when SST ranged from 8 to
13°C (Fig. 3). Late in the season, juvenile chum salmon
were detected only in the eastern areas of the Kushiro Port,
not in the western areas.
Juvenile chum salmon were caught with a surface trawl
net in the nearshore areas generally from late May to late
June during all three years. The value of the CPUE (fish/

Water temperatures generally increased seasonally at
all localities and depths, with some degree of interannual
variability (Fig. 2). The temperature at 4 m depth did not
vary significantly among sites or years (Fig. 2D). Thermoclines and haloclines at 1–3 m depth were evident at
East Wharf and at Station A1 (1 km off the Kushiro River mouth). In contrast, distinct thermoclines were not
observed at Stations B1 and B2 during the survey period.
The temperatures above the thermocline were lower with
distance offshore, although the differences in temperature
among the sites decreased with the progress of the season
(Fig. 2C). When strong northerly winds were blowing a
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km) peaked between early and late June in all three years.
The CPUE in nearshore areas and in ports increased when
SST exceeded 8°C (Fig. 3). The CPUE was higher at sites
1 km off the shore, although the CPUE was lower at sites
> 4 km off the coast even when the SST at these sites was
> 8°C.
The number of juvenile chum salmon in the ports exceeded 100 when the SST was between 5°C and 16°C, and
similarly, the CPUE in nearshore areas was > 100 fish/km
when the SST was between 4°C and 14°C (Fig. 4).
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The most frequent size range of juvenile chum salmon
generally did not change in the Kushiro Port, although it
increased gradually in the nearshore area with the progress
of the season (Fig. 5). In the nearshore areas, large fish (>
80 mm) appeared in late June in all three years. Examination of the otolith marks of juvenile chum salmon caught
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Fig. 4. Frequencies of each category of catch per unit effort
(CPUE: fish/km) of juvenile chum salmon in relation to sea surface
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nearshore areas (lower panels) in the Kushiro area.
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in late June 2012 confirmed the presence of otolith-thermal-marked fish released from other rivers on the Pacific
coast west of the Kushiro area (Table 3). The maximum
size of the otolith-marked fish, excluding fish from the Hiroo area, did not differ, although the minimum size of the
fish increased with distance from the release sites to Kushiro (Fig. 6). Fish released from sites farther west of Kushiro
were significantly larger when caught in the Kushiro nearshore areas in late June 2012, compared to fish released at
sites closer to Kushiro (Pearson’s product-moment correlation, r = 0.733, P < 0.001).

River in 2014 were initially distributed on both sides of the
river mouth in the Kushiro Port, and migrated to ports both
west and east of the Kushiro Port and off the Shiranuka coast
(C1, Fig. 1; Fig. 7). The ALC-marked fish released in early
April in 2014 were recaptured in nearshore areas until early
June, whereas those released in early May in 2014 were recaptured from late May to early July in nearshore areas. The
fork lengths of fish released after mid-April were continuous
among the lower Kushiro River, ports, and nearshore areas
in 2013 and 2014 (Fig. 8). However, fork lengths of fish
released in early April did not differ between fish captured in
the river and in the ports, although the fish recaptured after
late May were larger than the fish recaptured in the river,
ports, and nearshore areas (Fig. 8).

Distribution and Body Size of Marked Chum Salmon
Released in the Kushiro River
The ALC-marked fish released into the upper Kushiro
67

Kasugai et al.

NPAFC Bulletin No. 6

Table 3. Number and percentage of otolith-marked fish caught in late June 2012 and number of otolith-marked fish released at each site in
2012. Data for the number of marked fish released, mean size at release, and date of last release are from Okamoto et al. (2012).
Release site

Distance from
release site to
Kushiro River
mouth (km)

Number
of fish

Percentage of total
sample (%)

Number of
marked fish
released
(thousands)

Mean size at
release (mm)

Date of
last release

Shikiu

353.5

3

0.69

6,368

60

26 May

Shizunai

251.2

16

3.68

6,592

65

18 May

Hidakahorobetsu

205.1

13

2.99

7,865

54

18 May

Hiroo

120.1

6

1.38

5,836

57

25 May

67.2

22

5.06

15,819

60

28 May

Tsurui

0

13

2.99

8,905

57

30 May

Kushiro (ALC)

0

3

0.69

3,854

44–55

14 May

Unmarked

-

359

82.53

-

-

-

Total

-

435

100.00

-

-

-

Tokachi

DISCUSSION

the nearshore areas, thus prolonging the juvenile chum salmon residence in ports until the SST in the nearshore areas is
preferable. However, stratification in the water column at
ports may easily be disturbed by winds causing a rapid drop
in SST in the ports during the period when temperatures below the thermocline are low. A rapid decrease in temperature may also have a lethal effect on juvenile chum salmon
(Brett 1952). Additionally, if the SST in the water outside
of the ports remains < 8°C, juvenile salmon would likely not
‘decide’ to leave the ports. Consequently, fish may starve
because of the shortage of large prey in ports (Irie 1987).

Distribution and migration of juvenile chum salmon in
ports and nearshore areas might be influenced by SST. Large
differences in the SST between a port and nearshore areas
might have prevented juvenile salmon from leaving port waters in late May 2014. The range of SST that juvenile chum
salmon experienced in ports and nearshore areas of the Kushiro region were similar to those reported previously (Irie 1990;
Nagata et al. 2007; Kasugai et al. 2012). However, the maximum SST that many fish experienced in the ports was higher, and the minimum SST that many fish experienced in the
nearshore areas was lower than those in other coastal areas of
eastern Hokkaido (Abashiri: Nagata et al. 2007; Nemuro Bay:
Kasugai et al. 2012). Higher maximum SST in ports and lower minimum SST in nearshore areas may be caused by the cold
Coastal Oyashio Current that flows near the Kushiro coast.
Juvenile chum salmon that exited rivers were often observed in the ports, indicating that ports are important zones
for early ocean life of chum salmon (Irie and Nakamura 1985;
Irie 1990). Because the body length of the fish sampled in
ports did not change during the study period, it is plausible
that the population of juvenile chum salmon in ports was being replaced by the fish that moved from the river. Juvenile
chum salmon with a body length > 45 mm may exit ports (Irie
and Nakamura 1985) in search for food because of increasing
food requirements and a shortage of large prey (Simenstad
and Salo 1982; Irie 1990). The average body length of fish
stocked into the Kushiro River in recent years is > 45 mm,
indicating that juvenile chum salmon continuously exit ports.
Ports and harbors are usually enclosed by breakwaters
that, combined with the decreased impact of waves, cause
surface waters to warm up quickly creating a thermal stratification. Additionally, higher temperatures and lower salinity in ports indicate that fresh-water flow from the Kushiro
River is retained within the port, thus enabling stratification
to occur. Hence, SST usually increases faster in ports than in

110
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Fig. 6. Correlation between distances from the release sites to the
Kushiro River mouth and the fork length of otolith-marked juvenile
chum salmon recaptured in Kushiro nearshore areas in late June
2012.
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Fig. 7. Changes in distribution of alizarin complexone (ALC)-marked juvenile chum salmon released into the Kushiro River in 2014. White
circles are fish caught in the lower reach of the river, gray circles are fish caught in the ports, and black circles are fish caught in nearshore
areas. Size of circles indicates number of ALC-marked fish caught at each site.

fish released in the Kushiro River that are distributed in
the Kushiro nearshore areas after late May might grow in
locations west of Kushiro.
Juvenile chum salmon are reported to be distributed
densely along the Pacific coast within 30 km off the coast
of Hokkaido, with density increasing with proximity to the
shore (Irie 1985a, 1990). On the Pacific coast of Hokkaido,
juvenile chum salmon were observed within 5 km off Akkeshi Bay, 40 km east of Kushiro (Irie 1985b, 1990), and
they were distributed densely within 2 km off Hiroo, west of
Kushiro (Seki and Shimizu 1996; Seki 2005). In the present
study, the highest density of juvenile chum salmon was at 1
km off the coast, whereas they were not detected at 7 km off
the coast. Our results suggest that juvenile chum salmon are
distributed within a narrower zone than previously reported.
Juvenile chum salmon caught in the zone 1 km off the coast
included fish released into the rivers west of Kushiro. Fish
caught at Konbumori contained fish released in Iwate Prefecture of Honshu Island (Fig. 1A; Nara 2006; Hasegawa
et al. 2013; Sato et al. 2013). Therefore, the coastal area
of Kushiro is considered an important migration route for
juvenile chum salmon released on the Pacific coast of Japan.
Larger juvenile chum salmon might begin to migrate
offshore earlier than smaller fish (Mayama et al. 1982, 1983;
Mayama 1985; Kaeriyama 1986; Irie 1990; Salo 1991); the
threshold size for migration is between 70–80 mm in Hokkaido (Mayama et al. 1982, 1983; Mayama 1985; Irie 1990).

In previous studies, juvenile chum salmon released into
the Kushiro River were recaptured at Shiraoi, a location farther west from Kushiro (Nara 2006; Saito et al. 2013; Fig.
1A). Because chum salmon stocked in the rivers in Hokkaido are known to migrate to the Okhotsk Sea (Urawa et al.
1998, 2001), juvenile chum salmon that descended from the
rivers on the Pacific coast of Hokkaido may migrate eastward (Irie 1985b, 1990). Therefore, westward migration of
juvenile chum salmon may be passive and in the direction of
the Coastal Oyashio Current. In contrast, ALC-marked fish
were recaptured early in the season in ports both east and
west of the Kushiro area, indicating that eastward migration
along the shoreline is frequent (Irie 1990).
Differences in body size between the fish caught in
the nearshore areas after late May suggested that juvenile
chum salmon that exit the Kushiro River did not grow in
the ports, but in other areas. Juvenile chum salmon stocked
into the Kushiro River have been recaptured at locations
far west of the Kushiro area (Nara 2006; Saito et al. 2013).
Further, fish released into the Kushiro River have also
been recaptured at Konbumori, east of Kushiro after early June (Sato et al. 2013; K. Kasugai, unpublished data).
Fish released earlier into the Kushiro River are likely to
have migrated westward (Saito et al. 2013). In the present study, body length of the ALC-marked fish released in
April is significantly different from the length of fish in the
nearshore areas after late May. These results suggest that
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The minimum size of the otolith-marked fish increased with
distance from the release sites to Kushiro, although their last
release dates were similar among regions. The shorter the
distance from the release sites to the Kushiro area, and the
greater number of small-sized recaptured fish, suggests that
survival after a long migration depends on body size.
In the early 1980s (1981–1985), many large juvenile
chum salmon were distributed on the Pacific coast of eastern
Hokkaido in early to mid-July (Irie 1985a, 1990), and the
peak of distribution was later than that reported in the present study. The average SST anomaly in the area off Kushiro
was -0.10°C in the spring (April–June) and -0.08°C in the
summer (July–September) in the early 1980s, whereas the
average SST anomaly varied from 0.07°C in the spring to
1.77°C in the summer in the early 2010s (Japan Meteorological Agency 2015b); therefore the SST in the early 1980s

were lower than those in the early 2010s. The difference
in SST might alter the migration periods of juvenile chum
salmon along the Pacific coast of eastern Hokkaido.
Our study revealed distinct distribution and migration
patterns of juvenile chum salmon in the Kushiro area, with
juveniles migrating from the river mouth both eastward and
westward of the coastal area. Future studies are needed to
determine when and where early marine mortality events occur for the juvenile chum salmon of Kushiro.
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Abstract: Returns of chum salmon in Hokkaido, Japan, have increased remarkably since the 1970s, but there
have been significant regional variations in survival. We surveyed chum salmon dynamics in several regions to
test the hypothesis that variations in survival were related to the nearshore ocean environment, especially sea
surface temperatures (SSTs). Time series analyses of return rate data for chum salmon from 14 regions around
Hokkaido revealed 4 geographical groups (Japan Sea, Okhotsk Sea, Nemuro Strait, and Pacific Ocean) that
had distinct survival patterns. In the Okhotsk Sea, Nemuro Strait, and Eastern Pacific Ocean, survival patterns
were associated with SST patterns in the nearshore environment at the times and places occupied by young
chum salmon. In the Okhotsk Sea, SSTs below 8°C appeared to restrict the offshore movement of juvenile
chum salmon, while SSTs over 13°C accelerated their offshore movement, apparently resulting in salmon moving
prematurely. We recommend that SSTs of 7–11°C are most appropriate for the release of chum salmon. As
SSTs are expected to warm but also become increasingly variable as a result of climate change, we encourage
an adaptive approach whereby the nearshore environment is monitored in order to align juvenile chum salmon
releases with optimal conditions.
Keywords: chum salmon, return rate, SST, regional variation, hatchery strategy, monitoring

INTRODUCTION

Japan Sea, Nemuro Strait and the Eastern Pacific Ocean regions of Hokkaido (Fig. 1).
The production and survival of Pacific salmon (Oncorhynchus spp.) are affected not only by long-term climate
and oceanographic conditions indexed by the PDO (Pacific
Decadal Oscillation) and the ALPI (Aleutian Low Pressure
Index) (Beamish and Bouillon 1993; Hare et al. 1999), but
also by regional physical and biological ocean conditions
(Willette et al. 2001; Mueter et al. 2002; Pyper et al. 2005;
Saito and Nagasawa 2009; Zimmerman et al. 2015). High
mortalities of chum and pink salmon that migrate seaward
soon after fry emergence occur during early life, including
their time in fresh water (Bax 1983; Willette et al. 2001;
Fukuwaka and Suzuki 2002; Mueter et al. 2002; Morita et al.
2015). Japanese juvenile chum salmon move from coastal
waters to the Okhotsk Sea where they reside until fall (Ueno
et al. 1998; Urawa et al. 2001, 2004).

Hokkaido chum salmon (Oncorhynchus keta) hatchery
programs began in the late 19th century with the introduction of hatchery techniques from the United States of America, although there were many failures until the 1960s (Kobayashi 1980). A remarkable recovery of Hokkaido chum
salmon populations occurred in the 1970s with improvements in hatchery techniques, including the release of larger
fry (Kobayashi 1980; Kaeriyama 1989). In addition, marine
survival increased as a result of shifts in ocean conditions
in the North Pacific Ocean (Beamish and Bouillon 1993;
Kaeriyama 1999; Irvine and Fukuwaka 2011). However,
since the late 1990s, chum salmon returns have varied greatly among regions in Hokkaido despite relatively consistent
releases of hatchery fry (Nagata et al. 2012; Miyakoshi et al.
2013). More recently, returns have declined in the southern
All correspondence should be addressed to M. Nagata.
e-mail: nagata-mitsuhiro@hro.or.jp

73

© 2016 North Pacific Anadromous Fish Commission

Nagata et al.

NPAFC Bulletin No. 6
147°38´ E

138°18´ E
138
° 18' E

147 ° 38' E

46 46°06´
° 06' NN

East Sakhalin
Current

Japan Sea

46°06´ N
46
° 06' N

Okhotsk Sea

4
3

5

2

6

Hokkaido

1

7
Nemuro Strait
8

9
13
14

12

10

11

Paciﬁc
Ocean

Tsugaru
Warm
Current

41 41°02´
° 02' NN
138
° 18' EE
138°18´

41°02´
41
° 02'N N

147
° 13' EE
147°13´

Fig.1. Maps showing the water currents around Hokkaido (modified from Isoda and Kishi 2003) and the 14 regions (1–14) where the
Hokkaido Government manages chum salmon fisheries and hatchery programs. The Japan Sea: southern (1 SJS), mid- (2 MSJ), northern
(3 NSJ) regions; the Okhotsk Sea: western (4 WOS), mid- (5 MOS), eastern (6 EOS) regions; the Nemuro Strait: northern (7 NNS), southern
(8 SNS) regions; the Eastern Pacific Ocean: eastern (9 EEPO), western (10 WEPO) regions; and the Western Pacific Ocean: Hidaka (11
HWPO), Iburi (12 IWPO), Funka Bay (13 FWPO), and Donan (14 DWPO). Arrows show cold (white) and warm water (gray), respectively.

released were large, they did not move offshore but remained
in shallow waters until temperatures exceeded 8°C, apparently resulting in depressed growth due to a lack of prey (Nagata
et al. 2007). These results from coastal regions suggested that
the coastal ecosystem, including water temperature and food
availability, is more important for growth and survival of juvenile chum salmon than fish size at release.
In this paper, we propose a general hypothesis that recent variations in survival in Hokkaido chum salmon populations are closely related to their early marine life history in
nearshore environments, especially to variable SSTs. To test
our hypothesis, we analyzed survival and SST time-series
data for 14 regions around Hokkaido, and reviewed past and
on-going surveys of chum salmon population dynamics in
relation to coastal ocean condition in these areas. Finally,
we propose adaptive hatchery strategies for Hokkaido chum
salmon, linking our results to findings in the literature.

How important is the early marine environment in determining brood stock strength? In Japan, numerous studies
on the early life of chum salmon in relation to the coastal environment have examined the optimal timing and size of fish
at release (see review by Mayama and Ishida 2003). On the
basis of scientific findings and empirical information, it is recommended that chum salmon be reared to at least 1 g in body
weight and released when coastal sea surface temperatures
(SSTs) are from 5°C to 13°C (Seki 2005; Saito et al. 2009).
While earlier studies on Japanese chum salmon supported the
release of larger sizes at release to increase survival (Kaeriyama 1999; Nagata and Kaeriyama 2004), more recent studies
(Saito and Nagasawa 2009; Saito et al. 2011) have indicated
that regional differences in adult returns of chum salmon in
Japan are determined primarily by survival during early ocean
life, and the influence of size at release on survival varies
among regions. Regional-scale environmental effects on survival have also been reported for northeastern Pacific salmon
(Pyper et al. 2002, 2005; Zimmerman et al. 2015).
Seki and Shimizu (1996) discovered that return rates for
marked juvenile chum salmon released when coastal water
temperatures were > 5°C were much higher than for releases
when the coastal water temperatures were < 5°C. In addition,
when SSTs in the coastal waters of Abashiri Bay in eastern
Hokkaido was < 8°C, even though the juvenile chum salmon

MATERIAL AND METHODS
Salmon Data
Chum salmon return rates (survival proxies) were compared among the 14 geographic regions where the Hokkai74
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do Prefectural Government manages fisheries and hatchery
programs (Fig. 1; Miyakoshi et al. 2013). While the number
of hatchery juvenile chum salmon released increased significantly in the 1970s, release numbers have been relatively
stable in each region since the 1980s (Saito and Nagasawa
2009; Nagata et al. 2012). We examined return rates for the
25 brood years from 1983 to 2007. Return rates for each
region were calculated using three data sets: the number of
juvenile chum salmon released for each brood-year, coastal
and river catches during 1985–2014, and age composition
data for river catches over the same period. These data were
based on values in annual reports (HSH 1983–1998; NASREC 1999–2009; HFH 2002–2009; SFFRI 2010–2013; unpublished data 2014), the Salmon Database 7(1)–14(1) and
7(2)–8(2) published by NASREC (1999–2000), and ten-day
reports of commercial catches (HFZCC 2009–2014) and
in-river catches (HSEPA 2009–2014). The return rate (RR)
for each brood year (from 2 to 7 years old) in each region
was calculated according to previous papers (see Miyakoshi
et al. 2007a; Saito and Nagasawa 2009) as follows:

around Hokkaido. It is known that there are differences of
about one month in the duration of early ocean life for chum
salmon among the regions (e.g., Kaeriyama 1989; Irie 1990;
Mayama and Ishida 2003). In this paper, in order to compare
SST trends among the 14 regions, we assumed that the duration of early ocean life for chum salmon was from 1 April
to 31 July because most of juvenile chum salmon are captured mainly for 4 months from April to July in the coastal
waters around Hokkaido (Irie 1990; Kawamura et al. 2000b;
Mayama and Ishida 2003; Nagata et al. 2007). Annual SST
anomalies were calculated as deviations from long-term averages for the 24 years from 1985 to 2008 when chum salmon juveniles from the 1984–2007 brood years were in coastal waters. Earlier (pre-1985) fine-scale SST data were not
available. The original SST data during 1985–2008 within
30 km offshore were provided by the Japan Meteorological
Agency as 10-day mean sea-surface temperatures analyzed
for 0.25-degree by 0.25-degree grid points (NEAR-GOOS
regional real time data base; http://ds.data.jma.go.jp/gmd/
goos/data/database.html).
Regional Surveys

where CC is the total number of each brood-year adults
caught by commercial fisheries in the coastal waters of the
region, and RC is the total number of each brood-year adults
caught in weirs for brood stock in rivers with hatchery operations in the region. FR is the total number of each broodyear chum salmon juveniles released from hatcheries in rivers in the region.
We calculated return rate under two assumptions. First,
all of the chum salmon are of hatchery origin. Although natural spawning has been reported in many rivers, including
rivers with hatchery operations in Hokkaido (Miyakoshi et
al. 2012), the number of natural spawners is unknown, but
thought to be relatively small. Second, coastal commercial salmon catches are made up primarily of fish returning
to rivers in the region where they were caught. In reality,
coastal catches are probably mixtures of stocks, comprising
different regional populations. Stock identification techniques such as genetics (e.g., Beacham et al. 2008) and
otolith mass-marking (e.g., Brenner et al. 2012) can help to
evaluate how seriously this assumption has been violated,
but have not been used here.

We have surveyed local distributions and growth of juvenile chum salmon as well as habitat conditions including
water temperature and prey abundance in rivers and coastal
waters of Hokkaido since the 1990s. Here we summarize
results from this earlier work relating the distribution and
growth of juvenile chum salmon to SSTs for three regions
around Hokkaido (the northern Japan Sea, the eastern Okhotsk Sea, and the southern Nemuro Strait). We compare
our findings with those in the literature in order to develop
recommendations for changes in hatchery operations that
can benefit chum salmon.

SST Data

RESULTS AND DISCUSSION

According to Kaeriyama (1989), juvenile chum salmon
less than 120 mm fork length reside in coastal regions for
lengthy periods before moving offshore. Around Hokkaido,
most juvenile chum salmon are initially distributed within
30 km from shore, with some differences among regions
(within 18 km in the Okhotsk Sea; 20 km in the Japan Sea;
30 km in the Pacific Ocean; Irie 1990). Thus, the regions
for study of the early life of juvenile chum salmon encompass coastal areas within 30 km offshore in the 14 regions

Return Rate Anomalies and Regional Covariation

Statistical Analysis
Correlations between survival and SST for major regions were calculated by the Spearman rank correlation
(Zar 1984) that does not require an assumption of normal
distribution. Clustering of correlation coefficients used the
unweighted pair group method with arithmetic means (UPGMA, Sneath and Sokal 1973).

Return rate anomalies as deviations for each brood year
from the long-term average (1983 to 2007) were calculated
for the 14 regions (Fig. 2). Correlations between various
regions of Hokkaido were significant (Fig. 3); the cluster
analysis revealed five distinct regional groups (A–E) at the
0.40 coefficient level (P = 0.05; Fig. 4). Regions within the
A, C, D, and E groups were adjacent to each other. The
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Fig. 2. Return rate anomalies (deviations from a long-term average) for chum salmon in the 14 regions (1983-2007 brood years). Return rate
in each region = (total number of catch in coastal waters (commercial) and rivers (brood stock)) x 100 / (total number of hatchery juveniles). Age
composition of brood year is from 2 years to 7 years old. AV means the average of return rates for all brood years. Regions described in Fig. 1.

Sea Surface Temperature Anomalies and Regional Variation

A-group comprised three regions (1, 2, 3; Fig. 1) within the
Japan Sea, characterized by variable but decreasing return
rates. In contrast, the C-group contained mid- and eastern
regions (5, 6) in the Okhotsk Sea that exhibited gradual
survival increases. The D-group contained two regions (7,
8) of the Nemuro Strait, which were characterized by high
return rates in the early brood years but large decreases in
recent brood years. The E-group contained most regions of
the Pacific Ocean, excluding 14, which were characterized
by expanding variation in recent years. The B-group comprised the west region (4) of the Okhotsk Sea and the Donan
region (14) in the Pacific Ocean, although the two regions
were geographically isolated. This group clustered close to
the A-group in the Japan Sea.
When Saito and Nagasawa (2009) compared return rate
correlations among five large regions (Japan Sea, Okhotsk
Sea, Nemuro Strait, Eastern Pacific Ocean and Western Pacific Ocean) of Hokkaido for the 1976–1998 brood years (23
years), they concluded that return rates were similar within
the Okhotsk Sea-Nemuro Strait. This difference between
their study and ours appears to be caused by recent reductions in return rates in Nemuro Strait (Fig. 2).

We analyzed annual SST variations among the 14 regions as an indicator of coastal ocean environments where
chum salmon (1984–2007 brood years) spent their early
marine lives. SST anomalies (April to July, 1985–2008)
among the 14 regions showed different patterns, often significant (Figs. 5, 6). Five adjacent groups (A–E) were found
at the 0.85 coefficient level (P < 0.001) using UPGMA cluster analysis (Fig. 7). The E-group comprised the mid and
south regions (1, 2) of the Japan Sea, and the Donan and
Funka Bay regions (13, 14) in southwestern areas of the Pacific Ocean, characterized by relatively high average SSTs
(11.8–13.4°C) that had been gradually increasing (Fig. 5).
Young salmon from this area would be strongly affected by
the Tsushima Warm and Tsugaru Warm currents (Fig. 1, Isoda and Kishi 2003). Farther north, the A-group comprising
the northern region (3) of the Japan Sea and the western region (4) of the Okhotsk Sea had lower average SSTs (8.3–
11.1°C) than the previous group, but it gradually increased
(Fig. 5). Fish in this area would be less strongly affected by
76
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cold Coastal Oyashio Current (Fig. 1). The western region
(10) of the Eastern Pacific Ocean, the Hidaka (11) and Iburi
(12) regions of the Western Pacific Ocean were included in
the D-group. Average SSTs were 8.9–10.9°C, intermediate
between the east and west regions (Fig. 5). Although SST
fluctuations were large, similar to the C-group, SSTs have
recently decreased.

the Tsushima Warm Current than fish in the E-group. The
mid- and eastern regions (5, 6) of the Okhotsk Sea and the
northern region (7) of the Nemuro Strait were included in
the B-group that had the lowest average SSTs (6.6–7.3°C)
and relatively little variation in SST anomalies (Fig. 5). Because the Okhotsk Sea is frozen during winter, cold seawater conditions dominate in early spring, followed by warm
coastal waters from the Soya Warm Current (Asami et al.
2007; Sawada et al. 2007). The C-group included the southern region (8) of the Nemuro Strait and the eastern region
(9) of the Eastern Pacific Ocean, with the lowest average
SST (6.8–7.3°C) similar to the B-group, and highly variable
SST (Fig. 5). The Eastern Pacific Ocean is influenced by the

Management Implications of Regional Variability in
Survival
It is perhaps surprising that in the relatively small island
of Hokkaido, 5 regional groups with distinct return rate patterns were identified by clustering correlation coefficients.
However, the coastal oceanography of the island of Hokkaido is complex (Fig.1). There is much published literature
that suggests that high mortality of chum salmon may be
caused by physical and biological factors in their early life
stages, including the period in fresh water (e.g., Bax 1983;
Pearcy 1989; Fukuwaka and Suzuki 2002; Saito and Nagasawa 2009; Morita et al. 2015). In this paper we found that
regional groupings of SST variation were similar to regional
groupings of return rates (Figs. 4, 7), implying that variations in return rates were linked to early marine conditions
such as SST. Hokkaido chum salmon are produced primarily by hatcheries, although some natural spawning takes
place (Miyakoshi et al. 2012; Morita et al. 2013). In hatcheries, there is limited flexibility in release timing due to finite
water supplies and rearing space. Surveys of the distribution
and growth of juvenile chum salmon in Hokkaido suggested that variations in chum salmon survival might be caused
by matches or mis-matches between the timing of release
of juvenile salmon and coastal water conditions that affect
food production and predation during their early life (Nagata et al. 2007). If our general hypothesis that recent sur-
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Fig. 4. Dendrogram showing UPGMA clustering of 14 regions into
five regional groups with significant correlation (0.40) cut off at P =
0.05. Regions described in Fig. 1.
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Fig. 5. April–July SST anomalies (deviations from a long-term average) within 30 km offshore of the 14 regions around Hokkaido during
1985–2008. AV is the average SST during the 4 months in 24 years. Regions described in Fig. 1.

chum salmon have been released from late April to early June in this region (Table 1). We surveyed the spatial
and temporal distribution of marked juvenile chum salmon
and ocean conditions in the littoral and coastal waters of
Abashiri Bay from 2002 to 2005 when juvenile salmon
from the 2001 to 2004 brood years migrated to the sea.
Juvenile salmon were densely distributed in coastal waters
ranging from 8‒13°C. Marked juveniles reached 60–80
mm in fork length before moving offshore. During cool
years (2003 and 2005), when SST did not reach 8°C in
May, juvenile salmon did not move offshore from the littoral zone water until June, and growth was slow. In contrast, in warm years (2002 and 2004), salmon dispersed
quickly from coastal littoral waters to the offshore (1–7
km) where they had an extended residency and grew rapidly (Table 1; Nagata et al. 2007; Miyakoshi et al. 2007c).
Return rates were much lower for fish leaving in cool years
(2003 and 2005, corresponding to brood years 2002 and
2004) than for fish leaving in warm years (2002 and 2004,

vival variations in Hokkaido chum salmon populations are
closely related to their early marine life history in nearshore
environments is true, it may be appropriate to alter stocking strategies to reduce variation in the numbers of returning
chum salmon (Nagata et al. 2007). An alternative approach
is to stagger hatchery releases over an extended period to
increase the likelihood that some release groups will migrate
when conditions are optimal, regardless of when that might
be (Irvine et al. 2013; Morita and Nakashima 2015). We
tested our hypothesis using findings in the literature augmented by results from our own coastal surveys to provide
region-specific hatchery recommendations intended to enhance chum salmon survival.
Eastern Region of the Okhotsk Sea
Mean return rate of chum salmon and SSTs in this region were 8.8% and 6.6°C, respectively, the highest and
coolest in the 14 regions; both return rates and SSTs tended to increase gradually (6 in Figs. 1, 2, and 5). Juvenile
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to return rate, assuming that cut off of correlation coefficient was at 0.85, the 5 regional groups were produced. Regions described in Fig. 1.

corresponding to brood years 2001 and 2003; Figs. 2, 5).
These results support our hypothesis.
To reduce variability in annual survival, we recommend
that chum salmon fry be released when coastal waters are
between 7 to 11°C (Nagata et al. 2007). We further suggest
using the sea level difference between Wakkanai in northernmost Hokkaido and Abashiri as an index of the strength
of the Soya Warm Current driving warmer conditions (Aota
1984; Asami et al. 2007; Sawada et al. 2007).

Southern Region of Nemuro Strait
The overall mean return rate was 3.4% although rates
have decreased recently (8 in Figs. 1, 2). Mean SST was
6.8°C and SSTs showed no trend (Fig. 5). Juvenile chum
salmon have been released from mid-March to late-May (Table 1). We surveyed the spatial and temporal distribution of
marked juvenile chum salmon in coastal waters of Nemuro
Bay and the Nishibetsu River from 2007 to 2010 when juvenile chum salmon from the 2006 to 2009 brood years migrated to the sea. Juvenile chum salmon had been released
into the Nishibetsu River from hatcheries 100 km upstream
from the river mouth (Kasugai et al. 2012, 2013). Earlier
releases took longer to migrate downstream to the sea than
later releases (Kasugai et al. 2013). In addition, ATP (adenosine triphosphate) levels, an index of fish quality, declined
during downstream migration (Mizuno et al. 2007; Mizuno
and Misaka 2012; Mizuno 2013). Optimal SSTs for juvenile
chum salmon in coastal waters ranged from 8˚C to 13˚C and
marked juveniles reached 70–80 mm in fork length before
moving offshore (Table 1). Juvenile salmon were restricted
to littoral waters when nearshore SSTs were below 8˚C (Kasugai et al. 2012), which is consistent with the Abashiri Bay.
Return rates were lower for early released groups than for later groups (K. Kasugai, unpublished data), probably because
of high mortality in the river and/or estuary and the marine
littoral zone before the fish migrated offshore (Kasugai et al.
2012, 2013). These results support our hypothesis excluding the reduction of fish quality in the river. We recommend
hatchery releases be dispersed along lengthy rivers rather
than at one or a few mass-release locations, and that releases
be controlled to utilize optimal coastal temperatures > 8˚C.
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Fig. 7. Dendrogram showing UPGMA clustering of 14 regions into
five regional groups with significant correlation (0.850) cut off at P <
0.001. Regions described in Fig. 1.
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delayed and
dispersed release

Northern Region of Japan Sea
In this region, the mean return rate was 1.8%, one of
the lowest, and return rates have either decreased or been
low since the 1990s (Figs. 1, 2). Mean SST was 11.1°C,
warmer than the Okhotsk and Nemuro Strait regions, and
SSTs increased gradually (Fig. 5). The coastal distribution
of juvenile chum salmon and predation by seabirds were
surveyed off Mashike in 1995–1998 when juvenile chum
salmon from 1994–1997 brood years went to sea (Kawamura et al. 1998, 2000a, b). Chum salmon were concentrated in
regions with SSTs from 6°C‒13°C within 0.5 km of shore.
Juvenile chum salmon that reached 3g in body weight and
7cm in fork length tended to move offshore. During warm
years (1995 and 1998), the period of time with favorable
SSTs (below 13°C) was restricted, resulting in higher competition and predation by seabirds; in cool years (1996 and
1997), the duration of favorable SSTs was greater, which
should have benefited juvenile salmon (Kawamura et al.
1998, 2000b). In addition, there was no effect of fish size
on return rate (Saneyoshi et al. 2013). These results partly support our hypothesis. However, while SSTs in 1995
and 1998 were warmer than in 1996 and 1997 (Fig. 5), return rates for the 1994 and 1997 brood years that migrated
during warm conditions were similar to the 1995 and 1996
brood years with cool conditions (Fig. 2).
Recent low return rates in the Japan Sea may have been
caused by ocean conditions not only during the early life
stage but also during the homing stage. The numbers of
early-run chum salmon (September–October) in the Japan
Sea were related to the strength of Tsushima Warm Current
in their return year (Kaeriyama et al. 2014). Adult chum
salmon may have difficulty migrating when temperatures
exceed 20°C, which has been interpreted as a negative effect of global warming (Kaeriyama et al. 2014).
We encourage managers to focus on recovering laterun chum salmon because these fish return later than early-run fish, and are less likely to experience excessively
warm water as they migrate along the coast. Traditionally,
hatchery programs have focused on early-run chum salmon because they can be caught more conveniently in commercial fisheries. While in the early 1980s both early- and
late-run chum were caught in weirs around Hokkaido, in
recent years late-run chum have largely disappeared (Miyakoshi et al. 2013). Fortunately late-run chum are reported to
spawn naturally in the wild and/or hatchery-operated rivers
in recent years (Miyakoshi et al. 2012; Morita et al., 2013).
Long-term Relationships between Return Rates and SST
The close relationship between chum salmon survival
and their early marine environments are demonstrated by
the results of our regional surveys and other Japanese studies (e.g., Fukuwaka and Suzuki 2002; Saito and Nagasawa
2009). Examining correlations between adult return rates
for 24 brood years (1984–2007) and average SST for four
months from April to July in 24 years (1985–2008) during
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Table 1. Summary of ocean conditions, release timing, distribution, and growth of juvenile chum during their early life for three regions (3, northern region of the Japan Sea; 6, eastern region
of the Okhotsk Sea; 8, southern region of the Nemuro Strait) and recommendations for hatchery programs. FL is fork length (mm).
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Fig. 8. The relationship between chum salmon return
for 24 brood
years and-average
SST for April–July during early life for 24 years in
14 regions of Hokkaido. Regions described in Fig. 1.

ocean environments but also fish quality during the residency in river. Although several regions of Pacific Ocean included in the E-group for return rate and C- or D-group for
SSTs showed positive correlation between return rate and
SSTs (Fig. 8), there were great annual variations in both
indices. Additional regional surveys in the Kushiro coast in
the eastern region of the Pacific Ocean also showed that the
distribution of juvenile chum salmon was related to coastal
seawater temperature affected by the cold Coastal Oyashio
Current (Kasugai et al. 2016). In contrast, western regions
showed no significant correlations, although negative correlations were found in the mid- and southern regions of
the Japan Sea (Fig. 8). Because average SST was colder in
eastern than in western regions (Fig. 5), the coolest conditions appeared to negatively affect returns. Therefore, this
apparent linkage between adult return rate and SST as an
index of the coastal ecosystem during early life supports
our hypothesis, especially in the eastern regions occupied
predominantly by cold water currents during the early life
of chum salmon.

their early life (Fig. 2 and 5) revealed that in most of eastern Hokkaido, including mid- and eastern regions of the
Okhotsk Sea, northern and southern regions of the Nemuro
Strait, eastern and western regions of the Eastern Pacific
Ocean, and Hidaka region of the Western Pacific Ocean, return rates were significantly positively-correlated with the
average SST in the coastal waters where juveniles presumably spent their early marine lives (Fig. 8). The mid- and
eastern regions of Okhotsk Sea clustered in the same group
(C and B) for return rates and SSTs (Figs. 4, 7), return rates
increased along with increases in SSTs from the 1980s to
2000s, especially in the eastern region (Figs. 2, 5), suggesting that the warmer coastal waters resulted in higher
survival. Northern and southern regions of Nemuro Strait
clustered in the D-group for return rate, but in the B- and
C-groups for SSTs, respectively; recent rapid reductions in
return rates for both regions were not solely explained by a
positive relation between return rate and SSTs (Figs. 2, 8).
As shown in the regional survey of the southern region, the
recent reductions may be related to the changes in not only
81
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CONCLUSIONS

regional wild chum salmon (Miyakoshi et al. 2012; Nagata
et al. 2012) and to restrict egg transplantation between different genetic populations to avoid genetic disturbance and
promote the sustainable use of chum salmon resources in
Hokkaido.

Hokkaido chum salmon survival patterns were correlated with regional seawater temperatures during their
early marine and return migration stages. While the timing of releases of hatchery juvenile chum salmon varies
among regions (Miyakoshi et al. 2007b), release timings
have not been adjusted to account for the highly variable
regional temperatures differences shown in Fig 5. Climate
change is expected to result in a decreased carrying capacity for chum salmon in the North Pacific, density-dependent
effects, and potentially the loss of migration routes to the
Bering Sea (Kaeriyama 2008; Abdul-Aziz et al. 2011). As
river and ocean conditions will continue to be affected by
anthropogenic activity and climate change, hatchery operations should adapt to environmental changes. We therefore
need to continue monitoring physical and biological conditions to detect potential mis-matches between chum salmon
and their environments in order to be able to adapt hatchery
strategies regionally to take advantage of varying habitat
conditions.
In order to enhance the effectiveness of hatchery programs, managers not only need to establish stocking strategies to release juvenile hatchery chum salmon at optimal
times to meet suitable environments such as 7–11°C (Nagata
et al. 2007), but also to improve the energetic quality of fish
to minimize and avoid predation. Tsukamoto (1993) indicated that potential survivability of released chum salmon
be evaluated by morphological, physiological and ecological characteristics. For example, juvenile chum salmon with
high ATP levels have high quality body condition (Mizuno et
al. 2007; Mizuno 2012, 2013). On the other hand, if quality
corresponds to fitness in genetics, high quality may influence
the ability of juvenile chum salmon to survive and reproduce
in natural environments (Taniguchi 1993). Populations are
adapted to their regional environments (e.g., Carvalho 1993;
Burger 2000; Schindler et al. 2010).
The genetic structure of chum salmon in Hokkaido consists of 5 regional groups (Beacham et al. 2008; Sato and
Urawa 2015) that are more or less geographically aligned
with the regional clusters found here in adult return rates and
SST during their early life (Figs. 4, 7). While genetic diversity of Japanese hatchery chum salmon overall is relatively
high (Beacham et al. 2008; Kitada 2014), genetic differentiation within regions may be low, perhaps due to homogenization by previous egg-transplantation projects undertaken
by hatchery programs (Yokotani et al. 2009). If this is true,
hatchery chum salmon in Hokkaido may be poorly adapted
to major changes in river and ocean conditions. Evidence
for reduced reproductive success or survival of hatchery fish
has accumulated in salmonids such as Atlantic salmon (Milot et al. 2013), steelhead trout (Araki et al. 2007), and coho
salmon (Thériault et al. 2011; Zimmerman et al. 2015), species that tend to be reared for lengthy periods before release,
although evidence for chum salmon is lacking (Berejikian
et al. 2009). Therefore, we need to monitor and conserve
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Nagata, M., D. Ando, M. Fujiwara, and Y. Miyakoshi. 2016. Effects of release timing on the recovery of laterun chum salmon in the Okhotsk Sea coast of Hokkaido, Japan. N. Pac. Anadr. Fish Comm. Bull. 6: 87–95.
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Abstract: While early-run chum salmon Oncorhynchus keta in Hokkaido have increased in abundance since the
1980s, late-run chum salmon (those spawning after early November) have not. We surveyed along Hokkaido’s
Abashiri coast of the Okhotsk Sea to test the hypothesis that delayed releases of late-run chum salmon
experienced high mortality due to mismatches with environmental conditions early in their marine life. ALC
(alizarin complexone) -marked juveniles (0.7–0.9 million, ~5 cm mean fork length) were stocked in the Abashiri
River in mid- and late May in 2004 and 2005 to investigate their subsequent marine distribution, and growth and
recapture rates in relation to coastal conditions. Marked juvenile chum salmon that had been stocked in mid-May
2004 and 2005 were captured in late May–early June with a surface trawl more often 1 km from shore than farther
away from the coast when SST exceeded 8°C. Juvenile chum salmon rapidly disappeared after late June– early
July when SST exceeded 13°C, especially fish that had been stocked in late May 2004 that remained for only
three weeks 1 km offshore, where their recapture rates were the lowest. Adults returning to the Abashiri River
were collected at 10-day intervals from early October to early December in 2007 to 2009. The adult return rate
for juveniles released in late May was the lowest of the four marked groups. Offshore movement of juvenile chum
salmon was found to depend on SST. Temperatures exceeding 13°C resulted in accelerated offshore movement.
To recover late-run chum salmon stocks, we recommend either the early release of juvenile chum salmon when
sea temperatures are near 7°C, or the release of larger fish.
Keywords: chum salmon, ALC marking, SST, late run, delayed release, recapture rate, return rate, stocking strategy

INTRODUCTION

do, including the Okhotsk Sea. A better understanding of
factors controlling the survival of early- and late-run chum
salmon is needed.
In order to evaluate stocking criteria, we previously investigated the spatial distribution, growth, and diet of juvenile chum salmon in relation to coastal water conditions in
Abashiri Bay, eastern Okhotsk Sea coast of Hokkaido (Asami et al. 2007; Nagata et al. 2007). As most juvenile chum
salmon were widely distributed when coastal seawater temperatures (SST) were between 8 and 13°C, we recommended
avoiding stocking juvenile chum salmon when SSTs in coastal locations were either < 7°C or > 11°C (Nagata et al. 2007).
In the current paper, we compared the spatial distribution,
growth, and recapture rates of otolith-marked late-run chum
salmon released on different dates in 2004 and 2005. When
these marked chum salmon returned to the Abashiri River as
4- and 5-year olds from 2007 to 2009, we collected adults to
estimate return rates, and also to verify earlier recommendations for release timing by Nagata et al. (2007).

The abundance of early run chum salmon Oncorhynchus keta that return to rivers mainly in September and October increased in Hokkaido following the 1980s (Nagata
and Kaeriyama 2004; Miyakoshi et al. 2013a) as a result of
successful hatchery programs and favorable ocean conditions (Kaeriyama 1999). In contrast, later returning runs of
chum salmon have not increased (Nagata and Kaeriyama
2004; Miyakoshi et al. 2013a). Most recently, warm September coastal water temperatures have been associated
with low and variable returns of early-run chum salmon,
especially in the Japan Sea that is affected by the Tsushima Warm Current (Kaeriyama et al. 2014). The Tsushima
Warm Current enters the Okhotsk Sea as the Soya Warm
Current, although the Soya Warm Current is driven by a
difference in sea level between the Japan Sea and Okhotsk
Sea (Aota 1984). If warm-water conditions persist, early-run chum salmon may decline in other areas of HokkaiAll correspondence should be addressed to M. Nagata.
e-mail: nagata-mitsuhiro@hro.or.jp
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Table 1. Release group (year-E: early-run; year-L: late-run), date of fertilization and stocking, number of marked-stocked fish recaptured in
the coastal sea, number, and fish size of alizarine complexone (ALC)-marked juvenile chum salmon stocked in the Abashiri River in 2004 and
2005. Number of recaptured fish shows the total number captured 1–7 km off the coast. Recapture rate was computed as the ratio (%) of the
number of recaptured juveniles to the number of marked-stocked juveniles. Sample sizes for fork length and body weight consisted of 100 fish
from every group.
Release
group

Date of
fertilization

Date of
release

ALC
marks*1

Stocked number
of marked fish

Mean fork
length (mm)*2

Mean body
weight (g)*2

Number of
recaptured
fish

Recapture
rate (%)

2004-E

15 Nov. 2003

16 May 2004

L

886,000

46.79b

0.90b

379

0.043

2004-L

15 Nov. 2003

30 May 2004

D

671,000

47.90a

0.97a

88

0.013

2005-E

15 Nov. 2004

15 May 2005

L

810,000

47.27

0.80

c

275

0.034

2005-L

15 Nov. 2004

31 May 2005

D

842,000

47.94a

0.82c

236

0.028

ab

* L and D represent single large ALC-banding and double ALC-banding marks, respectively.
*2 The values not sharing a common small letter among different groups are significantly different in FL and BW (p < 0.05).
1

MATERIALS AND METHODS

er permitting, juvenile chum salmon were captured with
a surface trawl (8-m-wide x 5-m-deep mouth, 18 m long,
with wing nets 7-m long and a central bag with 5-mm mesh)
towed along the 1–2 m surface layer for 1–2 km at 4–6 km/h
during daytime (5:00–14:00) at 10-day intervals from late
April to early July, 1–7 km off the coast. One additional site
at the Abashiri fishing port was sampled with a trawl that
was towed for 0.5 km. Use of the nearshore littoral zone

Otolith Marking and Fish Stocking Procedures
For hatchery programs on Hokkaido, chum salmon are
divided into three timing groups (early-, middle- and laterun) based on periods of commercial catch (September and
earlier, October, and November and later), river catch by
weir (pre-11 October, 11 October~5 November, and post-5
November), and spawning (pre-21 October, 21 October~10
November, and post-10 November). Accordingly, in this
paper we defined late-run chum salmon as those that spawn
after 10 November, and early-run chum as those that spawn
before then.
In the Abashiri River, which runs into Abashiri Bay, 34
million hatchery chum salmon fry are released annually each
May by two private hatcheries. Some of the eyed eggs fertilized on 15 November in 2004 and 2005 were immersed
in 200 ppm alizarin complexone (ALC) solution for 24 h
with different degree-days before hatching in the Aioi Private Salmon Hatchery (Nagata et al. 2007; Miyakoshi et al.
2007). Otoliths were marked with ALC bands and the fish
were raised on artificial food in a raceway pond until release
(Table 1). Differentially marked fry were released in midand late May in 2004 and 2005. To avoid potential size-selective mortality, eggs were incubated in low (6.9°C) and
high (8.9°C) water temperatures to generate similar-sized
individuals because embryo development depends on cumulative daily water temperatures (Kaeriyama 1989; Nagata
et al. 2007). Although some significant differences in size
were found among release groups, fish size ranges corresponded to the period when fry develop scales and transit as
pre-fingerlings to coastal waters (Kaeriyama 1986).
Sampling Survey and Biological Analysis

Fig. 1. Four transects (A–D, each with sampling sites at 1, 4,
and 7 km from shore) off the Abashiri coast and study sites at the
fishing port (E) and littoral zone (F) in the Okhotsk Sea. Arrows
show stocking site (white arrow) for ALC-marked chum juveniles
and the weir site (black arrow) to capture returned adults. Gray
arrow shows the Tsushima Warm Current (1) and Soya Warm
Current (2).

Coastal Surveys in Early Life
Coastal surveys were as described by Nagata et al.
(2007). Twelve study sites were established at 1 km, 4 km
and 7 km offshore along the Abashiri coast (Fig. 1). Weath88
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was evaluated using a beach seine (3.5-m-wide x 2-m-deep
mouth, 10 m long, with wing nets 3 m long and a central
bag with 3-mm mesh). Five seine sets were usually made,
starting at 100 m offshore, at intervals of 50–100 m along
the beach. Captured fish were preserved in 5% neutralized
freshwater formalin and transferred to 70% ethanol after 12
to 24 h. Some fish were released soon after they were measured when large numbers of fish were caught. CPUE in the
trawl was standardized as the number of chum salmon caught
in a 2-km tow. Marked chum salmon were recaptured from
early May to early July. Sea surface water temperature and
salinity were measured at each study site with a CTD. Chum
salmon were measured for fork length and wet body weight,
to the nearest 1 mm and 0.01 g, respectively, and then their
otoliths were taken to detect ALC marks. Recapture rates (R)
of marked chum salmon juveniles, in four groups were calculated using data on marked juveniles, which were widely and
quantitatively recaptured at 1–7 km offshore after dispersal
from near shore, as

Collection of Returning Adults
A weir was operated near the mouth of the Abashiri River
from early September to early December each year (Fig. 1).
Collected adults were transported to raceway ponds near the
weir or the Aioi Private Salmon Hatchery for temporary holding. About 500 adults (male to female ratio 1:1) were sampled
randomly after fertilization at 10-day intervals from early October to early December. Fish were measured for fork length
to the nearest 1 mm, and scales (collected from above the lateral line, posterior to the dorsal fin, and anterior to the anal fin)
and otoliths were taken to determine age and to detect ALC
marks, respectively. Total numbers of marked fish (M) were
calculated for 4- and 5- year-olds in each group as

where mi is total number of marked fish (CPUE) caught
in a 2-km trawl at 1 km, 4 km, and 7 km offshore at sampling i. M is total number of stocked-marked juvenile chum
salmon.

Detection of Otolith Marks and Ageing
Otoliths from juvenile chum salmon were examined
for ALC marks using ultraviolet light microscopy without
polishing the otolith surface except when it was difficult to

𝑀𝑀𝑀𝑀 = Σ𝑖𝑖𝑖𝑖 Σ𝑗𝑗𝑗𝑗 𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 ∙ 𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 / 𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 ,

where Ni,j,t is the total number of adults caught in the weir for
10 days corresponding to sampling i for j-year-old in year t,
mi,j,t is the number of marked fish out of the adults collected
at sampling i for j-year-old in year t, and ni,j,t is the number of
adults collected at i sampling for j-year-olds in year t.

𝑅𝑅𝑅𝑅 = Σ𝑖𝑖𝑖𝑖 𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖, / 𝑀𝑀𝑀𝑀 ,

1000
100

°C

1000
500
°C
10

Fig. 2. Schematic diagrams showing sea surface temperatures (SST) and catch per unit effort (CPUE) of juvenile chum salmon by time period.
CPUE is the number of juveniles caught per 2-km tow by trawl at the fishing port, 1 km, 4 km, or 7 km off the Abashiri coast, or by beach seine
at littoral sites on the Okhotsk Sea coast in 2004 and 2005. * indicates a site was sampled but no fish were caught.
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identify marks because the surface of an otolith was unclear.
All adult chum salmon otoliths were polished and examined
for ALC marks using this approach.
Scales were pressed on acetate slides. Adult ages were determined by scale reading according to Kobayashi (1961). In
the Abashiri River, Miyakoshi et al. (2013c) found age composition varied from 3- to 7-year-olds; most of the adults caught
in this study were 4 and 5 years old. Therefore, only 4- and
5-year-old fish were used to estimate the adult return rate.

a significant difference occurred, multiple comparisons were
evaluated using Scheffe’s test (Zar 1984). The differences in
the proportion of 4- and 5-year-olds and in the frequency pattern of each 10-day number of marked fish were compared
among groups using a G-test (Sokal and Rohlf 1981).
RESULTS
Sea Surface Temperature

Statistical Analysis

Surface seawater temperatures (SST) of coastal waters
differed between 2004 and 2005. Sea surface temperatures
in 2004 reached 5°C in early May and 8°C in mid-May, and
then increased rapidly, eventually exceeding 13°C in midJune (Fig. 2). In contrast, SST in 2005 were cooler. In 2005,
although SST reached 5°C in late May within 4 km offshore,
it did not exceed 8°C until early June, eventually reaching
13°C in late June.

Differences among marked groups in fork length and
body weight were compared with a one-way analysis of variance (ANOVA). Specific growth rates (slope (b) of the growth
curve (Lt = a ∙ ebt where Lt is the fork length at time t) were
computed using fork lengths of marked juveniles at release and
recapture at 1 km offshore and compared among the different
groups and years using analysis of covariance (ANCOVA). If

1000

1000

2004-E

2004-E

2004-E

7 km offshore

4 km offshore
A
B
C
D

1,000

2004-E

A
B
C
D

1,000

2004-E
100

100

100

100

10

10

10

10

10

1

1

1

1

1

1000

2004-L

1,000

2005-E

1,000

2004-L

100

1,000

2004-L

1,000

100

100

10

10

10

10

1

1

1

1

1000

1000

2005-E

2005-E

1,000

100

100

100

10

10

10

10

1

1

1

1

100

2004-L

100

100

CPUE+1

No marked fish

CPUE
+ 1+ 1
CPUE

1 km offshore

Fishing port

Littoral water
1,000

1000

2005-L

2005-L

No marked fish

No marked fish

2005-L

1,000

2005-E

1,000

A
B
C
D

2004-L

2005-E

100

10

1

1,000

2005-L

100

100

100

10

10

10

1

1

1

2005-L

Fig. 3. CPUE (catch per unit effort, the number of juveniles per beach seine or per 2-km tow) of marked juvenile chum salmon recaptured in the
littoral zone, the fishing port, and 1 km, 4 km, and 7 km off the Abashiri coast in the Okhotsk Sea in 2004 and 2005. A–D corresponds to each
transect shown in Fig. 1. Arrows indicate time of release.
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Fig. 4. Individual fork length of ALC-marked juvenile chum salmon stocked in the river and recaptured in the littoral zone and the fishing
port, 1 km, and 4–7 km off the Abashiri coast in the Okhotsk Sea in 2004 and 2005. Exponential equations between fork length (Lt: mm) and
elapsed time (t: days) are provided using stocked juveniles (t = 0) and the pooled data of fish caught 1 km, 4 km, and 7 km offshore.

Spatial Distribution of Juveniles

most none were captured in May 2005, except 1 km offshore
in May when SSTs were below 8°C. In early June 2005,
high abundances were found not only 1 km offshore but also
at 4 and 7 km offshore. Juvenile chum salmon remained
near the 1-km site later in 2005 than in 2004, the warmer
year. However, most fish that were caught were unmarked
fish whose origin could not be identified. Marked juvenile
chum salmon were recaptured in either the littoral zone and/
or the fishing port, except for 2005-L (Fig. 3). After their
short nearshore residence, marked juveniles were recaptured
1–7 km offshore for (generally) longer periods than closer

More juvenile chum salmon were caught along the coast
from May to July in 2004 (61,585) than in 2005 (38,511).
High CPUEs exceeding 1,000 juvenile salmon/2-km tow at 1
km offshore occurred earlier in 2004 (late May to mid-June)
than in 2005 (early to late June; Fig. 2). Although CPUEs
in the 4- and 7-km offshore transects were very low in both
years, their peak CPUEs were 10–20 days later than those 1
km offshore. Peaks in each year were similar in mid-June.
While many juvenile salmon were captured in May 2004, al91
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Recapture rates of ALC-marked juveniles were estimated by the total number of marked fish recaptured in coastal
waters (1–7 km offshore) divided by the number of marked
chum released. Recapture rates (%, the number of captured
fish per the number of released fish) varied between 0.13
and 0.43% (Table 1). The highest recapture rate, 0.43%,
was recorded for group 2004-E, followed by group 2005-E
(0.34%), and group 2005-L (0.28%). The lowest (0.13%)
was recorded for group 2004-L.

Table 2. Intercept and slope (specific growth rate: SGR) of the
exponential equation computed using individual FLs in each group
that was stocked in the river and then recaptured 1–7 km offshore.
Plots of data are shown in Fig. 4.
Release group

Lt*2 = a ∙ ebt
Intercept (a)

SGR (b)

2004-E

46.566 D*1

0.0102 B

2004-L

47.764 A

0.0118 A

2005-E

47.212

0.0075 C

2005-L

47.709 B

C

0.0113 AB

Growth of Marked Juveniles

*1 The values not sharing a common letter among different groups
are significantly different from each other (p < 0.05).
*2 Lt is the fork length at time t.

Individual fork lengths of recaptured ALC-marked juvenile salmon were plotted against the time since stocking
(Fig. 4). Fork lengths of marked juveniles in the littoral
zone and the fishing port did not appear to increase compared to fork lengths of fish caught 1–7 km offshore. While
most marked juveniles in release groups 2004-E, 2005-E,
and 2005-L, 1 km offshore, exceeded 60 mm fork length at
final catch, marked juveniles in group 2004-L (small sample sizes) were almost all < 60 mm, but at 4–7 km offshore
they attained fork lengths of 60 mm as well as the other
groups. Because relationships between FL and elapsed time
appeared to be exponential in the marked juvenile chum
salmon stocked in the river and recaptured 1–7 km offshore
(Fig. 4), equations (Lt = a ∙ ebt) were computed to estimate
specific growth rate (SGR; slope of the line). Equations
for the four groups were statistically significant (p < 0.01).
There were significant differences in slopes (ANCOVA, F0
= 29.96 > F0.001, 3, 548 = 5.51) and intercepts (F0 = 16.46 >
F0.001, 3, 551 = 5.51) among the release groups. While multiple comparisons showed SGR for group 2005-E was significantly lower than those for the other three groups (p <
0.05), there were no significant differences between groups
2004-E and 2005-L and between groups 2004-L and 2005-L
(Table 2).

to shore. The vast majority of marked juveniles were recaptured 1 km offshore (release group 2004-E: 96% of total
marked juveniles captured 1–7 km offshore, 89% of group
2004-L, 72% of group 2005-E, and 89% of group 2005-L).
Marked juveniles of group 2004-E were recaptured 1 km
offshore from late May to mid-June, and marked juveniles
of group 2005-E were recaptured mainly from early to late
June (Fig. 3). Marked juveniles released in groups 2004L and 2005-L were recaptured 1 km offshore beginning in
early June, but the last recapture of fish in group 2004-L was
in mid-June, earlier than for group 2005-L (late June). High
abundances of juvenile marked chum salmon occurred each
year when SSTs ranged from 8 to 13°C. While fish from
groups 2004-E, 2005-E, and 2005-L were recaptured over
at least a one-month period 1 km offshore, fish from group
2004-L were captured at this location for only 20 days. Although marked juveniles at 4 km and 7 km showed no clear
pattern in either year, perhaps because of low sample sizes,
marked juveniles in group 2004-L that rapidly disappeared
1 km offshore were recaptured 4–7 km offshore in late June
and early July.
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Fig. 5. Estimated number of marked adults that returned to the Abashiri River from early October to early December by release group.
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Timing and Rate of Adult Returns

Miyakoshi et al. (2012) examined the spatial distribution and growth in the Abashiri River of these release
groups before seaward migration. Few fish from the late
group in 2004 were recaptured in mid-June when the river
water temperature exceeded 20°C, indicating their survival
was probably low unless they migrated to sea immediately
after release (Miyakoshi et al. 2012). In addition, according
to Nagata et al. (2007), some juvenile chum salmon were
caught near shore in the littoral zone when SST was below
8°C. None was recaptured in the littoral zone when SST
exceeded 13°C. Kaeriyama (1986) identified two causes
for offshore movement: searching for prey, and avoiding
unsatisfactory environmental conditions such as high water
temperature. The release group in 2004 probably moved offshore because the water was too warm.
High mortality of salmon during their early life may
be caused by size-selective predation (Parker 1971; Healey
1982; Willette et al. 2001; Malick et al. 2011). Mortality in
chum salmon juveniles was strongly size-selective over the
size range from 44 to 55 mm FL (Healey 1982). The brief
coastal residence 1 km offshore resulting from the delayed
release and the quick elevation of temperatures to 13°C may
have given juvenile salmon a survival disadvantage by maximizing the intensity of predation. Species recognized as
predators of juvenile chum in the coastal waters of Abashiri Bay include masu salmon O. masou, pointhead flounder Hippoglossoides pinetorum, kurosoi rockfish Sebastes
schlegelii, and saffron cod Eleginus gracilis, although the
intensity of predation was not examined (Miyakoshi et al.
2013b). If mortality during early marine life strongly affected overall survival, the 2004-L group with the lowest
recapture rate should have had the lowest survival—and it
did.
The timing of spawning in salmonids is genetically determined (Bye 1984). In this research, all marked juvenile
chum salmon were produced from eggs fertilized on the
same date (15 November) to avoid any temporal biases that
may have been caused by run timing and differential fishing
pressures. While most fish from the four groups returned in
late October to early December, their peak was in mid-November, consistent with the date of fertilization in both years.
Average elapsed time from river capture to egg fertilization
ranged from three to seven days when fish were captured
and reared for maturation in November in the Abashiri River

Marked adults from each release group were recaptured
mainly from late October to early December, although there
were no significant differences in frequency among the four
groups (p > 0.05, G-test). Peak returns were in mid-November, consistent with the fertilization date (15 November) of
their parents (Fig. 5). The proportion returning at four and
five years did not vary between early and late release groups
(p > 0.05, G-test). Early release groups had higher return
rates (survivals) than late groups and fish released in 2005
survived better than those released in 2004 (Table 3).
DISCUSSION
The duration of early marine coastal residence varied
among groups of juvenile chum salmon depending on release timing and coastal seawater temperatures. Researchers
in previous studies have caught juvenile chum salmon when
coastal waters were ~5°C around Hokkaido (Irie 1990; Seki
2005), but catches were far higher when coastal waters were
between 8 and 13°C (Kaeriyama 1986; Irie 1990; Seki 2005;
Nagata et al. 2007). In this study, unmarked and marked
juveniles were captured primarily in 8–13°C sea water, so it
seems reasonable to conclude that this temperature range is
favored by young chum salmon around Hokkaido. Juvenile
chum salmon released into the Abashiri River from mid- to
late June first moved near shore (the littoral zone and the
fishing port), afterward dispersing widely 1–7 km offshore
of Abashiri Bay. In particular, over the long term they were
more abundant 1 km offshore, suggesting that this area plays
an important role as nursery area. In 2004, fish released early (mid-May) appeared to move quickly offshore, presumably when SST had reached ~8°C. In contrast, in 2005 it
was not until late May or early June that SST reached 8°C.
Most of the early release group in 2005 moved offshore 10
days later than those in 2004. However, this delayed offshore movement for the early release group in 2005 did not
appear to affect their growth. The late (May) release group
moved offshore more quickly in 2004, the warmer year, than
it did in 2005. The rapid dispersal of the late group in 2004
was probably responsible for the lower recapture rate and
small size of the fish caught 1 km offshore.

Table 3. Return rates (survival indices) for each group released in 2004 and 2005. The number of 4- and 5-year-old marked adults was
estimated using the equation described in the methods. The return rate was calculated as the ratio (%) of the total number of adults to the
number of marked juveniles.
Release group
(a) No. of released juveniles

2004-E

2004-L

2005-E

2005-L

886000

671000

810000

842000

2291

799

3293

3085

No. of age-4 adults

1496

461

2409

2074

No. of age-5 adults

795

338

884

1011

0.259

0.119

0.407

0.366

(b) No. of returned adults

Return rate to river (b x 100 / a)
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(Nara 1997). Therefore, marked adults from the same brood
year were thought to return to the river with almost the same
process of migration and maturation in coastal waters.
While there was almost no difference in return rate between the early (0.407) and late (0.366) groups in the 2005
brood year, the return rate of the late 2004 group (0.119)
the previous year was lower than the early group (0.259),
which was consistent with the low recapture rates of the late
group in coastal waters. Therefore, these results support
our speculation based on observations during early life. In
the eastern Okhotsk Sea, including the Abashiri area, there
is a significant relationship between the commercial catch
(Y) along the coast and the catch in the river (X) for brood
stock (Y = 1962 X 0.6186 , r = 0.897, p < 0.001) for 1987–2012
return years (M. Nagata unpublished data). The commercial catch was about 10 times the river catch. Therefore,
potential economical losses caused by delayed releases can
be significant.
Nagata et al. (2007) recommended that juvenile chum
salmon be released when SSTs were between 7 and 11°C
to utilize desirable seawater conditions along the Abashiri
coast as defined by relationships between spatial distribution, growth of juveniles, and coastal environmental parameters, such as SST and prey abundance (Asami et al. 2007).
As SST had already reached 7–8°C in early May 2004 (Fig.
2), early to mid-May releases would be expected to survive
better than later releases. Asami et al. (2007) and Sawada
et al. (2007) suggested that when the Soya Warm Current
became predominant in the Abashiri Bay from May to June,
a “low temperature and low salinity” condition shifted to a
“high temperature and high salinity” condition. The Soya
Warm Current is driven by a difference in sea level between
the Japan Sea and Okhotsk Sea (Aota 1984). According to
Sawada et al. (2007), the sea level difference between Wakkanai in western Okhotsk Sea and Abashiri was earlier and
greater in 2004 than in 2005, and as a result salinity and
SST in 2004 increased early. Therefore, sea level differences among these sites is used as an index of the strength of
the Soya Warm Current and the timing of SST increases in
Abashiri Bay. When juvenile chum salmon from the late run
are released late because of cold water temperatures in incubating and rearing water and/or low hatchery capacity, the
resulting small juveniles would be expected to show reduced
offshore movement as shown in the present study, likely due
to size-selective mortality (Parker 1971; Healey 1982; Willette et al. 2001; Malick et al. 2011). Pearcy et al. (1989)
suggest that rearing chum salmon fry to a larger size may
be a useful method to enhance hatchery runs into estuaries,
especially if size-selective predation is intensified by retarded growth resulting from high temperatures or lack of prey.
Therefore, if water temperatures in a hatchery are too cold,
acceleration of egg development by raising the water temperature may help to produce larger fish with improved survival. If hatchery capacity is limited, the number of salmon
produced may need to be reduced to avoid producing salmon
that will need to be released late.
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Abstract: Steelhead typically spend little time in the California Current. Most emigrate each spring to the North
Pacific for one or more years. During this migration, they track a narrow range of sea surface temperatures (SST).
However, ship surveys off Oregon and northern California during 2007 and 2010–2014 observed steelhead in
late June through August in the Klamath region where a microclimate corresponding to steelhead preferred SST
persists through summer before warming in September. Cooler SST in the Klamath region may explain the
presence of a life history, known as a “half-pounder”. Spring smolts remaining in this cool coastal region for the
summer are eventually cut off from migratory pathways with preferred SST. We hypothesize that fish choose to
retreat into local rivers to avoid a warming ocean in autumn. While the half-pounder life history is only common
in a couple of regions, it has implications for all steelhead life histories at larger spatial scales. Specifically the
2014–2015 “warm blob” may have blocked thermal migratory corridors during winter and spring migrations for
southern stocks. Expanded warming periods could lead to disruptions in the space-time continuum of these marine
pathways with respect to acceptable SSTs, restricting access to ocean ecosystems for fish with anadromous life
histories. An outstanding question for California steelhead is whether migration pathways will remain stable, or
whether connectivity to North Pacific waters will change under potential climate change scenarios.
Keywords: Steelhead, half-pounder, climate change, marine life history, sea surface temperature

INTRODUCTION

of their time there. This marine habitat use pattern is nearly two dimensional and tightly linked to SST (Walker et al.
2007; Nielson et al. 2011; Atcheson et al. 2012).
Welch et al. (1998b) reported steelhead caught on the
North Pacific high seas spend the majority of their time in
the 8–14°C temperature range. Similar results have been
observed for steelhead migrating from California rivers
into the California Current, an eastern boundary current that
moves southward along the western coast of North America
from British Columbia to southern Baja California (Teo et
al. 2011; Hayes et al. 2012). For most stocks emigrating
from North American rivers that drain into the California
Current these temperatures are typically available during the
winter and spring seasons but ultimately fish are thought to
move north into the Gulf of Alaska and beyond as coastal

Strong association with narrow water temperature ranges in the marine environment is a characteristic of many
Pacific salmon species (Welch et al. 1998a, b; Hinke et
al. 2005; Abdul-Aziz et al. 2011) and is a key indicator of
available habitat, especially for epipelagic species. Aided
by this knowledge and satellite-derived sea surface temperature (SST) data, researchers can estimate probable oceanic
distributions of several salmon species based on archival
temperature logger recoveries without other geo-referenced
tools (Friedland et al. 2001, 2003; Hinke et al. 2005; Hayes
et al. 2012). Of these species, data from electronic tags and
diet indicate that steelhead (Oncorhynchus mykiss) are the
most surface-oriented salmonid, spending more than 95%
All correspondence should be addressed to S. Hayes.
e-mail: sean.hayes@noaa.gov
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Table 1. Number of individuals captured and fork length data for steelhead caught in SWFSC surveys between 2007 and 2014. * 2007
fish were measured after being frozen, which typically results in ~5% decrease in length. The percentage of adipose-fin clipped steelhead
indicates the percentage of hatchery-produced fish in the catch.
Year

Total caught
(n)

Mean fork
length (cm)

SD

Min

Max

2007

21

27.6*

1.3

25.2

30

2010

1

32.5

2011

66

27.1

1

32.0

2012

37

23.5

3.5

17.2

31

14

June/July

2013

56

30.2

4.8

22.5

54

39

July

6.3

19.1

% adipose-fin
clipped
14

August

100

June/July

21

June/July

53.2

0

September

0
2014

10

Survey dates

September
36.4

11.9

23.4

temperatures warm during summer months. This theory of
northward movement is supported by ocean surface trawl
and purse seine sampling that found steelhead during May
and June in coastal waters off Oregon and Washington but
not during subsequent efforts in the later summer months
(Pearcy et al. 1990; Daly et al. 2014). Further south off central California, only three to four steelhead were observed
over ten years of summer trawl surveys in the Gulf of Farallones (Hayes and Kocik 2014).
However, in August of 2007, the National Marine Fisheries Service Southwest Fisheries Science Center (NMFSSWFSC) conducted an exploratory trawl survey from
central California to southern Oregon and encountered 21
steelhead in northern California. Based on these observations, we aimed to determine the prevalence and abundance
of fish off California and southern Oregon across multiple
years (including both summer and fall) to determine coastal residency, and compare the distributions of SST to determine if it influenced the extent of coastal distribution.
We also investigated the timing, size class, and specific
region(s) where steelhead were observed in the 2007 survey. In particular, we looked for characteristics consistent
with a life-history phenotype from that region known as a
”half-pounder”. The half-pounder life history is characterized by ocean entry as a spring smolt, several months rearing
at sea, and a return to the river in early fall as a non-reproductively mature fish ranging from 20–40 cm in length and
weighing approximately a half pound (fish of this length
tend to range from 200–500 g). While fairly rare throughout
the steelhead range, this life history is quite common in the
Klamath region, the area bounded by the Klamath, Eel, and
Rogue rivers of northern California and southern Oregon
(Snyder 1925; Kesner and Barnhart 1972; Lee 2015). The
half-pounder life history is also observed in western streams
of the Kamchatka Peninsula in Russia, where they are reported to return in the fall and overwinter, particularly in the
Utkolok River on the west coast of the peninsula. (McPhee
et al. 2007; Pavlov and Savvaitova 2008). The benefit of this

56.8

30

July

abbreviated ocean migration and premature return to rivers
remains a topic of debate as there are no clear survival or
growth advantages and many “half-pounders” ultimately go
to sea again the following year to complete a normal steelhead ocean rearing cycle (Busby et al. 1996).
The observation of juvenile and immature steelhead in
marine waters off northern California led to a mechanistic
hypothesis for the existence of the half-pounder life history strategy. We speculated that this life history could result
if marine microclimates conforming to steelhead preferred
SSTs persisted into summer months while surrounding marine regions warmed beyond steelhead tolerance, effectively
creating a trap. If this microclimate breaks down (warms)
in the fall, steelhead in such a region would be left with one
of four options: (1) persist or migrate through waters above
their preferred marine temperature range, (2) descend to
cooler, deeper waters, (3) return to one of the rivers in the
region to overwinter in fresh water, or (4) perish. There is
little published evidence that steelhead exhibit either of the
first two behavioral options.
Here, we first investigate the potential seasonal distribution of juvenile steelhead in coastal waters off south45
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Fig. 1. Size-frequency distributions of steelhead caught in SWFSC
survey between 2007 and 2014.
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ern Oregon and northern California to ask the question: are
juvenile steelhead commonly observed in coastal waters
in this region, and are they associated with specific habitat features? Second, we investigate whether marine habitat dynamics supporting our mechanistic hypothesis exist
in regions where the half-pounder life history occurs both
in northern California-southern Oregon and the Kamchatka
peninsula in Russia. Together, these investigations are used
to discuss how steelhead stocks may respond under potential
climate change scenarios that include a significant increase
in SST across sections of the California Current.

Catch (Std count)

30
25

2011
2012
2013
2014

20
15
10
5
0

8

9

10

11
12
Temperature (°C)

13

14

Fig. 2. Sea surface temperature measured by the shipboard
thermosalinometer at the sampling station at the mid-point of
the trawl line on which steelhead were caught. Std. count is a
catch per unit effort metric with total count of steelhead caught
in one trawl standardized to 1 million cubic meters of water—the
approximate volume of one 30-min trawl.

MATERIALS AND METHODS
Since 2010, the NMFS-SWFSC has conducted a standardized annual summer salmon survey between mid-June
and mid-July, and biannually in September, covering the

Heceta Head

Pt Arena

Fig. 3. Steelhead captures from ocean trawl surveys from 2010 to 2014 are denoted by white circles. Temperature data based on real-time
SST data collected by shipboard thermosalinometer were interpolated by kriging.
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Fig. 4. Monthly mean MUR SST data from June to October, 2002–2014, for the coastal waters of California and Oregon.

same set of transects and stations. The study area is a
narrow strip of coastal ocean between Heceta Head, Oregon (44°00’N) and Pigeon Point, California (37°10’N),
a distance of 754 km north to south. The sampling grid
consisted of 16 east-west transect lines spaced an average
of 50 km apart, although line spacing was not chosen to
be uniform. Instead, locations of transects were selected
for their general proximity to coastal geographic features
that could potentially influence salmon distribution (e.g.,
rivers) or affect coastal currents (e.g., headlands and bays).
Five fixed stations were located on each transect. Stations
were chosen using criteria for water depth targets and station spacing, or some compromise between the two. The
typical water depth for station 1 (closest to shore) to station
5 (farthest from shore) was 33, 57, 124, 215, and 438 m.
Thus, the shelf break usually occurred somewhere between
stations 4 and 5, or between stations 3 and 4 in a few locations with a narrow shelf or where a transect crossed a submarine canyon. The typical distance from shore (due west)
for stations 1–5 was 4, 8, 15, 25, and 35 km, respectively.
Prior to 2010, SWFSC conducted a similar coastal salmon survey with a more restricted sampling area off central
California between Point Arena (38°57’N) and Pillar Point
(37°30’N) annually from 2000–2005 (Harding et al. 2011)
and a more extended survey in 2007.
To collect salmon and associated fish and invertebrates,
we used a 264 Nordic Rope Trawl (264 NRT; NET Systems, Bainbridge Island, WA) with 3-m2, foam-filled pelagic
doors, with each door fitted with 200-lb weight shoes. Net
dimensions while fishing were approximately 22-m wide x
18-m high at the mouth and 200-m total length with a 15mm stretched mesh codend liner. The net was rigged with
70-m bridles and fished with 140 m of warp out. Six large
floats (Polyform A5) attached to the net (two on the head-

rope kite and two on each upper wingtip) kept the headrope
within 0.5 m of the surface continuously during tows (prior
to 2011, smaller Polyform A4 floats were used). Footrope
depth was 16–20 m (average 18.2 m) during tows, and a few
meters deeper (average 32 m) during layout and haulback.
Depth recorders (Reefnet Sensus Ultra dive data recorders,
Mississauga, ON, Canada) attached to the headrope and footrope verified deployment depths and measured vertical net
spread and temperature. A mechanical flowmeter (General
Oceanics, Miami, FL) was towed alongside the boat for the
duration of each tow to measure speed and total distance
traveled through water. Sets were 30 minutes in duration,
except where jellyfish were very abundant, in which case
tow time was reduced according to jellyfish density. Tow
speed (determined by flowmeter) ranged from 3.0–3.8 kn
through water (average 3.5 kn speed through water), and
tow distance averaged 3.2 km for completed 30 minute tows.
To account for differences in tow distance and duration, fish
abundance was standardized to a volume of 106 m3 for all
hauls—a standard that is about equal to a tow of 30 minutes
at 3.0 kn. Wind and seas permitting, the tow path roughly
followed the depth contour and intersected the station coordinates near the midpoint of the tow. Thus, tows usually
ran parallel to shore, toward the south or southeast with the
prevailing seas and swell.
For each tow, all salmonids were identified and measured for fork length (FL). All juvenile salmonids (80–250
mm FL) were lethally sampled; these were individually frozen in plastic bags for transport back to shore. Immature salmonids (> 250 mm FL) were either kept or released, depending on their condition after capture. Immature salmonids
that were lethally sampled were either kept intact and frozen
or partially dissected in-situ for transport back to shore and
subsequent analysis at the SWFSC laboratory.
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Fig. 5. Monthly mean MUR SST data from June to October, 2002–2014, for the coastal waters of the Kamchatka Peninsula of Russia.

RESULTS

Underway sampling of water temperature was done by
continuously pumping seawater through the ship’s intake located near the bottom of the hull at around 3 m depth using
a Sea-Bird thermosalinometer (TSG Sea-Bird Electronics,
Bellevue, WA) or a self-contained underwater fluorescence
apparatus (SCUFA, Turner Designs, Sunnyvale, CA). The
values were merged with date, time, and position (every 10
s) into a continuous data file representing the entire cruise.
Temperature data from the ship-board instruments were
spatially interpolated for each survey year using geostatistical methods, generally described as kriging (Johnston et
al. 2001). This approach estimates the global trend of a
variable across a study area with local dependence in the
variance using spatial weight matrices derived from the relative spatial arrangement of surrounding measured values.
These spatial weights were constructed from an empirical
semivariogram that models the spatial structure of the data.
Continuous temperature data were subsampled to every 10th
observation and interpolated with ordinary kriging, which
allows the mean to vary spatially (i.e. the mean is modeled
as constant within each prediction neighborhood).
Satellite-based SST maps were generated in order
to compare water temperatures at survey locations to the
broader region to understand potential steelhead habitat availability. In order to investigate the mechanistic
hypothesis that half-pounder life history is supported by
certain marine microclimate patterns, SST maps were also
generated for the Kamchatka region in Russia where this
life history is also observed. All satellite-based SST maps
were generated using Multi-scale Ultra-high Resolution
(MUR) Sea Surface Temperature analysis. The MUR data
set spans from June 2002 to present, and provides daily
global SST at 0.01-degree coordinates at 1-km intervals
(http://podaac.jpl.nasa.gov/Multi-scale_Ultra-high_Resolution_MUR-SST and http://mur.jpl.nasa.gov/InformationText.php). Data were accessed and downloaded from
ERDDAP at: http://coastwatch.pfeg.noaa.gov/erddap/
griddap/jplMURSST.graph.

Steelhead catches (n = 192) from surveys between 2007
and 2014 are summarized in Table 1. Sizes ranged from 175
to 568 mm, 95% of which were under 400 mm, with a peak
mode at 275 mm (Fig. 1). Prior to 2001, only a few steelhead were collected during 10 years of ocean surveys primarily focused in Central California. In contrast to catches
of Chinook (O. tshawytscha) and coho salmon (O. kisutch)
which are primarily observed on our inshore stations 1 and
2, 87% of steelhead catches occurred on stations 3, 4, and 5
suggesting a more offshore distribution. The increased catch
rate in the surveys is thought to be a function of expanded survey range through southern Oregon and gear changes
to the trawl net that brought it slightly closer to the surface
(Hayes and Kocik 2014). This is anecdotally supported by
observations of steelhead being caught during rough seas
where the headrope of the trawl regularly comes out of the
water between the crest and trough of large wind waves.
Due to changes in gear type over the survey years, including
increased size of floats in summer 2011 and the addition of
marine mammal excluder technology in fall 2011 which allows for some fish to escape the cod-end, no effort was made
to provide statistical comparison of results in terms of catch
per unit effort. In 2015 the survey was modified to focus
on inshore species (Chinook and coho salmon), offshore stations were dropped and very few steelhead were collected.
The majority of steelhead were caught between Cape
Blanco, Oregon (42°50’N), and Cape Mendocino, California
(42°26’N), with two additional fish caught in 2011 slightly north of Cape Blanco, but south of Coos-Bay Oregon
(43°26’N). Sea surface temperatures in all regions where
steelhead were collected were < 14.3° C (Figs. 2, 3). In most
years of the survey, surface temperatures in the boundary
areas to the north, west, and south were already above 14°
C in July (Figs. 3, 4). Based upon a longer time series from
2002–2014, the cool microclimate, presumably from coastal
upwelling and headland circulation patterns, typically disap101
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Fig. 6. Schematics of monthly blended MUR SST for the four months (January, February, March, and April) that adult steelhead typically
return to and many smolts depart from the California Current. Upper panels show average monthly temperatures for 2002 through 2015.
Lower panels show contrasting warm water present during the same months in 2015.

pears around the Oregon and California border (where the
Rogue, Klamath, and Trinity rivers enter; see Fig. 3) by September and in many years even that area warms above 14° C
for brief periods (Fig. 4).
Plots of the MUR SST data from the Sea of Okhotsk and
western Pacific averaged by month across the 13+ year time
series reveals a persistent cool water refuge to the north that
is regularly isolated from the rest of the western Pacific, with
significant warming (12.5° C) peaking in August (Fig 5).
In typical years temperatures as far south as Point Conception in southern California remain well below the steelhead upper observed temperature preference of 14°C. However, as part of a warm temperature anomaly that began in
2014 (Bond et al. 2014), the temperature threshold moved
more than 400 km north to a point fluctuating between San
Francisco Bay and Monterey Bay during winter and spring
of 2015. Plots of the MUR SST data are presented from

the California Current for winter and spring for both typical temperatures steelhead experienced during the return
migration in January and February, and their spring smolt
migration in March and April over the course of the time
series (2002–2015, Fig. 6, top panels) and just in 2015 (Fig.
6, bottom panels).
DISCUSSION
The consistent observations of steelhead in marine
waters off of northern California were unexpected because
summer marine temperatures typically exceed their marine
thermal habitat preference. Investigation of the sea surface
temperatures in the region revealed the presence of a cooler
microclimate that may act as a thermal refuge, providing a
plausible explanation for why steelhead were present, and
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reinforcing just how linked steelhead marine distributions
are to narrow ranges of SSTs. This microclimate appears to
develop consistently each year during the summer months,
disappearing by fall as temperatures warm. Steelhead were
absent by September, and, while their fate remains uncertain,
the timing of ocean absence by fall coincides with a life history unique to an area where immature fish return to rivers.
The regionally unique nature of the half-pounder
life-history type in northern California and Kamchatka has
puzzled scientists for some time, framing the two-sided
perspective of what motivates these fish to behave in such
a way and why it is not more common for a salmonid with
the widest migratory range around the north Pacific Rim.
Although limited work has been done, there appears to be
no genetic divergence between individuals expressing this
behavior and other fish from the same and neighboring watersheds (Busby et al. 1996; McPhee et al. 2007) and little
understanding of what selective pressures might lead to this
life-history type. The SSTs offshore of the Klamath region
of northern California consistently provide the appropriate
thermal environment (< 14°C) for 1–3 months longer than
other parts of the California Current. However, when this
thermal refuge ultimately breaks down when fall warming
encroaches on the region from all directions, remaining
steelhead in the region have three options (aside from senescence): (1) travel north through surface water > 14°C,
(2) travel north, but move vertically to deeper, cooler water, or (3) return to a river that simultaneously is just beginning to cool from summer temperatures well above 20°C
(http://waterdata.usgs.gov/usa/nwis/uv?11530500).
We
acknowledge that there is no way to confirm the samples
collected in this study were fish exhibiting the half-pounder life history. Nonetheless, they provided a unique perspective to develop these hypotheses. If retreat to fresh
water is purely a behavioral response to a mechanistic environmental feature, it is possible that half-pounders are
not an “evolved” life history. Rather it is perhaps a fate of
timing and freshwater growth for juvenile steelhead from
these rivers, where fish from the same cohort, both hatchery and wild (Table 1) and possibly even family groups
may diverge in life history, depending upon when they enter the ocean each spring. Further, stocks migrating past
this region from the south could potentially be entrained
back into these rivers. Tagging and genetics studies as
well as simulation models paring movements with oceanography would be needed to address this question in the
Klamath region. Additionally, while a similar temperature
dynamic was observed in the Kamchatka region, the peak
temperature observed there was only 12.5°C (Fig. 5). It is
plausible that another mechanism exists or that being 15°
farther north, these fish have a lower thermal tolerance than
California stocks. Whatever the cause for this temporary
return, observations that half-pounders return to sea the
following spring suggests there is still a greater advantage
to marine growth relative to survival/growth tradeoffs for
remaining in the river.

Several Pacific salmon species including steelhead
(Wurtsbaugh and Davis 1977; Welch et al. 1998b; Richter
and Kolmes 2005 ), sockeye (O. nerka, Welch et al. 1998a;
Eliason et al. 2011) and Chinook (O. tshawytscha, Hinke et
al. 2005; Muñoz et al. 2015) show a thermal marine habitat
preference often several degrees below optimal freshwater
growth temperatures. It is speculated that they are tracking
forage species associated with these regions (Atcheson et al.
2012). If diet preference for a prey with specific temperature requirements was driving this strategy, why don’t steelhead evolve to pursue prey in warmer marine waters closer
to their freshwater thermal optima for growth, temperatures
within which far more abundant populations of Chinook
salmon forage? Why do they not travel farther north into
cooler waters that they are capable of tolerating to forage
with even more numerous sockeye salmon? Forage niche
partitioning aside, the observations of this paper and others
infer strong thermal avoidance patterns that suggest a physiological mechanism.
Recent studies report warming ocean conditions may be
limiting Atlantic salmon populations through top-down predation mechanisms from new warm-water predators as well
as other physiological and dietary bottom-up challenges that
inhibit their migration (Friedland et al. 2012; Mills et al. 2013;
Friedland et al. 2014). Hayes and Kocik (2014) contrasted
this with an observation that steelhead were likely buffered
from such challenges by upwelling patterns in the California
Current which consistently bring cool waters to the surface.
However, recent warming conditions observed in the California Current call that statement into question, not just for
the small region where half-pounders are observed, but for all
rivers with steelhead (anadromous life histories of O. mykiss). Most literature regarding stressors on Pacific salmon focus on freshwater components of anthropogenic impacts and
climate change scenarios (e.g., Franks and Lackey 2015;
Muñoz et al. 2015). With few exceptions (Abdul-Aziz et al.
2011; Miller et al. 2014), most scientists and managers do
not factor potential impacts of a shifting marine climate into
harvest management or recovery planning. These would
potentially include food web changes that impact fish diet,
such as declines in capelin impacting Atlantic salmon stocks
(Renkowitz et al. 2015). As temperature bands shift north,
migrations will likely become more challenging due to increased costs associated with greater distance traveled to and
from foraging grounds (Abdul-Aziz et al 2011). In addition, shifts in timing of windows of opportunity where ocean
temperatures at a river mouth are appropriate for migration
could move optimal timing for smolt migration and adult
return out of phase with freshwater growth and spawning
cycles. This could lead to an extreme scenario in which a
river is completely cut off and only freshwater life histories
are possible.
The cause of extreme warm water temperature conditions in the North Pacific for 2014 and 2015, referred to
as the “warm blob”, were attributed to a persistent ridge of
high pressure over the Pacific Northwest (Bond et al. 2015).
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While not directly linked to climate change, these high pressure ridging events may become more common in response
to anthropogenic climate change (Swain et al. 2014; Diffenbaugh et al. 2015). Such conditions provide some indication
for what future climate change impacts might look like in
the marine environment. One observed effect of the blob
was a change in the return migration routes of many sockeye around Vancouver Island from the typical 50% of the
returning population rounding the south end to 99% of the
return entering from the cooler north side (Gallagher 2014).
Unfortunately, due to their small population numbers, limited harvest, and lack of monitoring, only a few anecdotes can
be ascribed to California steelhead returns other than that
they appeared to be lower than usual (unpublished data for
Carmel River-Monterey Peninsula Water Management District, and Scott Creek-NMFS SWFSC). Given that they are
considered to be in decline, it is difficult to say whether the
warm waters observed in 2014 and 2015 can be attributed to
a short-term mechanism, or possibly contribute to some longer-term decline. Salmon physiology experiments with an
emphasis in aerobic scope are needed to address this question. However most of the research in this area is primarily focused upon freshwater limitations. It is time to begin
expanding the investigation to the marine phase of salmon
life history.
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Abstract: We developed a closed water-recycling system for rearing chum salmon alevins and fry at hatcheries
with insufficient water supplies. The system included a bio-filter and an intermittent water-flow system. The
experiment was carried out in two fish-rearing tanks (1,200 L each) with a common water recycling system.
The water recycling system contained bio-filters made of crushed coral, a glass-ring filter, and a nylon string
filter set in 100-L and 200-L plastic boxes. The maximum water flow was 126 L/min. A total of 22,600 alevins
(initial mean body weight = 0.2 g) was held in each of the two rearing tanks. Ammonia nitrogen, nitrite nitrogen,
and nitrate nitrogen concentrations were controlled in the water-circulation system, and the average water
temperature was maintained at 9°C. The alevins stayed healthy, and fry could be fed without water exchange
in the rearing tanks. The mean body weight of fish reached 1 g after 98 days of rearing. No diseases occurred
among the test fish, all of which tolerated a seawater challenge test. These results suggest that our closed
water-recycling system is effective in producing heathy salmon fry at hatcheries where water shortages and
diseases frequently occur.
Keywords: chum salmon fry, intermittent water-flow system, water-recycling system

INTRODUCTION

rearing densities cause high mortality of Ichthyobodo-infected fish (Urawa 1995). A bath in a dilute formalin solution is
the most effective way to treat infected fish (Urawa 2013).
In Japan, however, the use of formalin in hatchery fish has
been restricted since the revision of the Pharmaceutical Affairs Law in 2003. Alternative effective treatment methods
are currently not available for hatchery-reared salmon. Further, some hatchery managers believe that the recent decrease in chum salmon returns in Japan might be caused in
part by parasitic infections (Urawa 2013).
The use of closed water-recycling systems can keep
water free of disease agents, thus making it easy to control fish diseases (Yoshino 1999). Such systems also reduce the disposal of organic wastes into the environment
and increase the efficiency of fish culture. For all these
reasons there has been an increase in the design and use
of these water-recycling systems in modern aquaculture
(Maruyama and Suzuki 1998). Wolters et al. (2009) reported that the culture of Atlantic salmon (Salmo salar) using
a recycled-water aquaculture system can be operated with
98% water reuse.

Salmon hatcheries are often built in areas with abundant
groundwater and river water supplies. However, at some of
these locations water supplies are becoming limited. Such
conditions are often related to land development (Shimizu
2013) and have forced hatchery managers into high-density
culture methods. These conditions can trigger a number of
problems including bacterial and parasitic diseases.
Parasitic diseases occur frequently in hatchery-reared
chum salmon (Oncorhynchus keta) fry in northern Japan.
The causative organisms include the parasitic flagellate Ichthyobodo salmonis and the ciliates Trichodina truttae and
Chilodonella piscicola (Urawa 1996, 2013). In particular,
Ichthyobodo infection occurs in approximately 40% of salmon hatcheries in Japan (Urawa 1992). It can live in both salt
water and fresh water (Urawa and Kusakari 1990). Heavy
infections disturb osmoregulation in juvenile salmon due to
skin destruction that subsequently reduces marine survival
of anadromous fish (Urawa 1993). In addition, inadequate
rearing conditions such as a shortage of rearing water or high
All correspondence should be addressed to T. Shimizu.
e-mail: tomos@affrc.go.jp
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Fig. 1. Overview of the closed water-recycling system (A), bacterial filter tank 1 (B), and bacterial filter tank 2 (C). Components of the system
include: (1) bio-filter unit; (2) water temperature control unit; (3) crushed corals and glass rings; (4) drain pipe (with siphoning); (5) drain pipe
(normal pipe); and (6) bio-cord.

Bio-filter Unit

The purpose of this experiment was to develop a closed
water-recycling system for rearing chum salmon alevins and
fry with minimal water exchange at low water temperatures.
In developing this system we kept in mind the need for easy
purchase of materials and equipment, simple operation, and
low maintenance.
MATERIALS AND METHODS

A

The bio-filter unit is contained in 100-L and 200-L plastic tanks (Sanbox, Sanko Co., Ltd., Tokyo, Japan). These
boxes were stacked on top of each other near the rearing
tank (Fig. 1A). Recycled water flowed from the end of the
fish-rearing tanks through a drainpipe to a water chamber
that contained a magnetic-drive pump (PMD-2531A2F,
Sanso Electric Co., Ltd., Himeji, Japan) and a submersible
pump (FP-15S, Tsurumi Pump, C
Osaka, Japan). From this
chamber, water was drawn into the temperature control unit,
which was a heater tank with a 1-kW heater (Nittokizai Corporation, Kawaguchi, Japan). The water then entered the
bio-filter tanks. First, particulate matter was removed in a
③ that was placed on top of the 100-L tank
40-L plastic tank
⑥ pipes
and contained a nylon fiber mat. Five VP25A PVC
④ VP30A PVC pipe were fixed to the wall of the 40-L
and one
tank and connected to the 100-L tank. Crushed coral (40 kg)
and glass rings (30 kg) were placed in a mesh bag set inside
the 100-L tank (Fig. 1B). Three drainpipes (one VP30A and
two VP50A diameter, all 33 cm long) connected the 100-L

B

Water Recycling System
②

The experiment was carried out in two fish rearing tank
(tanks 1 and 2, 1200
L each) with a common water recycling
①
system.
Rearing water is taken out of the rearing tanks using
⑤
a water pump (Fig. 1A). The water then enters the water
temperature control unit, after which it flows into the bio-filter unit. The bio-filter unit has a wet-and-dry intermittent
siphoning system (Fig. 2). The water is then returned to the
rearing tank.
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Fig. 2. Siphoning system in bacterial filter tank 1.

Fig. 3. Changes in the mean body weight of chum salmon fry in rearing
tanks 1 and 2 of the closed water-recycling system. Bars indicate SD.
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Table 1. The apparent growth in body length and weight (mean ± SD) and survival rate of chum salmon fry in rearing tanks 1 and 2 of the
closed water-recycling system.
Initial

Final
Survival
rate (%)

Seawater
challenge
test*1 (%)

0.99 ± 0.22*3

99.3

100

0.98 ± 0.19*3

98.8

100

Tank

Estimated
number of
fry

Total length
(mm)

Body
weight (g)

Estimated
number of
fry

Fork length
(mm)

Body
weight (g)

1

22,631

22.2 ± 0.74

0.21 ± 0.02

22,480

48.6 ± 3.38*2

2

22,667

23.0 ± 0.68

0.21 ± 0.02

22,400

48.3 ± 2.84*2

Survival rate after 48 h.
No significant difference in fork length between fish reared in tanks 1 and 2 at the end of the experiment (Student t-test, p > 0.05).
*3
No significant difference in body weight between fish reared in tanks 1 and 2 at the end of the experiment (Student t-test, p > 0.05).
*1
*2

tank to the 20-L tank. A VP30A pipe covered by a VP50A
pipe formed a siphon for the intermittent water-flow system
(Fig. 2). This intermittent system controlled the water flow
by siphoning and by a pump drive with an electrical timer
(program timer KS-1500, Asone, Osaka, Japan). The water
pump drive was programmed to produce 5 min of pumping followed by a 2-min shut-off. This timing allowed the
bio-filter unit in the 100-L tank to dry out. Bio-cord (Biocord MK-N50, TBR Corporation, Toyokawa, Japan) nylon
strings were hung in the 200-L tank (Fig. 1C). Each 80-cmlong cord was folded in half and then submerged in the tank.
A total of 35.2 m of Bio-cord was placed in the tank. Three
drainpipes (VP50A) were fixed to the wall 20 or 30 cm from
the bottom of the 200-L tank. Water was then returned to the
fish-rearing tank through these pipes.

remaining unhatched eggs. The experiment was performed
from 19 December 2013 to 28 March 2014.
Fish Rearing Tanks
Each of two fish-rearing tanks (4.0×1.0×0.6 m) was
constructed of fiberglass-reinforced plastic and contained
1,200 L of water. A barrier was set at the end of the tank to
prevent fish from escaping. Sixty plastic mesh pipes (Netlon
pipe P-N1, Dainippon Plastics Co., Ltd., Osaka, Japan) were
placed on the bottom of the tank to provide shelter for the
alevins. The plastic pipes were bound into bundles of 10
and spaced at 30-cm intervals. The shelters were fastened
with a PVC pipe (VP40A) to stop them from floating. The
shelters were removed when the fry began swimming. The
water level was controlled by the height of three drain pipes,
which kept the water depth at 10 cm during the larval period
and at 30 cm during the fry period.

Experimental Fish
Eggs were taken from mature chum salmon on 16 November 2013. Fertilized eggs were stocked in an incubation
box filled with spring water until they reached the eyed-egg
stage. A total of 23,000 eggs was stocked in each of the
two experimental fish-rearing tanks; eggs were distributed
on hatching trays in the tanks. The total weight of eggs was
measured to estimate the total number of eggs. The number of hatching alevins was estimated from the number of
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Fig. 4. Changes in water temperature in rearing tanks 1 and 2 of
the closed water-recycling system.

0.18
0.16
0.14

Temperature, dissolved oxygen, and pH were measured every morning and afternoon. Ammonia nitrogen,
nitrite nitrogen, and nitrate nitrogen were measured weekly
using a HACH DR850 portable colorimeter. Ammonia nitrogen was analyzed by using the salicylate method, nitrite
nitrogen was analyzed by the diazo method, and nitrate
nitrogen was analyzed by the cadmium reduction method.
1.00E+05
Water samples for counting bacteria were taken weekly
from each rearing tank using a sterilized glass test tube.
1.00E+04
Numbers of bacterial colonies were counted on Trypticase
1.00E+03
soy agar plates (Trypticase Soy Agar, Becton, Dickinson
and Co., Franklin Lakes, NJ, USA) incubated at 20°C for
1.00E+02
120 hours in an incubator.
Tank 1
Chum salmon fry were fed extruded pellets
Tank 2 (type A and
1.00E+01
B; Nippon Formula Feed Manufacturing, Yokohama, Japan).
Fry were fed three times a day at about 2.5% body weight.
1.00E+00
0
40
80
100 matter was
Before
the 20
first feeding
each60 day, particulate
swept away to the end of the tank. After the third feeding
of the day, any remaining feed and particulates were sucked
out from the bottom of the rearing tank by siphon. Dead fish
were counted and removed from the tank every day. A water
flow rate of 8 L/min and a water circulation of 42 L/min
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no significant
differences
in body80length and
0
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Tank 2 20
weight of chum salmon fry between experimental rearing12.0
0.12 1 and 2 at the end of the experiment (Student t-test, P
tanks
9.0
> 0.10
0.05; Fig. 3), and the survival rate was 99.3% and 98.8%
in0.08
tanks 1 and 2, respectively (Table 1). The average wa- 6.0
ter0.06temperature was 9.1°C (6.7–10.6°C) in tank 1 and 8.9°C
0.04
(6.3–10.6°C)
in tank 2 (Fig. 4), and the average dissolved 3.0
0.02
oxygen concentration was 10.4 mg/L (9.1–11.7
B mg/L) in 0.0
0.00 1 and 10.5 mg/L (9.3–11.7 mg/L) in tank 2. The avertank
0
4 10 17 24 30 35 37 44 51 58 65 72 84 97 100
age pH
was
7.4 (6.9–7.7) in tank 1 and 7.4 (7.0–7.8) in tank
Tank 1
18.0
2. Ammonia nitrogen, nitrite nitrogen, and nitrate nitrogen
Tank 2
concentrations
Tank 1 increased when fry were fed two months af15.0
ter the startTank
of2the experiment in both tanks (Fig. 5). The average bacterial count in the rearing water was 1.3 × 104 CFU/
12.0
100 in tank 1 and 0.9×104 CFU/mL in tank 2 (Fig. 6), and no
mL
diseases occurred throughout the experimental period. The
9.0
48-h seawater challenge test resulted in 100% survival of
6.0
chum salmon fry in both tanks.
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were8.0
maintained until day 20; these water flows were used
Tank 1
after 7.0
hatching. Closed water circulation was started on day
21, with water flows of 42 L /min at the alevin stage and 126
2
6.0in the fry stage. The lowest temperature Tank
L/min
was set at
9°C by
the heater. To confirm the ability of chum salmon
5.0
100 fry to adapt
to10seawater,
a seawater
test was
0
20
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50challenge
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80 per90
formed before the fry were released (on day 93; Ban 2014).
Days after hatching
For seawater challenge tests, sixty fish were taken from each
experimental tank and placed in a 100-L tank containing 60
L of artificial seawater (salinity 33 ppt; Tetra Marine Salt
Pro, Tetra Japan Co., Tokyo, Japan).
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Chum salmon alevins stayed healthy, and fry could be
fed without water exchange in a simple closed-rearing system. Fry reached 1 g in body weight and 5.0 cm in fork
length 99 days after hatching, and the survival rate was 99%
in both tanks. Each tank produced about 22,000 fry. The
water temperature fluctuation was larger than expected because of the inadequate capacity of the heater unit. Therefore, the lowest water temperature (6.3°C) was recorded
when the air temperature was lowest in the morning (–6°C),
at which time the fish were not fed and excretion was kept
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constantly around 10,000 CFU/mL. In this closed water-recycling system, however, the water temperature must be
kept above 9.0°C to maintain bacterial activity for reducing
ammonia concentrations.
The body and gill condition of chum salmon fry were
normal, and bacterial and parasitic diseases were not observed throughout the experiment. In addition, the seawater
challenge tests showed a 100% survival rate of chum salmon fry, suggesting the healthy condition of reared fish. This
closed water-recycling system may be effective in producing
healthy salmon fry at hatcheries, where water shortages and
diseases frequently occur.
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Abstract: How Pacific salmon and steelhead (Oncorhynchus spp.) respond to climate-driven changes in their
oceanic environment is highly uncertain, in part due to limited information on winter distribution in international
waters (high seas) of the North Pacific Ocean and Bering Sea. We review what is known and summarize what
should be known to properly address the question: Where do Pacific salmon go in the high seas during winter
and why, and how might this be affected by climate change? Historical high-seas research (1950s–1970s, all
seasons) discovered that there are species and stock-specific distributions in the high seas; winter survey results
provided some clues as to important winter locations and dominant oceanographic features of winter habitat. In
succeeding decades (1980–2015), new fisheries-oceanographic survey methods, stock-identification techniques,
remote-sensing technologies, and analytical approaches have enabled us to expand our knowledge of the winter
distribution and ecology of salmon, although empirical data are still very limited. In general, we learned that the
“why” of ocean distribution of salmon is complex and variable, depending on spatio-temporal scale and synergies
among heredity, environment, population dynamics, and phenotypic plasticity. The development of quantitative
multispecies, multistage models of salmon ocean distribution linked to oceanographic features would help to
identify key factors influencing winter distribution and improve understanding of potential climate change effects.
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INTRODUCTION

cific Anadromous Fish Commission (NPAFC) science plans
have identified salmon life history, ecology, and population
dynamics in winter as a major information gap (NPAFC
2010). The 2011–2015 NPAFC Science Plan called for
cooperative research on winter survival of salmon in the
North Pacific Ocean (Western Subarctic Gyre and Gulf of
Alaska), potentially focusing on various issues, including
“winter distribution, production, and health status of salmon populations; hydrological characteristics, primary pro-

The responses of Asian and North American Pacific
salmon and steelhead (Oncorhynchus spp.) to changes in
climate and ocean conditions remain highly uncertain. In
part, this is because information on life history, ecology,
and population dynamics of Oncorhynchus in international waters (high seas) of the Bering Sea and North Pacific
Ocean during winter is limited. Since 2000, the North PaAll correspondence should be addressed to K. Myers.
e-mail: kwmyers@uw.edu
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MATERIALS AND METHODS

duction, and prey resources in the winter habitats; trophic
linkages, growth rate and predation of salmon at different
stages; winter survival rate of salmon at different stages;
winter carrying capacity of salmon populations; effects of
climate change on salmon populations during winter; and
interactions between species, and between populations”
(NPAFC 2010). These issues are highly relevant to forecasting of adult salmon returns to coastal fisheries and
spawning grounds.
By the end of the 21st Century, multiple stressors from
anthropogenic climate change and ocean acidification are
expected to affect salmon and the fisheries that depend on
them (Haigh et al. 2015). For example, increases in sea
surface temperatures due to greenhouse gas emissions are
predicted to shrink the thermal habitats of salmon over vast
regions of the North Pacific Ocean and adjacent seas (Welch
et al. 1998a, b; Azumaya et al. 2007; Abdul-Aziz et al. 2011;
Kaeriyama et al. 2012, 2014). Nevertheless, salmon are capable of rapid microevolution that may allow them to adapt
quickly (within one or two generations) to climate change
(Kovach et al. 2012). At present, total commercial catches
of Pacific salmon around the Pacific Rim, dominated by pink
salmon O. gorbuscha and chum salmon O. keta, are near
the all-time high levels since record keeping began (NPAFC
2014). In addition, high seas ecosystem surveys indicate that
populations of pink salmon distributed in the western and
central subarctic North Pacific in winter occupy a wide range
of thermal habitats and are not food limited (Figurkin and
Naydenko 2014). Thus, it remains uncertain whether or not
future climate change will positively or negatively affect high
seas salmon distribution, growth, and survival during winter.
In this paper, we provide a broad overview of what is
known and summarize what should be known about the
winter distribution of Oncorhynchus species in the high seas
(i.e., international waters north of 33°N beyond the 200-mile
zones of the coastal States) of the North Pacific Ocean and
Bering Sea. Our purpose was to address the central questions: Where do Pacific salmon go in the high seas during
winter, and why, and how might this be affected by climate
change? While it is beyond the scope of our paper and the
limits of existing data to fully resolve these questions, our
primary goal herein is to provide insight into knowledge
gained from past research and the needs and potential directions for future research. We provide a timeline of historical high seas research (1950s–present), map the general
times and areas of winter research, briefly describe winter
life history of salmon, and provide a chronological summary
of results from high seas salmon research vessel surveys in
winter. We discuss major advances in knowledge since the
1950s and leading hypotheses about the factors influencing
winter distribution of salmon and how salmon may respond
to climate change. We conclude by identifying major gaps
in knowledge of winter distribution and recommending potential next steps for future NPAFC-coordinated research on
winter distribution of salmon and steelhead (O. mykiss) in
the Convention area.

To review past research, we compiled a comprehensive
list of publications pertaining directly to field research on
salmon distribution in international waters (high seas) of the
Bering Sea and North Pacific Ocean during winter months,
primarily January–March because wintertime anomalies in
climatological and near-surface oceanographic conditions in
the subarctic North Pacific are most pronounced during these
months (Favorite et al. 1976). In our results section, we
briefly summarize relevant data from annual cruise reports
by oceanic survey region and year. References pertaining
to other seasons or to winter surveys in marine coastal and
inland habitats or other marginal seas of the North Pacific
Ocean (e.g., Sea of Okhotsk, Sea of Japan) were largely excluded in our summary because of our focus on the NPAFC
Convention Area and the objectives of the 2011–2015
NPAFC Science Plan. To our knowledge, winter research on
salmon has not been conducted in international waters of the
central Sea of Okhotsk, where maximum sea ice coverage
is in February–March. Karpenko (2003) reviewed winter
research on salmon in the southern Sea of Okhotsk, where
at least some pink salmon overwinter in some years (Radchenko et al. 1991, 1997; Zhigalov 1992). We supplemented
references in our personal scientific libraries by searching
the scientific documents, technical reports, and bulletins of
the International North Pacific Fisheries Commission (INPFC) and the NPAFC, and the references listed in these publications. To locate additional publications we used several
online computer search engines (keywords: Oncorhynchus,
North Pacific, ocean, winter). The two most useful search
engines were Proquest Aquatic Science Collection (145 hits,
which included citations and abstracts for papers in NPAFC
bulletins and technical reports) and the Web of Science (24
hits, which did not include any references to NPAFC publications), although many of the citations were duplicates or
irrelevant to our review.
The goals, objectives, and methods of winter research on
salmon and steelhead have changed substantially over time.
We summarized the results of winter high seas research vessel surveys and discussed major advances in knowledge for
two major periods, 1950s–1970s and 1980s–2010s. During
the 1950s–1970s, most winter surveys were conducted by
Canada, Japan, and the USA as part of the INPFC’s scientific
program that was tasked with research on high seas salmon distribution and origin to address problems raised by the
Protocol to the Convention. The former Soviet Union (hereafter Russia) also initiated winter salmon surveys during this
period. The INPFC’s winter high seas salmon surveys ended in the early 1970s. As explained by Jackson and Royce
(1986), “The scale of the expensive research vessel operations wound down in the late 1960s as fewer discoveries
were made, and as the scientists completed joint publication
on their discoveries from the beginning [of INPFC].” The
second period (1980s–2010s) reflects the intensification of
winter high seas salmon research by Russia in the 1980s
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RESULTS

and subsequent research by all member nations under the
NPAFC Science Plan. The level of detail in our summaries
of winter high seas research vessel surveys varied depending
on the level of information in the available literature. We
relied on our own scientific expertise to identify important
gaps in knowledge and to suggest potential issues for future
NPAFC-coordinated research.
The oceanographic water masses and currents referred
to in the text are described in detail by Dodimead et al.
(1963), Favorite et al. (1976), North Pacific Marine Science
Organization (PICES) (2004), and McKinnell and Dagg
(2010), and are shown in Fig. 1.
We designated salmonid ocean ages as “ocean age-0”
as those fish observed during their 1st ocean fall (through
December 31), “ocean age-1” fish observed during their 1st
ocean winter (starting January 1), “ocean age-2” during the
2nd ocean winter (starting January 1), and so on. Maturity
stage was designated as “juvenile” for ocean age-0 fish in the
late fall (November–December), “immature” for fish during
all winters up to the final winter at sea, and “maturing” for
fish during the final winter at sea. Steelhead that return to sea
after spawning are called “kelts”.

Winter Research Timeline
A 60-yr timeline revealed major spatial and temporal
gaps in winter high seas salmon research vessel surveys
(Fig. 2). In international waters of the Bering Sea, winter
surveys were conducted in only three years with a 34-yr gap
between surveys in the 1960s and 1990s. There were more
winter surveys in the North Pacific Ocean, although annual
coverage was patchy with no continuous time series longer
than seven years. During the early period (1950s–1970s),
all surveys, except for experimental fishing by Japan with
a midwater trawl in 1968, used gillnet and longline gear
(Birman 1960, 1985; Fisheries Research Board of Canada
(FRBC) 1962, 1963, 1964, 1966, 1967; French 1964, 1966;
French and Mason 1964; French et al. 1967, 1971, 1972,
1973; Fisheries Agency of Japan (FAJ) 1969, 1970, 1971,
1972, 1973, 1974, 1975, 1977). During the late period
(1980s–2010s), all surveys used pelagic rope trawl gear (Erokhin et al 1990; Erokhin 1991; Pacific Research Institute of
Fisheries and Oceanography (TINRO) 1993; Nagasawa et
al. 1994; Sobolevskiy et al. 1994; Welch and Carlson 1995;

Fig. 1. The major surface currents, oceanic domains, and thermohaline front in the subarctic North Pacific Ocean and adjacent seas. In the
central subarctic North Pacific (170°E–165°W) the Subarctic Boundary generally marks the approximate southern limit of salmon distribution.
The dashed line indicates the Subarctic Frontal Zone (SAFZ), a thermohaline front that separates colder, fresher waters to the north from
warmer, saltier water to the south (Yuan and Talley 1996). In the eastern part of the Alaska Gyre (Gulf of Alaska), the westward-flowing
Alaska Current (AC) continues into the Alaskan Stream (AS). In the Western Subarctic Gyre, the southward-flowing East Kamchatka Current
(KC) continues into the Oyashio Current (OC) and the eastward-flowing Oyashio Extension (OE). Shading along the continents indicates the
coastal range of anadromous Pacific salmonids. ACC = Alaska Coastal Current, KUC = Kuroshio Current. Modified from base map source:
Quinn (2005), adapted from Favorite et al. (1976) and others.
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Fig. 2. A 60-yr timeline of high seas salmon winter (primarily January–March) research vessel surveys. Bering Sea surveys are shown above
the timeline and North Pacific surveys are shown below the timeline.

Ueno et al. 1996, 1997, 1999; Glebov and Rassadnikov
1997; Startsev and Rassadnikov 1997; Ishida et al. 1998b;
Fukuwaka et al. 2006; Starovoytov et al. 2009, 2010a, b;
Naydenko et al. 2010a, b; Glebov et al. 2011a, b). The difference in gear types and survey designs between the early
and late survey periods increases the difficulty of using these
data to evaluate long-term trends in distribution, abundance,
and biological characteristics of high seas salmon in winter.

survey. The high seas survey areas covered four broad regions: (1) Bering Sea, (2) western North Pacific (west of
170°E), (2) central North Pacific (170°E–165°W), and (3)
eastern North Pacific (east of 165°W; Fig. 3). All surveys
by Canada were in the eastern North Pacific. Surveys by
Japan were primarily in the western North Pacific, although
sampling in the 1990s–2000s extended into all regions of
the North Pacific. Surveys by Russia were primarily in the
western and central North Pacific. Surveys by the United
States were primarily in the central and eastern North Pacific. Note that the United States did not conduct high seas
surveys after 1971.

Survey Locations
The general locations of winter surveys in the North
Pacific Ocean varied by region and nation sponsoring the

Fig. 3. The regional locations of high seas salmon winter research by Canada (CA), Japan (JP), Russia (RU), and the United States (US) in
the Bering Sea and North Pacific Ocean, 1958–2015.
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Fig. 4. The general life history of six species of Pacific salmon (Oncorhynchus spp.) distributed on the high seas of the North Pacific Ocean in
winter, categorized by relative abundance, feeding type, and range of the number of winters spent at sea.

Life History

eye salmon tagged in the southcentral Bering Sea in February 1964 was recovered in the western Bering Sea off the
northeast coast of Russia in July 1964. To date, this is the
only high seas tag recovery indicating that sockeye salmon
overwinter in the Bering Sea. The distribution of sockeye
salmon in the Bering Sea in the winters of 1963 and 1964
may have been due to unusual oceanographic conditions.
For example, bathythermograph measurements in the Bering
Sea along 175°E and 180°, 52–57°N in January–February
1963 showed relatively warm temperatures (3.0–4.0°C) at
the 100–200 m depth, which were attributed to the anomalous intrusion of warm Alaskan Stream water and the retreat
(northward or westward) of cold Kamchatka coastal waters
(Favorite 1964).

In general, differences in relative abundance, feeding
type, and age composition can be used to categorize the life
history of high seas Oncorhynchus spp. (Fig. 4). In total,
the winter survey results included data on six species: pink
salmon, chum salmon, sockeye salmon O. nerka, coho salmon O. kisutch, Chinook salmon O. tshawytscha, and steelhead. Pink, chum, and sockeye salmon are categorized as
high abundance zooplankton feeders, and coho and Chinook
salmon, and steelhead as low abundance micronekton (fish,
squid, euphausiid) feeders. Two species (pink and coho
salmon) spend only one winter at sea, and the other species
can spend multiple winters at sea before returning to spawn.
Summary of Winter Research Surveys, 1950s–1970s

Western North Pacific (WNP)
In the late 1950s and early 1960s, gillnet surveys to determine winter salmon distribution in the western North Pacific (WNP) were conducted by scientists of the Kamchatka
Research Institute of Fisheries and Oceanography (Birman
1985; Karpenko 2003). Annual cruise reports of salmon
distribution data from these surveys were not available for
our review. However, catches were likely insufficient to determine winter distribution of salmon, e.g., Birman (1985)
noted, “in January 1958 between the 4°C and 1°C isotherms
in the salmon wintering ground between 160° and 167°E,
only one red [sockeye] salmon was taken during seven
nights of drift net fishing by the R/V Ametist.” In addition,
Birman and Konovalov (1968) noted, “in the Pacific Ocean
the young sockeye salmon migrate in a south-easterly and
easterly direction to the wintering feeding grounds. Because
of the complex and very varied conditions during winter in
the ocean, data on the distribution and dispersion of the local stocks of sockeye salmon are not available to us for this
period,” and “there are very few data available concerning
the southern and western limits of the wintering area [of maturing Lake Kurile sockeye salmon].”

Bering Sea
In February 1963 and 1964, the USA initiated winter
research vessel surveys (gillnet and longline) to determine
whether salmon remain in the Bering Sea or migrate southward to the North Pacific Ocean in winter (French 1964;
French and Mason 1964). Sockeye salmon (ocean ages 1–4)
were caught in both years. Two chum salmon were caught
at a station just north of the Aleutians (53°N, 175°E; SST
3.4°C) in 1963 (French and Mason 1964). No other salmon species were caught. Sockeye salmon were caught at all
stations sampled and were distributed from the Aleutians
northward to at least 57°N (175°E). The lowest sea surface
temperature (SST) was at the northernmost station in 1964
(57°N, 175°E; SST 0.0°C), where sampling was terminated
due to hazardous ice conditions. In general, the abundance
of sockeye salmon was less at Bering Sea stations than at
stations surveyed during the same years in the Central North
Pacific (CNP). Bering Sea sockeye salmon were older, larger, and mostly maturing, compared to CNP sockeye salmon
(greater mix of age, size, and maturity groups). One sock117
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In February 1965, the USA conducted a gillnet survey
in the WNP (46–53°N, 167–170°E) and CNP (French et
al. 1967). Sockeye salmon, mostly ocean age-2 or older,
were distributed throughout the area, and chum salmon was
the only other species caught (one fish). Experiments with
surface (0–7 m) and subsurface (sunken) gillnets (7–15 m
and 15–22 m) fished at the same time and location indicated
most sockeye were near the surface at night.
In February–March 1967, a winter longline survey
by Japan in waters east of Hokkaido and northern Honshu
(39–44°N, from Honshu Island to 161°E) caught only one
pink salmon and one chum salmon in February (FAJ 1969).
No salmon were caught west of 150°E. In March, surface
longline catches showed that pink salmon were widely distributed throughout the survey area (148–160°E), while other
species (chum and sockeye salmon, steelhead) were scarce.
An investigation of vertical distribution of salmon using
subsurface (vertical) longlines caught only one pink salmon.
In February 1968, Japan conducted experimental winter fishing for salmon with a midwater trawl, longlines, and
gillnets (west of 175°E; FAJ 1970). No salmon were caught
in the trawl. Longline and gillnet catch data showed maturing sockeye (primarily ocean age-3) were distributed farther west (43–45°N, 154–158°E) in February than younger
sockeye. Many maturing (ocean age-1) pink salmon were
distributed in this area.
In February 1969, salmon density was low during a
Japanese gillnet survey between 43–45°N, 160–165°E, and
sockeye salmon were distributed farther north (45°N, 160°E)
than chum (FAJ 1971). Ocean age-3 was the dominant age
group for both species. Maturing pink salmon (average 34
cm FL) were caught at all stations.
In March of each year from 1970 through 1974, Japan
conducted exploratory fishing operations (gillnet and longline) to study salmon distribution in the WNP (~41–53°N,
147–175°E; FAJ 1971, 1972, 1973, 1974, 1975, 1977).
The 1974 survey was not completed due to bad weather
conditions. Shimazaki and Nakayama (1975) summarized
winter 1970–1973 survey results for pink, chum, and sockeye salmon. Distribution was categorized by oceanic water masses north of the Subarctic Boundary (~40–42°N).
Sockeye and chum salmon were most abundant in evenyear catches (1970, 1972). The locations of greatest
abundance of each species were in different water masses.
Ocean age-1 sockeye salmon were most abundant in the
northeastern portion of the survey area (north of 45°N, between 165°–175°E) in the Subarctic Current front (2–6°C
SST). In general, chum and pink salmon had a more southerly distribution than sockeye salmon, and were distributed
throughout the northern part of the Transition Zone. Chum
salmon were most concentrated in the region south of 45°N
in the eastern portion of the survey area (Transition Zone,
4–8°C SST), while pink salmon were most concentrated in
the western part of the Transition Zone (4–7°C). Immature
sockeye and chum salmon had a more southerly distribution than maturing fish, and relative abundance of imma-

ture fish was much lower in winter than in summer surveys
in this region.
Central North Pacific (CNP)
In February–March 1962, the USA conducted a winter
gillnet survey of salmon in the CNP south of the Aleutians
(41°–51°N, 175°W; French 1964) to investigate distribution
and relative abundance of salmon. Both immature and maturing sockeye salmon were caught at northern stations near
the Aleutians (47–51°N). Investigators had previously theorized that salmon would be distributed at more southerly
latitudes in winter. No salmon were caught at three stations
south of 45°N. Few chum, pink, coho, and Chinook salmon,
and no steelhead were caught elsewhere. Oceanographers
discovered that the vertical structure and latitudinal position of the 34‰ isohaline and 4°C isotherm along 175°W
in the Alaska Stream on the south side of Aleutians persisted
during winter (Favorite and Morse 1964).
In February 1963, the USA conducted gillnet and
oceanographic surveys in the vicinity of 45°N–51°N, 180°
(French 1964). Fewer older sockeye salmon were caught
south of the Aleutians than in the Bering Sea. Sockeye were
distributed in cooler water than pink and chum salmon.
In February 1964, a USA survey (gillnet and longline)
south of the Aleutians (49–50°N, 168–176°W) caught sockeye salmon at every station fished. The only other salmonid
caught was one ocean age-1 chum salmon (French 1966).
In February–March 1965, a USA gillnet survey (42–
53°N, 167°E–176°W) focused on determining the relationship between salmon distribution and oceanographic features (French et al. 1967). Sockeye salmon (mostly
maturing fish) were distributed in cool SST (< 5°C) waters
north of 45°N. Older immature sockeye salmon were most
abundant near the Aleutians, and young (ocean age-1) immature sockeye salmon were caught farther south than older fish in a narrow band between 46–47°N. Chum salmon
(mostly maturing fish) were caught primarily at southeastern
stations with SST > 3.2°C. A few pink and coho salmon and
steelhead were caught at stations south of 45°N at relatively
warm SSTs (6.9°C and 7.1°C). Vertical distribution of salmon was investigated using surface and subsurface (sunken)
gillnets (0–7 m, 8–15 m, and 16–23 m) fished at the same
time, and catches indicated that salmon were distributed at
the surface at night. Oceanographic research indicated that
the westward extent of Bristol Bay origin sockeye salmon
was associated with the western terminus of the Alaskan
stream, which diverged near 170°E, with a northward branch
circulating into the Bering Sea and a southward branch that
merged with the eastward flowing Subarctic Current near
49°N (Favorite 1967). The existence of a temperature front
at the southern limit of sockeye salmon distribution (45°N)
supported an earlier hypothesis that this front, identified by
the vertical slope of the 4–5° isotherm and also by a sharp
salinity gradient, may indicate the southern boundary of
sockeye salmon distribution throughout the year (Favorite
and Hanavan 1963; Favorite 1967).
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and 1964; sockeye were the most frequently caught species
and were much more abundant in the central part of the Gulf
of Alaska (from 48°N to 52°N and from 140°W to 150°W)
than in areas closer to the British Columbia coast. A total
of nine longline sets was made yielding 609 salmon (584
sockeye, 18 pink, 7 chum) and two steelhead. Only eight
sockeye were tagged and released (none recovered); all
the remaining fish were retained for studies of racial origin
(FRBC 1967).
In summary, Canadian winter surveys in the ENP found
that sockeye salmon were the dominant species in catches during all three years, and were much more abundant
in the central Gulf of Alaska (48–52°, 140–155°W) than
in areas closer to the British Columbia coast. In January
and February, the main concentrations of sockeye salmon
were somewhat farther to the southwest than in April. The
size and age of sockeye salmon increased to the northwest.
Subsequent recoveries of tagged maturing sockeye salmon
included populations from Bristol Bay to the Fraser River
(Fig. 5). Sockeye salmon were distributed in a region of
relatively low temperature and high salinity, and the southern and eastern boundaries of sockeye salmon distribution
nearly coincided with the boundary separating the Central
Subarctic Domain and the Transition Zone. Within the area
of distribution, the highest sockeye catches were associated with the abrupt upward doming of subsurface isotherms
(4–5°C) to within about 100–200 m of the surface. This
common oceanographic feature of the subsurface layer of
the Central Subarctic Domain is called the Ridge Domain,
where nutrient rich, low temperature, and high salinity deep
water rises abruptly below low salinity surface water and
intermediate cold water (Favorite et al. 1976; Onishi 2001).

Eastern North Pacific (ENP)
As part of field investigations on the distribution,
movement, and area of origin of Pacific salmon in the ENP,
Canada conducted exploratory longline and gillnet fishing
operations for salmon during January–February 1962–1965
(FRBC 1962, 1963, 1964, 1966, 1967). The first attempt
at winter sampling, in February 1962, was only marginally
successful, at least in part because of the small size of the
vessel used (24-m A.P. Knight; FRBC 1962). Using a larger
vessel the next year (4 Jan–2 Feb 1963, the 54-m G.B. Reed),
two cruises were conducted, one southwest from Cape Flattery to about 43°N, 129°W, the other northwest from Juan
de Fuca Strait into the Gulf of Alaska to about 55°N, 150°W
(FRBC 1963, 1964). Fishing was conducted with surface
longlines during dawn and with gillnets during hours of
darkness. A total of 329 salmon and seven steelhead was
captured. Salmon were caught only in waters fished north
of about 50°N. Sockeye and pink salmon were caught almost exclusively west of 137°W and sockeye increased in
numbers, size, and age to the westward. Coho and steelhead
were caught farther to the southeast (FRBC 1963). Two
hundred seven salmon (mostly sockeye) were tagged and released of which four were recovered (FRBC 1964).
In 1964, the G.B. Reed again conducted exploratory winter longline surveys in the ENP (7 January–7 February) westward of 155°W between 45°N and 56°N (FRBC 1966). Eight
hundred thirty salmon (740 sockeye) were caught of which
706 were tagged (653 sockeye); 18 sockeye and one steelhead
were subsequently recovered. Sockeye were caught primarily
west of 135°W and north of 56°N (FRBC 1966).
In 1965 the G.B. Reed sampled the ENP from January
14 to 20. The pattern of catches was similar to those in 1963

Fig. 5. The release and recovery locations of maturing sockeye salmon tagged in the Gulf of Alaska in winter 1963–1965. Line associates the
tag release location with its respective recovery location. Data source: INPFC/NPAFC High-Seas Salmonid Tag-Recovery Database, www.
npafc.org/new/science_tag_data_req.html.
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Pink salmon were caught sporadically over the same
area as sockeye, and pink salmon were farther offshore in
winter than in April. Pink salmon were generally associated
with waters intermediate between those where sockeye and
coho salmon and steelhead were caught. Coho salmon and
steelhead were caught farther to the southeast than sockeye
and pink salmon, and were associated with waters having
relatively high temperatures and low salinities. Compared
to spring (April) catches, few chum salmon were caught in
winter, and investigators speculated that this might be related to seasonal differences in vertical distribution or feeding.
In general coho salmon and steelhead distribution in winter was similar to spring. Subsequent recovery of a tagged
steelhead (Babine R. in the Skeena watershed) was to the
northeast of the winter release area.
In March 1962, the USA conducted a winter gillnet survey to determine distribution of salmon in the ENP
(46–55°N, 155°W; French 1964). Most salmon were caught
between 47°N and 53°N. Catches were dominated by sockeye salmon (most abundant north of 50°N), and chum were
most abundant south of 50°N (SST > 5°C). Sockeye and
chum salmon were more abundant in the ENP than in the
CNP (175°W). Few pink or coho salmon, or steelhead, and
no Chinook salmon were caught. Distribution of sockeye
salmon appeared to be associated with a temperature minimum stratum (< 4.0°C at 150 m depth) that is indicative
of a particular type of vertical circulation caused primarily
by the advection of cold water from the western Pacific and
winter turnover. The southern boundary of sockeye salmon
distribution was denoted by a temperature front indicated by
the vertical slope of the 4°–5°C isotherm and a sharp salinity
gradient (Favorite 1964, 1967).
In March 1963, USA gillnet and oceanographic surveys
along 155°W, 47–55°N, as well as in the Bering Sea and CNP,
focused on determining whether salmon migrate southward
in winter, aggregate in particular areas, and intermingle by
species, age, and maturity group (French 1964). In the ENP,
winter catches of older sockeye salmon were substantially
higher than in summer, and catches were higher than along
survey lines in the Bering Sea and CNP. Catches of chum
salmon were lower in winter than in summer. Few pink and
coho salmon were in the ENP survey area.
In January 1964, USA longline sampling (46°30’N,
133–148°W) caught pink salmon at stations between 750–
900 nm off the coast of Washington State, and steelhead
(mostly ocean age-1) were caught at stations 360 nm and
725 nm off the coast (French 1966).
In February–March 1967, the USA conducted a gillnet
survey along two north-south transects (55–46°N, 162°W
and 155° W) in the western Gulf of Alaska to study salmon distribution, migration, abundance, and relationships
between salmon distribution and four water masses (from
north to south): (1) the westward flowing Alaskan Stream,
(2) the Alaska Gyre, (3) the weak velocity (3 cm/sec) eastward flowing Oyashio Extension, and (4) stronger velocity
(5–20 cm/sec) eastward flowing Subarctic Current (French et

al. 1967). Ocean age-1 sockeye were more abundant along
162°W than 155°W, and they were distributed primarily
south of 50°N in the Oyashio Extension and Subarctic Current at 155°W and the Oyashio Extension and Alaska Gyre
at 162°W. Ocean age-2 sockeye salmon were widely distributed but concentrated in the Alaska Gyre, Oyashio Extension, and Subarctic Current at 155°W and in the Alaska Gyre
and Oyashio Extension at 162°W. Maturing sockeye (ocean
ages-3 and -4) were more abundant than immature sockeye
salmon, and maturing fish were distributed primarily north
of 50°N in the Alaskan Stream and Gyre. Scale pattern
analysis indicated that percentages of Bristol Bay sockeye
salmon were relatively high among the older age groups and
were lower for young (ocean age-1) sockeye salmon. Chum
salmon (ocean age-2 and older) were distributed only along
155°W, south of 50°30’N, and concentrated near 48°N in
the Subarctic Current. Coho salmon were caught along both
transects, but only at southern stations. Few Chinook salmon and steelhead were caught. A comparison with a summer
1966 survey indicated that immature sockeye salmon were
distributed farther north in summer than in winter, and older
maturing (ocean age-3) sockeye salmon appeared to remain
in northern waters in winter.
In January–February 1969, a USA gillnet survey (47–
57°N, 145–165°W) caught sockeye salmon at all stations
sampled and a few chum, pink, and coho salmon, and steelhead. No Chinook salmon were caught (French et al. 1971).
Sampling showed for the first time that ocean age-1 sockeye
salmon were distributed east of 155°W and north of 55°N.
Maturing sockeye salmon were not as broadly distributed
as immature sockeye salmon. The abundance of maturing
sockeye salmon increased abruptly in the vicinity of 50°N
near the boundary between the Subarctic Current and the
Transition Zone. Along 155°W, north-south distribution
varied by age and maturity group. Younger (ocean ages-1
and -2) immature fish were distributed farther south than
older immature and maturing fish. Maturing ocean age-3
sockeye salmon had the most northerly distribution. Experimental fishing with surface (0–7 m) and subsurface (8–15
m and 16–23 m) gillnets indicated that most sockeye salmon
were in the surface layer.
In January–March 1970, a USA survey (gillnet and
longline) investigated the distribution and abundance of maturing Bristol Bay sockeye salmon and other salmon with
respect to ocean conditions along three transects: 165°W,
160°W, 155°W, north of 48°N (French et al. 1972). Sockeye
salmon were caught at all stations, and few chum and pink
salmon, and no Chinook salmon or coho salmon or steelhead
were caught. The highest concentrations of immature sockeye salmon were at southern stations and none was caught
at northernmost stations. A comparison of sockeye salmon
distribution and abundance data from this same area in 1962,
1967, and 1969 showed that maturing Bristol Bay sockeye
salmon were generally caught between the southern boundary of the Subarctic Current (southern boundary of sockeye
distribution) and the Alaska Stream (northern boundary of
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sockeye distribution). However, in 1970 sockeye salmon
were caught in the Transition Zone, south of the Subarctic
Current.
In January–February 1971, a USA winter survey was
designed to continue investigations of the distribution of
Bristol Bay sockeye salmon along two north-south (49–
53°N) transects at 160°W and 165°W (French et al. 1973).
Sockeye salmon were caught at all stations, and few chum,
pink, Chinook, or coho salmon, and no steelhead were
caught. Due to the predominance of ocean age-3 sockeye
salmon in the catch, overall distribution of maturing sockeye
salmon appeared to be shifted northward compared to earlier
years, however, this may have been influenced by weather
conditions that affected the timing and sequence of stations
sampled. The investigators noted that accurate forecasts of
the size of the Bristol Bay run from winter survey data were
not yet possible.

the distribution and abundance of ocean age-1 pink, chum,
sockeye, coho, and Chinook salmon and to establish their
offshore migration path. Few salmon (seven sockeye salmon, ocean ages 1–3) were caught at offshore stations (Welch
et al. 2002a, 2003). One sockeye salmon was identified
from otolith thermal marks as originating from the Chilkat
Hatchery in Southeast Alaska. Given the absence of salmon
in most surface tows, six stations were sampled at multiple depths (surface to 100 m). However, no salmon were
caught in subsurface tows. Investigators speculated that
low catches might be due to either low abundance of Gulf of
Alaska salmon stocks, as evidenced by subsequent low adult
returns, or to stock-specific migratory pathways that take juvenile salmon farther to the west in coastal marine waters of
Alaska before they move offshore. Investigators also noted
that if there were westward displacement of salmon out of
the study area, it was not due to sea temperatures, which
were within 1°C of March averages.
In November–December 1997, additional Canadian surveys in the ENP failed to capture any ocean age-0 salmon in
the central Gulf of Alaska or offshore of the 1,000-m isobath
(Welch et al. 2002b). Significant numbers of age-0 pink,
chum, and sockeye salmon were caught on the continental
shelf and slope regions, many more close to the Aleutian Archipelago than to the east, implying a north and westward
movement along the shelf prior to moving offshore.
In January 1996, February–March 1998, and January–
March 2006, Japan conducted large-scale fisheries-oceanographic surveys of the winter distribution of salmon (Ueno
et al. 1996; Ishida et al. 1998b; Fukuwaka et al. 2006).
Fishing was conducted with a large pelagic rope trawl that
fished from the surface to a depth of about 40–50 m. The
1996 survey was the first trans-Pacific survey of salmon distribution in winter (Ueno et al. 1996). A previous
trans-Pacific survey in late fall (December) 1992 showed
juvenile salmon moving offshore into the WNP and Gulf of
Alaska (Nagasawa et al. 1993; Ishida et al. 2000), demonstrating the feasibility of conducting such a survey in winter. Sampling stations were along north-south transects and
diagonals between transects in the WNP, CNP, and ENP
to evaluate salmon distribution with respect to ocean conditions. In the WNP in 1996, salmon were distributed at
stations north of the Subarctic Boundary, between the 8°C
(southern boundary) and 4°C (northern boundary) in the
Transition Zone and Subarctic Domain (Ueno et al. 1997).
All species except steelhead were caught in the WNP. Distribution of species overlapped, but differed slightly with
respect to southern extent (Ishida et al. 1996). In the CNP
in January 1996, salmon were caught at stations north of
45°N (48–56°N). Pink salmon were the most abundant
species in the catch, and a few sockeye, chum, coho, and
Chinook salmon were also caught. The sockeye and chum
salmon were mostly ocean age-2 and older. In the ENP
(145°W transect), pink, coho, and Chinook salmon were
caught only at stations south of 52°N (SST 5.8–7.2°C),
chum salmon were most abundant at southern stations (48–

Summary of Winter Research Surveys, 1980s–2010s
In winter 1986–1992, Russia conducted winter surveys
of salmon in the WNP and CNP (Erokhin et al. 1990; Erokhin 1991; Startsev and Rassadnikov 1997). A large pelagic rope trawl was used for fishing. In 1988, 1989, and
1991, the survey area was expanded eastward to 150°W in
the ENP (Karpenko 2003). Figurkin and Naydenko (2014)
provided maps of survey areas and trawl station locations in
those years. The distribution of Okhotsk pink salmon was
closely associated with the Subarctic Front water mass (SST
0.5–11°C) in the WNP (Startsev and Rassadnikov 1997).
The largest concentrations of pink salmon were found between 40–44°N (SST 2–8°C; Erokhin 1991). Moroz (2003)
assumed that water temperature was a major factor influencing distribution of salmon. However, Shuntov and Temnykh
(2005) later established that SST within the survey area did
not limit salmon distribution, migratory timing, or migration
routes. Pacific salmon were distributed across a wide range
of temperatures during winter (0.5–12.0°C), especially pink
and chum salmon, whereas sockeye and coho salmon tended
to occupy cooler and warmer waters, respectively (Figurkin
and Naydenko 2013; Naydenko et al. 2016). In addition,
Moroz (2003) determined that the absolute biomass of zooplankton was not the factor determining the abundance of
pink salmon in the survey area, and changes in pink salmon
distribution in the survey area between even and odd years
were caused by year-to-year fluctuations in abundance and
run timing.
In March 1995, a Canadian trawl survey in the ENP had
only sporadic catches of pink, sockeye, and chum salmon in
the area 46°–51°N, 139°–142°W (Welch and Carlson 1995).
Investigators speculated that patchy catches might have
been due to low net towing speeds (4.5 kts or lower), and
they recommended using speeds of 5.0–5.5 kts that more
consistently caught salmon in other trawl surveys.
In March 1997, a Canadian trawl survey was conducted
in the ENP (49 stations, 48–58°N, 132–154°W) to establish
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50°N, SST 6.5–7.2°C), and sockeye salmon were caught
only at stations north of 53°N (SST 4.5–4.7°C).
In 1998, salmon distribution was surveyed in the WNP,
CNP, and Bering Sea (Ishida et al. 1998b). In the Bering Sea,
Chinook salmon (12 fish, immature ocean ages -1 (83%) and
-2) were the only species caught at the few stations sampled
(58–54°N, 180°; SST 1.3–2.6°C). Similar to the 1996 survey, salmon in the WNP were distributed at stations north
of the Subarctic Boundary, between 8°C (southern boundary) and 4°C (northern boundary) in the Transition Zone and
Subarctic Domain (Ishida et al. 1998b). All species except
steelhead were caught in the WNP. In the CNP in February
1998, salmon were distributed between 43–46°N (at 180°),
where sea surface temperatures were 5.2–6.7°C (Ishida et
al. 1998b). Ishida et al. (1998b) speculated that in the CNP
salmon distribution in winter might be limited to the south
by the Subarctic Boundary and to the north by the northern
extent of the Transition Zone.
The 2006 survey focused on investigations to compare
stock condition (lipid content) and prey abundance in the
WNP (Transition Zone and Subarctic Current) and ENP (Dilute Domain, where surface waters are relatively warm and
dilute) in winter (Fukuwaka et al. 2006). Pink salmon dominated catches (77% of total salmon catch) in the WNP, and
chum salmon dominated catches (84% of total) in the ENP.
Age composition of chum salmon differed between regions,
i.e., primarily young (ocean age-1) fish in the WNP and older (> ocean age-1) fish in the ENP. In the ENP (145°W,
47–54°N) chum salmon were the dominant species in the
catch at all stations. Sockeye salmon (mostly > ocean age-1)
were most abundant at stations north of 50°N. A few pink,
coho, and Chinook salmon were also caught. Subsequent
genetic analysis of chum salmon was reported. In the ENP,
chum salmon in more northern areas (54°N) were primarily
of North American origin while chum from more southern
areas (48°N) were mostly of Japanese and Russian origin
(Beacham et al. 2009; Sato et al. 2006). In the ENP, all
ocean age-1 chum salmon were from North America while
30% of ocean age-2 chum salmon were from Asia (Beacham
et al. 2009). Ocean age-1 chum salmon dominated in the
WNP and these were primarily of Asian origin although
North American salmon constituted ~15% of the catch (Sato
et al. 2006).
In March 2009, February–March 2010, and February–
March 2011, Russia conducted ecosystem trawl surveys in
the WNP Transition Zone (37–50°N, 152–172°E), where
southern Okhotsk Sea populations of pink salmon are distributed in winter (Starovoytov et al. 2009; Naydenko et
al. 2010a; Glebov et al. 2011a). The survey area included
Subarctic Current, Transition Zone, and Subtropical waters
(borders between these water masses were approximately
3.5–8°C and 33.2–34.0‰ in the upper 100-m layer). The
primary survey goals were to estimate total abundance and
biomass of salmon, as well as other epipelagic nekton and
zooplankton, and to obtain data on oceanographic conditions, biological characteristics of salmon, trophic ecology,

and factors influencing salmon distribution, abundance, and
production in winter. Vertical distribution (0–120 m depth)
of salmon was also investigated. The survey results revealed
considerable interannual variation in the locations, shapes,
and other characteristics of oceanic water masses, abundance
of salmon and their forage species, and salmon distribution
and trophic ecology. Horizontal and vertical distribution of
salmon varied by species, size (age), and maturity group.
Pink and chum salmon were the most abundant salmonid
species. Pink salmon were concentrated in the Transition
Zone and Subtropical waters, while chum salmon were concentrated in the Transition Zone and Subarctic waters. Sockeye salmon were concentrated mainly in the northeastern
part of the survey area in cool Subarctic waters. Few coho
and Chinook salmon and no steelhead were caught. Salmon
were seldom caught at depths > 100 m and used the entire
surface mixed layer (< 100 m depth). During stormy weather and high wave (5–7 m) conditions salmon appeared to
remain in deeper layers (> 60 m depth) during both daytime
and nighttime hours, and in calm weather they were distributed mainly in the near-surface layer (0–30 m depth). Depth
distribution varied by size and maturity stage, e.g., in 2011
small-sized (ocean age-1) immature chum salmon were substantially more abundant in the 31–60 m layer than large
size immature (> 30 cm FL) and maturing chum salmon.
Salmon diets were diverse and varied by species, size, age,
and maturity group, exhibiting high spatial (horizontal and
vertical) and interannual variability. The high abundance of
zooplankton and salmon stomach fullness (few empty stomachs) indicated that winter foraging conditions were sufficient in this oceanic region.
In February–March 2009, Russia conducted an ecosystem trawl survey in the CNP Subarctic Front (37°–50°N,
174E°–164°W), where the distributions of Bering Sea
salmon populations (eastern Kamchatka and western Alaska sockeye and pink salmon) overlap (Starovoytov et al.
2009). The survey area included Subarctic, Transition Zone,
and Subtropical waters. The primary survey goals were to
estimate the abundance of Pacific salmon and clarify the
condition of Russian salmon during winter. The main concentrations of pink and sockeye salmon were located east of
175°W and north of 45°N. In the surface (0–30 m) layer,
pink salmon were the most abundant species, followed in
order by sockeye, chum, coho, and Chinook salmon. Abundance of sockeye salmon was highest in the northeast part of
the survey area in cool water (SST 4.5–5.0°C), while coho
salmon were distributed southward from 47°N in warmer
(SST 6–8°C) water. In addition, sampling of vertical distribution indicated that pink and chum salmon were distributed
in both surface (0–30 m) and subsurface (30–60 m) layers.
The investigators speculated that major concentrations of
salmon were inside the U.S. 200-mile zone and high seas
areas eastward of the survey area, which were not sampled.
The diets of all salmon species were diverse and showed
high spatial variability.
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Fig. 6. An example of seasonal changes in the observed distribution and relative abundance of pink salmon in winter (January–March, upper
panel) and early spring (April, lower panel) by research vessels fishing with gillnets and longlines during odd-numbered years in 1961–1971
(modified from Takagi et al. 1981).

DISCUSSION

susceptible to capture in surface gillnets and longlines (Takagi et al. 1981). However, data were insufficient to rule out
other factors such as decreased water clarity or increased
swimming activity of salmon in spring that might also affect
the catching efficiency (catchability) of surface gillnet and
longline gear. The northern extent of salmon and steelhead
distribution in winter was not well established because few
high seas surveys were conducted in the Bering Sea. While
winter surveys indicated that most salmon leave the Bering
Sea in winter, the winter distribution of sockeye was found
to extend northward to at least the edge of the ice sheet in the
central Bering Sea basin (French 1964; French and Mason
1964). Age-0 sockeye generally disappeared from coastal
regions of the Gulf of Alaska by winter, most presumably
migrating into deeper waters of the ENP by that time (Tucker et al. 2009).
Within each major region of the North Pacific, historical
research showed that the relative abundance and distribution
of salmon in winter varied by species, size, and age group.
Pink and chum salmon were the most abundant species in
the WNP, and sockeye salmon was the most abundant species in the CNP and ENP. In the ENP, sockeye salmon abundance was highest in the western Gulf of Alaska, south of
the Alaska Peninsula. In all regions, chum salmon had a
more southerly distribution than sockeye salmon, and immature chum and sockeye salmon, particularly small size

Historical Winter Research, 1950s–1970s
Historical high-seas research (1950s–1970s, all seasons) discovered that there are species and stock-specific
distributions in the high seas; winter survey results provided
some clues as to important winter locations and dominant
oceanographic features of winter habitat.
Seasonal distribution and migration patterns
Historical high seas research established that Oncorhynchus species move seasonally across broad geographic fronts to the north and west in summer–fall and to the
south and east in winter–spring (see review by Myers et al.
2007). The composite information from all winter surveys
in the 1950s–1970s demonstrated that oceanic distribution
of Oncorhynchus in winter is extensive, e.g., for pink salmon
covering the entire subarctic North Pacific from the Aleutian-Commander Island Chain southward to at least the Subarctic Boundary in the CNP (Fig. 6). The observed southern
extent of distribution was farthest to the south in the WNP
and farthest to the north in the ENP. The apparent sudden
increase in relative abundance of salmon in early spring
(April) was probably due to a seasonal change in vertical
rather than horizontal distribution that made salmon more
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groups, were distributed farther south than maturing fish.
The distribution of pink salmon (all maturing) overlapped
with other species, however, large pink salmon tended to be
most abundant in the western part of the WNP, northern part
of the CNP, and eastern part of the ENP. Presumably, these
regions are winter staging areas for early-run maturing pink
salmon. In general, coho salmon (all maturing), Chinook
salmon (predominantly immature ocean ages-1 and -2), and
steelhead (predominantly ocean ages-1 and -2) catches were
too low to determine the extent of winter distribution. However, coho salmon and steelhead often had a more southerly distribution than pink, chum, and sockeye salmon, and
steelhead (likely including a large component of maturing
winter-run fish) were most abundant in the ENP (Burgner et
al. 1992; Welch et al. 1998b).
The few historical investigations of vertical distribution
of salmon in winter using surface and subsurface (sunken)
gillnets indicated that salmon were distributed primarily in
the surface water layer at night (French et al. 1967, 1971).
However, the maximum depth sampled (23 m) was insufficient to determine vertical distribution throughout the mixed
surface layer (~100 m). Exploratory fishing to determine vertical distribution of salmon in the WNP with a vertical longline was not successful (FAJ 1969). No research on vertical
distribution of salmon was done in the ENP. Nevertheless,
investigators speculated that low catches of chum salmon in
winter longline surveys in the ENP compared to catches in
the same area in the spring (April) might be due to seasonal
differences in vertical distribution or feeding (FRBC 1966).

seas salmon research was to determine the extent of seasonal
distribution and movements of major commercially important stocks of Asian and North American salmon, and in the
1960s the first conceptual models (hypotheses) of stock-specific distribution and movements in winter were developed
from available high seas data. For example, Kurile Lake in
southern Kamchatka is the freshwater juvenile rearing area
for the most economically important population of sockeye
salmon in Russia. Ocean survey data and stock identification analyses, using a combination of parasite tags and scale
pattern analysis, indicated that juvenile (ocean age-0) Kurile Lake sockeye salmon migrated in mid-October from
summer feeding grounds in the Sea of Okhotsk to the WNP
in a southeasterly and easterly direction to winter feeding
grounds well south of the Aleutian Islands (167°E–178°W,
primarily south of 50°N, as inferred from their distribution
in spring); the southward extent of winter distribution was
unknown but thought to extend to about 45°N during the
first and subsequent ocean winters (Birman and Konovalov
1968). High seas surveys in February–March indicated that
sockeye salmon were distributed west to 165°E (French et al.
1967), and this longitude was considered the eastern boundary of the Kurile Lake sockeye wintering area. Birman and
Konovalov (1968) concluded that the migration of juvenile
Kurile Lake sockeye salmon to a specific oceanic wintering
area indicated a “consciousness of a suitable, desirable, beneficial water mass” that was similar to the ability of salmon
to home to their natal stream, suggesting a genetic basis for
orientation and migration routes of each local stock. Similarly, after developing conceptual models of stock-specific
oceanic migration of three major stocks of pink salmon and
discussing potential mechanisms of migration, Royce et al.
(1968) concluded that the response of salmon in the ocean
“to all migratory cues must be inherited.”

The ‘Stock Concept’ of Oceanic Distribution
The ‘stock concept’ of oceanic distribution is the hypothesis that there are genetic differences in migration patterns
among salmon populations. An important objective of high

Fig. 7. The hypothesized high seas overwintering grounds for Pacific salmon and steelhead from the three major coastal marine production
regions: Okhotsk Sea (OS), Bering Sea (BS), and Gulf of Alaska (GOA). The OS production region includes Japan and Korea. Data sources:
French et al. 1976; Neave et al. 1976; Fredin et al. 1977; Takagi et al. 1981; Hartt and Dell 1986; Burgner et al. 1992.
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Historical high seas salmon tagging research quickly
provided the strongest empirical evidence to support the
‘stock concept’ of oceanic distribution and movements of
salmon (Hartt 1962). However, tagging research focused
largely on determining distribution, origin, and movements
of salmon during the spring and summer, and provided little direct evidence of stock-specific distribution and movements of salmon during winter. The most successful winter
high seas salmon tagging focused on sockeye salmon in the
ENP in the 1960s, and resulted in recoveries in coastal fisheries or natal streams, primarily from large maturing sockeye salmon tagged during the same year as recovery (FRBC
1964, 1966, 1967; Fig. 5). Although few high-seas tagged
sockeye salmon were later recovered, the recoveries clearly show ecosystem-scale intermixing of stocks returning to
different coastal areas and rivers of the Gulf of Alaska and
eastern Bering Sea (Bristol Bay).
Conceptual models of age- and maturity-specific seasonal distribution and migration patterns were developed
for the most abundant species, i.e., pink, chum, and sockeye
salmon, and regional stocks (French et al. 1976; Neave et al.
1976; Fredin et al. 1977; Takagi et al. 1981; Hartt and Dell
1986). Because there are potentially thousands of salmonid
populations distributed on the high seas, INPFC scientists
used the term “stock” in a practical sense to mean complexes of salmon populations originating from and returning to
rivers in the same geographic region (Jackson and Royce
1986). The hypothesized overwintering grounds for all species, stocks, and age-maturity groups originating from the
three major coastal salmon production regions (Okhotsk
Sea, Bering Sea, Gulf of Alaska), covered vast and broadly
overlapping oceanic regions (Fig. 7). In general, Okhotsk
Sea stocks dominate the WNP, Bering Sea and Gulf of Alaska stocks dominate northern areas of the CNP and ENP, and
all three stocks intermix in the southern areas of the CNP
and ENP.

Oceanographic Features in Regions Where Salmon Migrate
One of the major objectives of historical high seas
salmon winter research during the 1950s–1970s was to determine relationships between salmon distribution and environmental conditions. Oceanographers wanted to develop the capability to forecast major environmental changes
and to predict their effects on distribution and abundance of
salmon (McAlister et al. 1969; Favorite et al. 1976). The
research succeeded in describing the winter environment
(major ocean currents and water masses) of salmon on the
high seas, but was not successful at being able to predict
how salmon might respond to changing environmental conditions. One major problem was that salmon research vessels and oceanographic research vessels usually operated
independently and at different spatial and temporal scales
(Favorite et al. 1976). At the largest spatial scale, the research showed that the winter range of high seas salmon included all of the major ocean currents and oceanic domains
in the subarctic North Pacific (Fig. 1). At the regional scale,
variation in salmon distribution was not consistently linked
to specific oceanographic features. For example, in the CNP
the southern limit of salmon distribution generally coincided with the Subarctic Boundary (Fig. 1), while the apparent
southern limit in the ENP was well north of the Subarctic
Boundary. In addition, winter distributions of salmon with
respect to oceanic features varied by species, stock, body
size, age, and maturity group. For example, in winter 1967
in the ENP immature sockeye (ocean ages-1 and -2), chum,
and maturing coho salmon were distributed farther south,
primarily in the Oyashio Extension and Subarctic Current
areas, than maturing (ocean ages-2 and -3) sockeye salmon, which were distributed primarily in the Alaskan Stream
and in the Alaska Gyre (Ridge Domain and Oyashio Extension areas; French and McAlister 1970). At the local scale,
fishing stations were selected with respect to geographic
boundaries rather than by water properties and environmen-
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Fig. 8. An illustration of the thermal tolerance hypothesis for sockeye salmon distribution in winter. Within the northern and southern
latitudinal temperature limits of each species’ thermal tolerance, regional stock groups exhibit east-west longitudinal boundaries with overlap in
distribution in the central North Pacific. Adapted from original figure source: Birman 1985.
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tal features. The fishing vessels used for most winter salmon surveys did not have the oceanographic instrumentation
needed to “denote the presence and extent of fronts and eddies and associated convergence and divergence phenomena
that could influence the vertical and horizontal distribution
of salmon” (Favorite et al. 1976). Clearly, there was a need
to better integrate oceanographic and salmon research and
the results from these types of research.
In general, oceanographic data collected aboard high
seas salmon research fishing vessels were limited to sea
surface temperature and bathythermograph records in the
vicinity of fishing stations (Favorite et al. 1976). Temperature was considered to be the single most important hydrographical factor determining general distribution and ocean
range, seasonal changes in foraging and winter habitat and
overall duration and direction of migrations (e.g., Birman
1985). The leading hypothesis, called the ‘thermal tolerance
hypothesis,’ suggested that the winter range of salmon is determined by species-specific temperature tolerances (Manzer et al. 1965; Birman 1985; and others). During winter,
stormy conditions result in relatively deep (~100 m) mixed
layer depths. Thus, in theory the winter latitudinal boundaries of species distribution could be described by sea surface
isotherms. For example, Birman (1985) hypothesized that at
the end of winter, salmon distribution south of the Aleutians
was bounded by the following species-specific isotherms:
pink (3.5–10°C), coho (5.5–10.5°C), chum (1.5–10°C), and
sockeye (1.5–6°C) salmon (Fig. 8). However, the estimated
ranges of species-specific thermal tolerances differed among
investigations by Birman and others (Abdul-Aziz et al.
2011). As discussed below in greater detail (see The “Why”
of Winter Distribution), scientists have continued to develop
new hypotheses about the role that temperature plays in high
seas salmon distribution.

availability or active feeding of salmon could not be determined from the available data. Despite differences in fishing
gear and methods, both studies indicated that sockeye and
pink salmon fed most actively in early morning.
Winter Research, 1980s–2010s
During the1980s to mid 2010s, major advances in winter
high seas research included: (1) the development and application of new methods, (2) expanded knowledge of salmon
distribution (horizontal, vertical, stock-specific) and ecology,
and (3) increased evidence that the “why” of winter distribution is complex. Despite these advances, few winter research
vessel surveys were conducted compared to the earlier period
(Fig. 2). Thus, empirical data on the winter distribution and
ecology of high seas salmon remain limited. In particular,
the northern extent of distribution for all species in winter is
still not well established, and catches of coho and Chinook
salmon, and steelhead during research trawl surveys are too
low to be confident in the extent of winter distribution.
Development and Application of New Methods
The development and application of new winter survey
methods, especially the use of pelagic rope trawls, genetic
stock-identification techniques, remote sensing technologies, and analytical methods have rapidly advanced our understanding of the winter distribution of salmon, despite an
overall decrease in high seas surveys (Fig. 2). Pelagic rope
trawls towed at speed of ~ 3 kts were used extensively before the mid-1980s for oceanic groundfish surveys. However,
higher tow speeds (~ 5 kts or faster) are needed to non-selectively catch all size, age, and maturity groups of salmon on
the high seas. In Russia, high quality systems introduced in
the 1970s controlled the vertical and horizontal opening of
the trawl mouth at tow speeds > 3 kts, and enabled accurate
estimation of the area sampled by the net and, thus, estimation
of the abundance and biomass of salmon and other aquatic organisms (Volvenko and Kulik 2011). Compared to traditional
gillnet gear, which is most effective at catching salmon when
drifted overnight at the surface, trawls are typically towed
for ~1 hour and tow depths can be quickly adjusted, enabling
multiple sets at various depths during a 24-hr period. Gridbased trawl survey designs at the preferred latitude x longitude scale permit increased sampling efficiency to cover large
areas. One trawl species-selectivity problem is that steelhead,
which are distributed in or near the neustonic (sea surface)
layer, are seldom captured in pelagic surface trawls unless
the buoyancy of the head rope is adjusted to sample this layer (S. Hayes, sean.hayes@noaa.gov, pers. comm.). Another
well-known problem is that trawl nets are very abrasive, and
most salmonids caught in trawls are de-scaled. Thus, otoliths,
which were rarely collected in the past, should be collected
from all salmon species (except pink salmon because of their
consistent life history) to determine freshwater and ocean age.
High seas recoveries of coded-wire tagged (CWT)
steelhead in commercial and research vessel driftnet fishing

Food Habits and Feeding Ecology
The first published investigation of winter feeding and
food habits of high seas salmon (Gulf of Alaska) established
that salmon feed in winter and diets vary by species (Manzer
1968). Fish were captured by surface longlines, mostly at
dawn but some during approaching dusk. Samples sizes for
all species except sockeye salmon were small. In 1964 the
dominant prey were myctophid fish in sockeye salmon, hyperiid amphipods in pink salmon, decapod crustaceans in coho
salmon, unidentified digested material in chum salmon, and
squid in steelhead stomach contents. Many of the salmon
and steelhead had empty stomachs (Manzer 1968). In addition, plankton sampling indicated spatial, seasonal, and daily changes in zooplankton communities that affect juvenile
salmon feeding. A comparison with food habits data from
salmon caught by surface gillnets, set in evening and hauled
in early morning, in the same oceanographic domains in
spring 1958 (LeBrasseur 1966), i.e., sockeye (Subarctic) and
pink (Transition) salmon, indicated salmon in the northern
ENP feed less intensively in winter than in spring. Whether
this was due to gear selectivity or seasonal differences in prey
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gear provided important information on spring-fall distribution of steelhead stocks (Burgner et al. 1992; Myers et al.
1996). However, CWTs did not contribute to our understanding of high seas steelhead distribution in winter, largely due
to the lack of winter sampling with driftnet gear during the
1980s–2010s.
International comprehensive genetic baselines for chum,
sockeye, and Chinook salmon have been developed and successfully applied in various studies to identify the geographical origin of stocks migrating on the high seas in winter (e.g.,
Urawa and Ueno 1997, 1999; Urawa et al. 1997, 1998, 2000,
2001; Urawa 2000, 2004; Beacham et al. 2009; Larson et al.
2013). However, genetic stock identification has not been
routinely applied to all species and specimens collected during
winter surveys. In some cases, more traditional techniques
such as phenotypic analysis (e.g., see Figurkin and Naydenko
2014) continue to be used due to the lack of comprehensive
genetic baselines for pink and coho salmon, and steelhead.
Remote sensing technologies, e.g., satellite data, oceanographic buoys, electronic data-recording tags, and hydroacoustic surveys, have been used in combination with salmon survey data to further our understanding of the relations
between environmental conditions and winter distribution of
high seas salmonids. For example, archival tag data on the
vertical movements and thermal habitats of individual fish
were used in combination with sea temperature data from
satellites and oceanographic buoys to map the stock-specific winter distribution of salmon and steelhead on the high
seas (e.g., Walker and Myers 2009; Hayes et al. 2012). Hydroacoustic surveys of high seas salmonids during winter,
although seldom used to date, are feasible. For example, a
January 1996 trans-North Pacific hydroacoustic survey using a quantitative echo sounder with frequency of 50.0 kHz
and depth range of 200 m revealed that salmon were not distributed below the halocline or in waters colder than 4°C
(Sakai et al. 1996). High resolution acoustic images confirmed the presence of salmon near the surface in the ENP
Catch %:

0–0.5

0.5–1.0

during February 1992 (Nero and Huster 1996).
The use of new quantitative analytical methods in combination with high performance computing has increased our
understanding how multiple environmental factors influence
the ocean distribution and migration of salmon. For example, a simulation model that assumed temperature-dependent
swimming orientation indicated that Asian chum salmon,
including Japanese, southern Sakhalin, and southern Kuril
Islands stocks, in their first winter at sea swim northward
against southward wind-driven currents to remain in the
WNP, necessitating greater energy expenditure than eastern
Kamchatka stocks that are transported by currents southeastward to the CNP (Azumaya and Ishida 2001, 2004). As
another example, a simulation model using ocean currents,
magnetic field inclination and intensity, and fish swimming
behavior demonstrated that geomagnetic imprinting may be
sufficient to direct the homing migration of Columbia River
Chinook salmon from the Gulf of Alaska in winter (March)
to the mouth of the Columbia River in spring (Bracis and
Anderson 2012). In addition many new multi-variable techniques are available (e.g., see review by Johnson et al. 2012),
which have not yet been applied to questions related to high
seas salmon distribution and climate effects in winter.
Expanded Knowledge of Winter Distribution and Ecology
of Salmon
Research trawl surveys provided a clearer and more
detailed picture of regional and seasonal differences in horizontal distribution of abundant species of salmon (pink,
chum, and sockeye salmon) than historical gillnet and longline survey data. For example, maps of composite catches
(1986–1992, 2009–2011) of pink salmon in the WNP and
CNP during winter and spring show that percentages of pink
salmon in the total catch were higher in the WNP than in the
CNP in both seasons, and that catch percentages in the WNP
decrease from winter to spring (Fig. 9), presumably indicative of salmon movement.
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Fig. 9. An example of pelagic trawl survey results showing regional (western and central subarctic North Pacific) and seasonal (winter, spring)
distribution and relative abundance of pink salmon. The catch share (%) is the percentage of pink salmon in the total catch at each station
calculated from data collected in 1986–1992 and 2009–2011. Data source: A. Figurkin (Figurkin and Naydenko 2013, 2014), Pacific Research
Institute of Fisheries and Oceanography (TINRO-Center), Vladivostok.
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average body sizes of ocean age-1 sockeye salmon in the
survey area indicated that North American stocks dominated
the catch (Starovoytov et al. 2009), which was subsequently
verified by genetic stock identification (Fig. 11; Farley et al.
2011).
Stomach content data are often used as an indicator of
how well salmon are feeding and growing in winter. However, IGF-1 levels (a hormonal measure of instantaneous
growth) in high seas salmon sampled in winter 1996 were
not significantly correlated with stomach content variables
(Myers et al. 1998). Detailed winter diet studies showed
large variability in food and feeding habits of salmon in the
WNP and CNP (Tutubalin and Chuchukalo 1992; Naydenko et al. 2010b; Glebov et al. 2011a). For example, pink
salmon diets in winter–spring 2009–2011 varied by region,
body size, and depth (Naydenko et. al. 2010c; Glebov et al.
2011a).
Seasonal changes in body condition (weight and fork
length) are similar for all salmon species. That is, body condition peaks in summer and is lowest in winter (Ishida et
al. 1998a). However, biochemical analysis indicates species-specific differences in allocation of lipid resources for
somatic growth, e.g., just prior to the onset of winter, juvenile chum salmon increase lipid reserves at the expense of
somatic growth, while juvenile pink salmon continue rapid
growth (Azuma et al. 1998). Low lipid levels and changes
in fatty acid profiles of high seas pink and chum salmon in
winter suggest that at least in some years salmon are starving (Nomura et al. 1999, 2000). In winter (January–March)
2006, mean total lipid (TL) contents of chum and pink salmon were significantly higher in the WNP than in the Gulf
of Alaska, and TL of ocean age-1 chum salmon was much
lower than that of older (ocean age 2–5) fish (Kaga et al.
2006). Lipid and protein signatures of ocean age-1 sockeye salmon distributed in the CNP in winter 2009 indicated
fish were not starving, leading to the speculation that large
(faster growing) sockeye salmon are using energy stores to
minimize predation (Farley et al. 2011). Kalchenko et al.
(2013) found a large decrease in muscle tissue lipids of pink
and chum in the WNP in winter, as well as changes to lower
levels of monounsaturated acids and higher levels of ω–3
polyunsaturated fatty acids, indicating high expenditure of
accumulated energy in response to low water temperatures
and a worsening food supply.
The first time that a high seas salmon research vessel
caught Chinook salmon in the Bering Sea in winter was
1998 (Ishida et al. 1998b). However, the presence of Chinook salmon was already well known from data on salmon bycatch in groundfish surveys and commercial walleye
pollock (Gadus chalcogrammus) fisheries in the Bering Sea
(Major et al. 1978; Myers and Rogers 1988; Radchenko and
Chigirinski 1995; Davis 1999). For example, salmon bycatch in Russian bottom trawl surveys for groundfish in the
Bering Sea (1974–1991) showed that at least some Chinook
and chum salmon overwinter in near-bottom layers along the
200-m shelf break in the northern Bering Sea (Radchenko

Pink Salmon
Body Size
˃ 30 cm fork length
≤ 30 cm fork length

Fig. 10. An example of research trawl survey data showing vertical
distribution of two body-size groups of pink salmon in surface (0–30
m) and subsurface (30–60 m) water layers in the central subarctic
North Pacific in early March 2009. Catch rates in winter 2009 were
unexpectedly low, likely because the main concentrations of western
and eastern Bering Sea pink salmon populations, which intermix in
this oceanic region, were located to the north and east of the survey
area (Starovoytov et al. 2009). Data source for figure: Starovoytov
et al. 2009.

Research trawl and hydroacoustic surveys as well as
archival tag data have increased our understanding of the
vertical distribution of salmon and steelhead in winter. For
instance, winter trawl surveys in the CNP, as well as the
WNP in 2011, demonstrated that pink and chum salmon are
distributed throughout the mixed layer (to a depth of about
100 m), and that vertical distribution in winter can vary by
species, body size, and life-history stage (Starovoytov et al.
2009; Glebov et al. 2011a, b; Fig. 10). New data on the vertical distribution of Pacific salmon during winter and spring
indicate that they were more dispersed in the water column
compared to summer and fall (Starovoytov et al. 2010a, b;
Glebov et al. 2011b). Winter hydroacoustic data indicate
most salmon were distributed at a depth of 25–55 m, where
seawater temperatures were 4–8°C (Sakai et al. 1996). Archival tag data revealed plasticity in vertical distribution of
individual fish in winter. For example, a tagged Chinook
salmon that spent two winters at sea before recovery in the
Yukon River, remained well below the surface (~125 m
deep) at temperatures of about 4°C during the first winter
(Walker and Myers 2009). During the second winter, the
tagged fish initially migrated at the surface (~ upper 50 m)
as temperatures dropped to below 2°C, and when the fish
reached relatively warm (4°C) water it resumed active feeding at even greater depths (at least 350 m, the maximum
depth measurement setting of the tag) than during the first
winter. Recovery data from two archival-tagged Cook Inlet,
Alaska, steelhead kelts showed that both fish spent 97% of
time at sea at < 6 m depth (day and night), and indicated
seasonal differences in diving activity with little activity in
winter, frequent activity in summer, and no consistent pattern in crepuscular activity (Nielsen et al. 2011).
Research trawl surveys have also provided increased
spatial and temporal resolution of stock-specific distribution
with respect to ocean conditions in winter. For example, in
the CNP in winter 2009, ocean age-1 sockeye salmon were
in subarctic waters north of 45°N (surface layer water temperatures of 4.0–5.5°С; Fig. 11). The spatial distribution of
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The “Why” of Winter Distribution

and Glebov 1998a, b). The distribution of Chinook salmon
in Bering Sea trawl bycatch in winter overlapped with that
of their primary prey, adult squid (Berryteuthis magister)
(Radchenko and Chigirinsky 1995). Scale pattern analysis
indicated that the predominant regional stock group of Chinook salmon in winter bycatch samples from commercial
groundfish trawl fisheries in the Bering Sea in 1979, 1981,
and 1982 was western Alaska, including the Canadian Yukon (average 60% of total bycatch; Myers and Rogers 1988).
Subsequent genetic stock identification analyses of winter
bycatch samples of Chinook salmon in commercial groundfish trawl fisheries in the eastern Bering Sea 2008–2011
yielded similar results (Guthrie et al. 2013). Chinook salmon in commercial groundfish fishery bycatch samples from
the eastern Bering Sea in 2007 consumed offal, likely from
fish processing wastes, and had a higher percentage of empty
stomachs (45%) and a greater diversity of squid species in
their diets in winter than in summer (8% empty), when no
offal and more fish prey were consumed (Davis et al. 2009).
Chinook salmon caught at shallow depths (< 200 m) ate
more euphausiids and fish offal than those caught at greater
depths (200–600 m), which ate more squid. A subsequent
study, using winter commercial trawl bycatch samples from
2011–2012, found that Chinook salmon in the first winter
at sea were feeding well but had low lipid levels and high
15
N isotope levels, indicating nutritional stress (Walker et
al. 2013). Bioenergetic models showed that winter growth
of Chinook salmon in the Bering Sea is better during warm
climate periods, and summer growth is better during cool
periods (Myers et al. 2010; Walker et al. 2013). This body
of work illustrates how information gathered from salmon
bycatch in commercial fisheries can help to rapidly advance
our scientific understanding of the winter distribution and
ecology for low-abundance species such as Chinook salmon.

To date, scientists have not reached a consensus about
the primary mechanisms underlying the observed winter
distribution of high seas salmon, although there are several
leading hypotheses—mostly related to sea temperature. The
“thermal limits” hypothesis, supported by trans-Pacific empirical evidence from salmon CPUE and SST data, suggests
salmon exhibit a species-specific behavioral response to sea
temperature, actively avoiding temperatures greater than
some threshold (Welch et al. 1995, 1998a, b). According to
the thermal limits hypothesis, the range of temperatures over
which abundance changes reflects individual variation in the
threshold temperature response. The behavioral response to
a thermal limit involves a bioenergetic control mechanism,
whereby salmon avoid temperatures where metabolic rates
exceed energy gained from feeding. Another hypothesis,
called the “Salmon Overwintering Strategy (SOS)” hypothesis, is similar to the thermal limits hypothesis, but is supported by trans-Pacific empirical evidence of low zooplankton
biomass in winter (Nagasawa 1999, 2000). According to the
SOS hypothesis, in winter salmon in the North Pacific Ocean
are distributed at relatively cold sea temperatures (4–8°C,
compared to < 12°C as hypothesized by Manzer et al. 1965)
to reduce metabolic rates when zooplankton biomass is low.
An alternative hypothesis, the growth maximization hypothesis, supported by empirical evidence of salmon abundance,
diet and feeding intensity, zooplankton composition and
biomass, and sea temperature in the WNP and CNP pelagic
layer (0–200 m), is that zooplankton biomass in winter is
lower than in summer, but is not a limiting factor for salmon,
and salmon are distributed over a wide range of temperatures (0.5–12.0°C; Shuntov and Temnykh 2005, 2008, 2011;
Temnykh et al. 2010; Naydenko et al. 2011; Naydenko and

Fig. 11. An example of research trawl survey data showing the relative abundance and distribution of sockeye salmon in the central subarctic
frontal zone in winter and sea surface temperatures (left panel) and the genetic stock composition of sockeye salmon in the catch (right panel).
Data sources: Starovoytov et al. 2009; Farley et al. 2011.
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Fig. 12. A schematic illustration of potential factors influencing the winter distribution of high seas salmon and steelhead in the North Pacific Ocean.

Kuznetsova 2011, 2013). Fukuwaka et al. (2007) found that
chum in the North Pacific Ocean were distributed in cooler waters in winter than in summer, which was consistent
with this hypothesis, i.e., salmon are distributed in a manner
that maximizes individual rates of growth and, eventually,
fitness (Houston et al. 1988; Rand 2002). Winter temperature ranges of chum salmon distribution were lower in the
WNP than the ENP. In addition, zooplankton abundance
increased with decreasing temperature in the WNP, but not
in the ENP. Fukuwaka et al. (2007) speculated that salmon might be distributed in cooler waters in the WNP than
the ENP to take advantage of greater foraging opportunities.
The “thermo-halo” limits hypothesis, supported by trans-Pacific empirical evidence (catch, temperature, and salinity
data), is that species-specific temperature and salinity limits
form effective barriers to salmon horizontal and vertical distribution (Azumaya et al. 2007). Within the species-specific
ranges of thermo-halo limits, distribution is related to preferred sea temperature or food, and there are longitudinal
(east-west) differences in thermo-halo limits. Most recently,
the “pelagic landscape zone hypothesis”, supported by climate, salmon population dynamics, and winter ecosystem
survey data, has been suggested whereby the climate-driven
shape of the pelagic landscape zone determines the spatial
distribution of salmon, and quantitative distribution of high
seas salmon catches reflects interannual fluctuations in salmon abundance determined at earlier life stages (Figurkin and
Naydenko 2014).
In summary, empirical evidence suggests that the “why”
of ocean distribution of salmon in winter has the potential to
be complex and variable, depending on spatiotemporal scale
and synergies among genetics, environment, population dy-

namics (abundance and density-dependence), and phenotypic plasticity (the ability of an individual to alter its biochemistry, physiology, behavior, and life history in response to
environmental stimuli and cues (Bradshaw and Holzapfel
2006; Fig. 12). In particular, the role of a genetic basis for
winter distribution has been strengthened by experimental
evidence demonstrating that juvenile salmonids have a magnetic sensory system and an inherited magnetic map that enables them to use the earth’s geomagnetic field to locate their
ocean feeding grounds (Walker et al. 1997; Putman et al.
2014). Thus, population-specific differences result in migrations of high seas salmon and steelhead to specific oceanic
regions in winter. Distribution within a stock-specific region
varies interannually depending on climate and ocean conditions (Myers et al. 2007). Relatively long-lived species
and small populations may have more difficulty genetically
adapting to rapid climate change than short-lived species and
large populations (Bradshaw and Holzapfel 2006). Thus, for
example, abundant populations of pink salmon, which spend
only one winter in the ocean, may have an advantage over
other salmonid species and populations in responding to climate change effects. Within pink salmon, temperature-related survival differences between even and odd-year returning broodlines, the consequence perhaps of different glacial
refugia, might confer survival advantages of odd-year fish
during periods of climate warming (Irvine et al. 2014).
Climate Effects on Salmon Distribution
Given the hypotheses and empirical evidence that multiple factors affect the high seas distribution of salmon, it is very
difficult to forecast how future climate change will affect the
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winter distribution of salmon. To date, most evaluations of
the potential effects of climate change on winter distribution
of salmon have focused on projected changes in species-specific thermal habitat areas (Welch et al. 1998a, b; Azumaya
et al. 2007 (also included salinity); Kaeriyama 2008; Abdul-Aziz et al. 2011; Kaeriyama et al. 2012, 2014). In general, the results of all of these studies are similar. For example,
Abdul-Aziz et al. (2011) evaluated potential climate-change
effects on species-specific winter thermal habitats, using previously published data on SSTs of “frequent catches” of high
seas salmon and steelhead (Fig. 13). When applied to model-averaged IPCC climate change scenarios, winter thermal
habitats shrink in the subarctic North Pacific, especially in
the Gulf of Alaska, and expand in the Bering Sea (Fig. 14),
and possibly the Arctic (Irvine et al. 2009). There are many
uncertainties associated with this and other projections of climate change effects, and additional investigations of high seas
behavior and distribution of salmon and steelhead are needed.

initial exploratory fishing to learn about seasonal distribution, stock-specific distribution, and the major oceanographic features that might influence salmon distribution.
Simultaneous synoptic ecosystem surveys by multiple vessels across the entire subarctic North Pacific and Bering
Sea have not been conducted during winter. Nevertheless,
the composite results of individual studies show that the
overall pattern of high seas salmon distribution in winter is
extensive, encompassing all regions of the subarctic North
Pacific and ice-free portions of the Bering Sea. In addition,
the apparent spatial and temporal partitioning of oceanic
habitat by species, regional stock groups, and life-history
stages, suggests adaptation to limited winter resources at
the evolutionary scale. Of particular interest is whether
predicted changes in winter habitat and salmon distribution
will affect phenology and trophic interactions within and
among species and stocks. Thus, to address questions related to climate change a large-scale synoptic approach is
needed to up-date our baseline of information on distribution and stock status of Asian and North American salmon
and steelhead in their oceanic habitats in winter, as well as
oceanographic conditions. This would enable us to link
variations in the winter distribution of salmon species, regional stock groups, and specific populations of interest to
changes in climate and ocean conditions that contribute to
observed variation in the run-timing, survival and abundance, age composition, and body size of adult returns to
economically important fisheries.

Lessons Learned: Spatial And Temporal Scales Matter
The most important lesson to be learned from past
winter research is that spatial and temporal scales are important to understanding the relationships between salmon
distribution and their environment. Depending on the research question, the spatial and temporal scales of interest
to determining the where, why, and how of winter salmon
distribution differ, ranging from plankton patches (meters
and hours) to migration corridors (1000s of kilometers and
months). A better understanding of processes occurring at
the patchy scale (days and tens of kilometers) is needed to
credibly describe the seasonal distribution and movement
of salmon and the resulting ecological and evolutionary
processes. Most research has been conducted at intermediate (meso or regional) scales, which were appropriate for
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CONCLUSION
As a result of our review, we identified key gaps in
our understanding of the winter distribution of high seas
salmon and steelhead, including the need to investigate
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Fig. 13. An example of species-specific sea surface temperature ranges of “frequent catches” of high seas salmon and steelhead in winter
(1.5–7.0°C for sockeye, 1.5–10.0°C for chum, 1.5–12.0°C for Chinook, 3.5–8.5 °C for pink, 5.5–9.0°C for coho, and 5.0–11.0°C for steelhead).
Data source: Abdul-Aziz et al. 2011; as cautioned by these authors, “It is important to recognize that these thermal limits should not be taken
as definitive boundaries for high-seas salmon habitat.”
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Fig. 14. An example of projected climate-change effects on thermal habitat areas of high seas salmon and steelhead in three oceanic
regions. Data source: Abdul-Aziz et al. 2011.

2015, Kobe, Japan, for the invitation to present this paper.
An earlier version of the paper was presented orally at the
PICES/NPAFC-sponsored Workshop on winter distribution
of Pacific salmon, Yeosu, Korea, October 17, 2014. Funding
for travel for K. Myers to participate in both meetings was
provided by NPAFC. We gratefully acknowledge the editors
and two anonymous reviewers for their constructive comments and suggestions that greatly improved our manuscript.

their large-scale synoptic distribution in the Bering Sea and
North Pacific Ocean, meso-scale distribution in the Bering
Sea and Gulf of Alaska, small-scale distribution and behavior of salmon and prey, population-specific distribution,
ecological interaction effects on distribution, and effects of
sea temperature and salinity on high seas salmonid metabolism and movements. The development of quantitative
multispecies, multistage models of ocean distribution and
migration linked to environmental features would help to
identify key factors influencing winter distribution and improve understanding of potential climate change effects on
high seas salmon and steelhead.
We suggest that the next steps for the NPAFC would
be to coordinate (1) construction of a non-proprietary winter high seas salmon ecosystem database that includes all
existing data from past surveys in the Convention Area, (2)
development of a cooperative research plan for a synoptic
high seas winter ecosystem baseline survey to address key
uncertainties, and (3) continued cooperation with the North
Pacific Marine Science Organization (PICES) in determining potential climate change effects on salmon and their oceanic habitats.
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Is Winter the Critical Period in the Marine Life History of Pacific Salmon?
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Abstract: Winter conditions experienced by Pacific salmon in the North Pacific Ocean have been investigated
based on data collected in winter–spring, 1986–1992 and 2009–2011, and in summer, 2004–2014. Although
forage zooplankton biomass in the western Subarctic Frontal Zone was 40–70% lower in February–March than in
April and June–July, the availability of preferred prey items was likely sufficient to satisfy the trophic demands of
wintering salmon. Pink, chum, and coho salmon 10–30 and 30–50 cm in fork length foraged intensively in winter.
While feeding intensity was higher in autumn than in winter, it was not significantly different among seasons.
Distinctions in the seasonal dynamics of feeding rates for different salmon species and sizes seem to provide
evidence for a species-specific life strategy rather than to signal the onset of poor food conditions. The rare
occurrence of predatory fish in salmon winter habitat also suggests a low rate of salmon mortality. Estimated
ocean winter mortality of pink salmon was 36–80% from September–November to June-early-July, which is not
higher than mortality experienced during the freshwater, estuarine, or early marine phases of their life history. We
conclude that winter is an important period in salmon marine life history, but may not be more critical than earlier
life-history periods in fresh water and the ocean.
Keywords: Subarctic Front, Pacific salmon, survival, mortality, spatial distribution, abundance, sea surface
temperature, landscape zone, food supply

INTRODUCTION

factors as predation and, especially over the last decades,
to climate-oceanographic reconstructions that change North
Pacific ecosystems (Shuntov, 1994; Radchenko and Rassadnikov, 1997; Radchenko 2001, 2012).
The TINRO-Center has conducted regular pelagic trawl
surveys to study salmon ecology in the Sea of Okhotsk in
fall and Pacific waters of the Kuril Islands in summer. In
1986–1992 and 2009–2011, the Subarctic Frontal Zone was
also surveyed in the winter and spring. Data on salmon
abundance allowed the calculation of salmon mortality rates
(e.g., pink salmon) at different stages of marine life. Based
on the data collected, we estimated the effect(s) of some factors that may contribute to salmon mortality and concluded
whether winter is the critical period for Pacific salmon. The
results of these studies are presented below.

Although insufficiently studied, winter and spring are
very important seasons in the marine life history of Pacific
salmon. This has led to contradictory statements being made
about winter conditions experienced by salmon rearing on
the high seas. Most researchers consider that winter in the
North Pacific Ocean is a critical period for Pacific salmon
populations. It is thought that the forage zooplankton biomass is very low throughout salmon wintering areas in the
ocean, and that salmon could even starve. A decrease in the
total lipid content in salmon muscle has been attributed to a
poor food supply in winter that affects salmon survival (Nagasawa et al. 1997, 1999; Nagasawa 1999, 2000; Nomura et
al. 1999, 2000; Ishida et al. 2000; Nomura and Kaga 2007).
An alternative point of view is that the food resources
of the North Pacific in winter are sufficient to meet salmons’
needs (Shuntov and Temnykh 2004, 2008, 2011; Shuntov et
al. 2010; Naydenko and Kuznetsova 2011, 2013).
There is significant variability in mortality rates during
the ocean phase of Pacific salmon life history. Based on
TINRO-Center’s marine survey data, mortality of pink
salmon was thought to range from 48% to 91% during
different life stages. This was normally attributed to such
All correspondence should be addressed to S. Naydenko.
e-mail: svetlana.naydenko@tinro-center.ru

MATERIALS AND METHODS
Study Area
The epipelagic layer of Subarctic Frontal Zone (hereafter SAF) and adjacent subarctic waters were surveyed in
February–April of 1986–1992 and 2009–2011. The survey
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area was bounded on the north by latitude 37°N to 50°N and
on the east by longitude 152°E to 172°E. Additional areas
in the central North Pacific—between 174°E and 170°W—
were surveyed in 1988, 1989, 1991, and 2009. Survey dates
and grids varied slightly in different years. We also used
data collected during Japanese surveys on R/V Kaiyo maru
as part of the international BASIS program in winter 2006,
and Russian surveys in Pacific waters of Kuril Islands and
southeast Kamchatka in summer 2004–2014 (Fig. 1).

mean of species distribution densities at each trawling operation:
𝑄𝑄𝑄𝑄 = 𝑛𝑛𝑛𝑛 (𝑏𝑏𝑏𝑏) ⁄ 𝑠𝑠𝑠𝑠,

where Q is the arithmetic mean of species distribution densities at each trawling operation, n is the number of fish of
each nekton species in the catch (or b is weight of each nekton species in the catch), s is the squared area that is swept
during 1 hr of trawling, which is calculated from the horizontal opening and average towing speed of the trawl.
The total abundance (N) and biomass (B) of Pacific
salmon and other epipelagic nekton were determined as:

Nekton Data
Salmon and other epipelagic nekton were sampled by
pelagic rope trawls with an average vertical net opening of
50 m in 1980s and 30.8 m in 2009–2011. Trawl hauls were
conducted round-the-clock and lasted one hour. The trawl
towing direction was adjusted for weather and hydrological
conditions. The upper epipelagic layer (0–50 m) was swept
by trawl net. Vertical and horizontal net openings were measured by a Simrad FS20/25 trawl sonar. In 2009–2011, test
trawl hauls were performed in different layers down to a
depth of 120 m to describe the vertical distribution of Pacific
salmon. The trawl sampling method is published in Temnykh et al. (2002).
Because of differences in trawl net modifications used
in the 1980s and 2000s, we plot relative values of Pacific
salmon abundance on graphs of their catch distribution.
Salmon catches relative to water temperature are expressed
as a percentage of their total catch during the survey analyzed. It absorbs the differences related to the different parameters of the trawl nets used, as well as to different Pacific
salmon abundances in compared years.
The abundance (N) and biomass (B) of Pacific salmon
and other epipelagic nekton per unit of survey area—square
kilometer (ind./km2 and kg/km2)—for each trawling operation were determined as:

where N (B) is abundance (biomass in thousands of fish or
tons), Q is mean species distribution density within the studied area (kg/km2), and S is the surveyed area (km2).
Oceanographic Data
All trawl surveys were followed by oceanographic observations including temperature and salinity measurements
at least down to the 500-m layer. The upper water column
was well mixed and practically homogenous in the late winter. Temperature and salinity did not change significantly
down to 60–110 m throughout the area of distribution of subarctic waters, and down to 180–200 m within the transitional
areas, where the subarctic waters were considerably transformed. Pacific salmon rarely dive below the upper 100-m
water layer (Starovoytov 2003; Shuntov and Temnykh 2008,
2011; Starovoytov et al. 2010a, b). Therefore, data collected
from the research vessel combined with SST data from satellite images entirely characterized the thermal conditions
throughout the salmon distribution in the winter period.
Using these data, we identified the location of the discrete
Subarctic Frontal Zone and the Western Subarctic Cyclonic
Gyre (WSG) elements and boundaries between different water masses. As the SST data were analyzed to a significantly
higher extent than is usual for a standard surveyed area, it
became a key starting point to explain the specific features
of salmon distribution in the vicinity of the SAF.

𝑁𝑁𝑁𝑁 ∙ 𝑝𝑝𝑝𝑝
𝑁𝑁𝑁𝑁 𝑝𝑝𝑝𝑝
∙ =
𝐴𝐴𝐴𝐴 𝑘𝑘𝑘𝑘 1.852 ∙ 𝑣𝑣𝑣𝑣 ∙ 𝑡𝑡𝑡𝑡 ∙ 0.001 ∙ 𝑎𝑎𝑎𝑎 ∙ 𝑘𝑘𝑘𝑘

and

𝑀𝑀𝑀𝑀 ∙ 𝑝𝑝𝑝𝑝
𝑀𝑀𝑀𝑀 𝑝𝑝𝑝𝑝
∙ =
,
𝐴𝐴𝐴𝐴 𝑘𝑘𝑘𝑘 1.852 ∙ 𝑣𝑣𝑣𝑣 ∙ 𝑡𝑡𝑡𝑡 ∙ 0.001 ∙ 𝑎𝑎𝑎𝑎 ∙ 𝑘𝑘𝑘𝑘

Plankton Data

where N is number of fish in the catch (individuals), M is
fish biomass in the catch (kg), A is area covered by the trawl
(km2), v is trawling velocity (kts), t is trawl duration (hr), a
is horizontal opening of the trawl net (m), p, k are correction
coefficients, p is capacity coefficient, applied to compensate
for stepped trawling at several depths (p ≥ 1), k is catchability coefficient of the trawl net, 1.852 is number of kilometers
in one nautical mile, and 0.001 is the conversion from kilometers to meters.
The average density of distribution of each nekton species within the survey area was determined as the arithmetic

Plankton samples were collected with a nylon Juday net
with mesh size 0.168 mm and mouth area 0.1 m2. Net hauls
were performed in 0–50 (upper epipelagic) and in 0–200 m
(epipelagic) layers both during day and night prior to the
trawling operation. We separated net samples into three
size fractions: small (animals < 1.2 mm in length), medium
(1.2–3.2 mm), and large (> 3.2 mm). Species composition,
weight (as displaced volume), size, and developmental stage
by species were determined for each fraction. In biomass
calculations, we used Juday net catchability coefficients
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(CC), which were established by Volkov (1996): for smallsize plankton—1.5; for medium-size plankton—2.0; for
large-size plankton: euphausiids < 10 mm—2.0, euphausiids
10–20 mm—5.0, euphausiids > 20 mm—10.0, chaetognaths
< 10 mm—2.0, chaetognaths 10–20 mm—5.0, chaetognaths
> 20 mm—10.0, hyperiids < 5 mm—1.5, hyperiids 5–10
mm—5.0, copepods < 5 mm—2.0, and copepods > 5 mm—
3.0. The methods of sampling and processing of zooplankton are described in detail in Koval (2003).
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The stomach contents were analyzed using the method
described by Volkov and Chuchukalo (1986). From each
trawl catch, the food lump from fish stomachs of the same
species and similar fish size were combined into one sample.
Prey items were then identified and total prey weight and
weights of all prey components were measured.
The index of stomach fullness (ISF) was determined as:
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where m1 is weight of food and m2 is weight of fish. To show
seasonal dynamics in salmon feeding intensity, we used TINRO-Center’s data collected in the southern Sea of Okhotsk
and the western part of the Bering Sea in fall, and in the
Pacific waters of the Kuril Islands in summer, 2004–2014.
Daily food ration (R) for different species of nekton was
calculated using the methods of Novikova (1949), Yurovitsky (1962), Kogan (1963), and Gorbatenko (1996).
Total daily nekton consumption was determined as:
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where В is weight of the food consumed by nekton (tons),
b is mean nekton biomass over a certain period (tons), and
R is daily food ration. Size, age, and seasonal, year-to-year,
and regional differences were taken into account in the calculations.
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Mortality rates of pink salmon for aggregated Okhotsk
Sea stocks were assessed as an estimated abundance loss at
different stages of the marine life cycle. For example, the
estimated mortality rate of pink salmon in winter and spring
is a percentage (%) of the ratio of pink salmon abundance
in June in the Pacific waters along the Kuril Islands and the
abundance of pink salmon juveniles in the southern part of
the Sea of Okhotsk in September–November of the previous
year. The estimated mortality rate of maturing pink salmon
in summer is a percentage (%) of the ratio of total abundance
of pink salmon approaching spawning rivers (catch and escapement) and pink salmon abundance in June in the Pacific
waters along the Kuril Islands.
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Fig. 2. Distribution of Pacific salmon catches at various temperatures (°C) in winter-spring 1986–1992 and 2009–2011 (from Figurkin and Naydenko 2013, with modifications).
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Composition and Density of Nekton in Winter and Spring
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Squids (mainly Gonatopsis borealis and Watasenia
scintillans), Pacific salmon, mesopelagic fish and anchovy
(Engraulis japonicas) dominated the nekton community
in the upper epipelagic layer in SAF in winter and spring.
The percentage of salmon in the total nekton biomass varied
from 10 to 27% in different years (Fig. 3).
The average nekton density was 435 ± 106 and 470 ±
126 kg/km2 in the central and western parts of the SAF, respectively. A high nekton density was noted in transitional subtropical waters in the western part of the SAF, where
mainly anchovy, mesopelagic fish, and squid were caught
(Fig. 3). The salmon catches in these waters were not high.
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Fig. 3. Biomass (thousand tons) of nekton species and groups in
the upper epipelagic (0–50 m) in the central and western parts of
the Subarctic Frontal Zone and adjacent subarctic waters in winter–
spring 2009–2011 (based on Starovoytov et al. 2010a, b; Naydenko
et al. 2010a, b, 2011; Glebov et al. 2011).

We considered marine mammals and birds, and predatory fish, such as daggertooth (Anotopterus nikparini),
lancetfish (Alepisaurus ferox), and salmon shark (Lamna
ditropis) as the main predators of salmon during winter in
the open ocean. Lampreys are important salmon predators
in coastal areas. The predatory fish abundance in the SAF
was low and few predatory fish specimens were captured
during trawl surveys in winter. The percentage of salmon
specimens bitten by predators was lower (0.1–1.5%) in open
ocean waters in winter than in coastal areas along the Kuril
Islands in summer (1.8–2.6%; Table 1).

RESULTS
Salmon Catches in Relation to Oceanographic Features
Five species of Pacific salmon (pink, chum, sockeye,
coho, and Chinook salmon) were caught during the winter-spring cruises in the SAF. In winter, Pacific salmon were
distributed across a wide temperature range (0.5–12.0°C),
especially pink salmon, whereas sockeye and coho salmon
tended to occupy cooler and warmer waters, respectively
(Fig. 2). Most small chum salmon (< 30 cm FL) were distributed between 3°C and 8°C, while larger chum salmon
shifted to cooler water with a peak temperature at 4.5°C.

Biomass and Composition of Zooplankton Prey Resources
Zooplankton biomass varied among sampling locations,
water layers, seasons, and time of day. The large-size zooplankton (animals > 3.2 mm) formed the basis of the forage
zooplankton biomass.
Mean winter biomass (in February–March) of large-size
zooplankton was 451.2 and 479.7 mg/m3 in daylight and
night-time, respectively, in the epipelagic (0–200 m) layer in
the western part of the SAF. In the central part of the SAF,

Table 1. The number of fish traumatized by predators caught during research in the Subarctic Frontal Zone and adjacent subarctic waters in
February to April 2009–2011 and in Pacific waters of the Kuril Islands in June to July 2010–2012.
Winter-Spring

Summer

Subarctic Frontal Zone
Central
2009

Pacific waters of Kuril Islands

Western
2009

2010

2011

2010

2011

2012

Marine Mammals

0

0

0

1

14

21

7

Daggertooth fish (Anotopterus nikparini)

3

5

2

0

66

4

41

Lamprey

5

0

0

0

7

27

3

Lancetfish (Alepisaurus ferox)

4

0

0

0

11

4

28

Unidentified traumas
Number of analysed fish
Share of traumatized fish (%)

10

2

2

0

2

11

35

1656

1387

1003

1628

3838

3658

4244

1.3

0.5

0.4

0.1

2.6

1.8

2.7
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Table 2. Biomass of zooplankton in the epipelagic (0–200 m) layer in western and central parts of the Subarctic Frontal Zone (SAF) and
adjacent subarctic waters at different times of day and seasons.
Time of
the day

SAF Zone

Season

Daylight

Western

Winter

Daylight

Western

Spring

Daylight

Western

Summer

Daylight

Central

Night-time

Western

Night-time
Night-time
Night-time

Biomass ± standard error of mean (mg/m3)

Number of
stations

Large size
(> 3.2 mm)

Medium size
(1.2–3.2 mm)

70

451.21 ± 35.92

65.13 ± 10.18

Small size
(< 1.2 mm)
112.12 ± 7.0

38

714.35 ± 72.18

109.32 ± 17.13

110.52 ± 11.26

123

722.39 ± 45.59

19.0 ± 1.8

25.66 ± 2.45

Winter

31

401.57 ± 53.11

117.85 ± 29.77

49.94 ± 7.84

Winter

67

479.68 ± 47.04

83.55 ± 8.72

94.13 ± 6.81

Western

Spring

23

900.47 ± 178.14

153.64 ± 32.58

110.68 ± 18.19

Western

Summer

58

667.82 ± 66.07

24.8 ± 3.03

34.22 ± 5.55

Central

Winter

25

463.73 ± 70.06

94.91± 19.98

48.09 ± 9.69

mean estimates were practically the same: 401.6 and 463.7
mg/m3 in daylight and night-time, respectively (Table 2).
Euphausiids, copepods, chaetognaths, and gelatinous
zooplankton (jellyfishes and salps) were the most abundant
large-size zooplankton. The estimated biomass of euphausiids and copepods in the upper epipelagic layer was the highest at night and reached 7,818.5 and 4,602.5 mg/m3, respectively, in some samples. The mean biomass of euphausiids
in the western and central parts of the SAF was 537.5 and
388.4 mg/m3, respectively; the mean biomass of copepods in
these areas wasre 635.2 and 341.2 mg/m3, respectively.

The highest mean biomass of medium- and small-size
zooplankton was recorded in spring, which was related to
breeding and growth cycles of the great majority of zooplankton species (Tables 2 and 3).
There are no data on the seasonal dynamics of zooplankton biomass in the central part of the SAF because
plankton research in spring and summer in this area has not
been conducted.
Winter and Spring Feeding Intensity
Pink Salmon
We examined 1,587 pink salmon stomachs in February–
March, and 1% of them were empty, 46.6% were partially
filled (ISF below 50 o/ooo), 41.5% were full, and 10.9% of fish
had excessively full stomachs (Fig. 4). The estimated mean
winter ISF was 92.9 and 107.9 o/ooo for salmon 10–30 cm and
30–50 cm FL, respectively (Table 4).
Seven hundred pink salmon stomachs were examined in
April. The proportion of partially filled stomachs decreased
to 20.2%, and the proportion of full stomachs increased up to
65.0% in April. The proportion of excessively full stomachs

Seasonal Changes in Zooplankton Biomass
The mean biomass of large-size zooplankton in spring
(April) was higher than in winter by 1.6 and 1.9 times during
daylight and night-time, respectively, in the epipelagic layer
and by 2.0 times in the upper epipelagic layer in the western
part of the SAF.
The mean summer biomass (in June–July) of large-size
zooplankton was also higher than in winter by 1.4 to 2.3
times in different water layers (Tables 2 and 3).

Table 3. Biomass of zooplankton in the upper epipelagic (0–50 m) layer in western and central parts of the Subarctic Frontal Zone (SAF) and
adjacent subarctic waters in different times of day and seasons.
Time of
the day

SAF Zone

Season

Daylight

Western

Winter

Daylight

Western

Spring

Daylight

Western

Summer

Daylight

Central

Night-time

Western

Night-time
Night-time
Night-time

Number of
stations

Biomass ± standard error of mean (mg/m3)
Large size
(> 3.2 mm)

Medium size
(1.2–3.2 mm)

Small size
(< 1.2 mm)

70

596.98 ± 92.45

97.62 ± 15.84

183.68 ± 14.87

29

1223.61 ± 166.44

236.83 ± 48.43

213.34 ± 29.09

120

1376.73 ± 109.61

32.00 ± 2.97

50.08 ± 4.32

Winter

31

1430.17 ± 312.22

236.66 ± 49.28

111.29 ± 20.46

Winter

65

1593.30 ± 344.54

116.20 ± 22.31

220.68 ± 16.96

Western

Spring

15

3129.35 ± 861.47

499.17 ± 210.69

339.54 ± 63.66

Western

Summer

57

1422.95 ± 154.19

57.89 ± 9.48

73.43 ± 10.66

Central

Winter

25

999.41 ± 159.48

138.17 ± 31.69

77.41 ± 13.32
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The percentage of stomachs (%)

increased up to 14.4% (Fig. 4). Mean spring ISF were 104.4
and 127.4o/ooo for pink salmon 10–30 and 30–50 cm FL, respectively (Table 4).
Chum Salmon
A total of 985 chum salmon stomachs was examined
in February–March and April. Mean winter ISF for chum
salmon 10–30 cm FL was at the same level as for pink salmon—99.3 o/ooo. The ISF estimated for chum salmon sized
30–50 and > 50 cm FL was lower (69.9 and 24.9 o/ooo, respectively). In spring, the feeding intensity of chum salmon was
higher than that in winter, but lower in comparison with pink
salmon (Table 4).

40
35
30
25
20
15
10
5
0

Empty

< 10

10–50

50–100

100–200 200–300 300–400

> 400

Feeding intensity, ISF

Winter

Sockeye Salmon
A total of 777 sockeye salmon stomachs was investigated. The feeding intensity of sockeye salmon sized 10–30
and 30–50 cm FL was lower in comparison with both pink
and chum salmon in February–March and April. The ISF estimated for large-size fish was at the same level as for chum
salmon (Table 4).

Spring

Fig. 4 . The feeding intensity of pink salmon in the Subarctic
Frontal Zone and adjacent subarctic waters in winter and spring of
2009–2011.

of pink salmon < 30 cm FL in February and fish 30–50 cm
FL in June–July.
Chum Salmon
The highest feeding intensity of chum salmon was observed for fish < 30 cm FL in August and September; in
October–November, their feeding intensity decreased and
persisted at this level until February (Fig. 6). There was no
significant difference found between ISF indices in October–
November and February (Table 6). As for fish 30–50 cm
FL, the feeding intensity increased in April, remained high
in summer, and decreased from September to November.
The ISF index decrease was also noted for fish > 50 cm FL
from September to October–November, and the lowest ISF
was estimated in February. In April, the feeding intensity of
this chum salmon size group increased.

Coho Salmon
The ISF for coho salmon < 50 cm FL was 93.7±21.7 o/ooo
in February–March.
Seasonal Changes in Salmon Feeding Intensity
Pink Salmon
Monthly variations in pink salmon stomach fullness indices revealed that the highest ISF values occurred in salmon < 30 cm FL in September and in fish 30–50 cm FL in
April (Fig. 5). A one-way ANOVA showed significant (p
< 0.50) differences between mean ISF of pink salmon juveniles in September and ISF estimated for all pink salmon
size groups in other months. It also showed no significant
difference in the ISF of fish < 30 cm FL in September and the
ISF of fish 30–50 cm FL in April. Comparison of significant
differences between samples is presented in Table 5. The
feeding intensity of juvenile pink salmon decreased from
September to February–March. However, no statistically
significant difference was found between feeding intensity

Sockeye Salmon
Monthly variations in feeding intensity of small-size
sockeye salmon (< 30 cm FL) were similar to those for pink
and chum salmon (Fig. 7; Table 7). No significant difference was found between the winter ISF index for fish < 30
cm FL and the summer ISF for fish 30–50 cm FL (Table 6).
However, in summer and fall, the ISF estimated for sockeye

Table 4. The feeding intensity of Pacific salmon in the Subarctic Front Zone and adjacent subarctic waters in February–April of 2009–2011.
Species

Month

Pink

February–March

Pink

April

Chum

February–March

Chum

April

Sockeye

February–March

Sockeye

April

Mean ISF ± SE of mean
10–30 cm

30–50 cm

92.85 ± 11.46

107.91 ± 20.06

104.35 ± 28.99

127.36 ± 11.45

1593.30 ± 344.54

116.20 ± 22.31

220.68 ± 16.96

3129.35 ± 861.47

499.17 ± 210.69

339.54 ± 63.66

1422.95 ± 154.19

57.89 ± 9.48

73.43 ± 10.66

999.41 ± 159.48

138.17 ± 31.69

77.41 ± 13.32

Abbreviations: ISF—index of stomach fullness (o/ooo); SE—standard error of mean.
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salmon was lower in comparison to pink and chum salmon.
The feeding intensity of fish 30–50 and > 50 cm FL was low
in winter but increased in April. The lowest ISF value was
estimated for fish > 50 cm FL in winter.

also indicate that early marine mortality can be substantial
in juvenile salmon. Third, low temperatures, variable food
availability, predators and other factors affect salmon during
all phases of their life history. Below, we consider the impact of each of these factors on the overwintering survival of
salmon (mainly pink salmon as an example) to define whether winter is the critical period.

DISCUSSION

Hydrological Conditions

Winter is generally considered as a critical period for
salmon because of low temperatures and limited food availability, as inferred from low lipid contents in their muscle.
This is thought to jeopardize salmon survival on the high
seas during winter.
However, some arguments do not support this hypothesis. First, there is significant variability in salmon mortality
during the wintering period in the open ocean. Pink salmon mortality from fall to the next year’s pre-spawning approaches to the coast can vary from 75 to 91% depending on
the year (Radchenko 2012). According to 2004–2013 data,
mortality of pink salmon in the Sea of Okhotsk integrated
stock totaled 36–80% (mean 60%) over six months from
September–November to June-early-July (Fig. 8). Second,
salmon mortality over winter is not higher than their mortality during freshwater, estuarine, or early marine phases
of their life history. During the freshwater and estuarine
phases, about 99% (and even more) of the total abundance
of a pink salmon year class may be eliminated (Radchenko
and Rassadnikov 1997; Shuntov and Temnykh 2008, 2011).
Trudel et al. (2012) estimated that from 61 to 99% of the
juvenile Marble River Chinook salmon died over the winter
months in different years. Previous studies (e.g. Karpenko
1998; Wertheimer and Thrower 2007; Beamish et al. 2012)

It is well known that hydrological conditions, as a factor affecting salmon mortality (both directly and indirectly
through variability in the food supply), is mainly important
during the freshwater, estuarine, or early marine phases of
the salmon life cycle. Despite highly variable ocean conditions, no extreme SST changes were observed throughout
2.2

Log10 (ISF)

2.0
1.8
1.6
1.4
1.2

Mean
Mean±SE
Mean±0,95 Conf. Interval

1.0
0.8

1

2

3

4

5

6

7

8

9

10 11 12 13 14 15 16

Size and month group

Fig. 5. Dynamics of feeding intensity (ISF, о/ооо) of pink salmon
in the Far Eastern Seas and the central and western parts of the
Subarctic Frontal Zone and adjacent subarctic waters in 2000–
2014. Pink salmon size group and month as described in Table 5.

Table 5. The levels of statistically significant differences (p-level) of average pink salmon feeding intensity for different size-groups in different
months. Bold values indicate differences between size and month groups are significant at p < 0.05.
Size and Month Group
1

10–30 cm Sep

2

10–30 cm Oct

1

2

3

4

5

6

7

8

9

11

12

13

14

15

0.0

3

10–30 cm Nov

0.0

0.0

4

10–30 cm Feb

0.0

0.0

0.9

5

10–30 cm Mar

0.0

0.0

0.0

0.0

6

10–30 cm Apr

0.0

0.1

0.7

0.8

0.1

7

30–50 cm Oct

0.0

0.0

0.4

0.5

0.1

0.8

8

30–50 cm Nov

0.0

0.0

0.0

0.0

0.3

0.0

0.0

9

30–50 cm Feb

0.0

0.1

0.3

0.4

0.0

0.4

0.2

0.0

10 30–50 cm Mar

0.0

0.0

0.5

0.8

0.0

0.9

0.5

0.0

0.1

11

0.3

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

30–50 cm Apr

10

0.0

12 30–50 cm Jun

0.0

0.0

0.0

0.2

0.0

0.4

0.1

0.0

1.0

0.0

0.0

13 30–50 cm Jul

0.0

0.0

0.0

0.2

0.0

0.4

0.1

0.0

1.0

0.0

0.0

0.9

14 30–50 cm Aug

0.0

0.2

0.4

0.4

0.9

0.5

0.6

0.9

0.3

0.4

0.1

0.3

0.3

15

>50 cm Jun

0.0

0.0

0.2

0.5

0.0

0.9

0.8

0.0

0.1

0.5

0.0

0.0

0.0

0.5

16

>50 cm Jul

0.0

0.0

0.1

0.2

0.0

0.7

1.0

0.0

0.0

0.2

0.0

0.0

0.0

0.6
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Food Supply

salmon wintering areas in the SAF. Pacific salmon have
evolved to live in the open ocean through the development
of various species-specific adaptations including dwelling in
specific ranges of winter temperatures.
In 1986–1992 and 2009–2011, 87% of pink salmon and
83% of large chum salmon were captured within a 2.5–7.5ºC
SST range. Between 90 and 97% of small and large sockeye
salmon, respectively, were caught in colder waters with SST
of 2.5–5.5°C. In contrast, 87% of coho salmon were captured in warmer waters (with SST of 7–10°C; Fig. 2). Thus,
in winter each salmon species is distributed in its “comfort
zone”, i.e., within water masses with a certain thermohaline
structure which is suitable for their wintering. The temperature conditions preferred by each salmon species determine
their metabolic and growth rates, etc. This is the subject of
separate study and is not discussed here. Radchenko (2012)
defined the strength of this factor’s influence (the hydrological regime in a wintering zone in Pacific Ocean), which can
affect mortality rates of salmon, as “moderate”.

The food supply factor supporting salmon survival and
production is very important at all periods in their life cycle.
Indicators such as biomass, composition and energy content
of forage zooplankton resources, and salmon feeding intensity
indices define this term. Food supply conditions are usually
considered as a density-dependent factor, so we can estimate
its strength by the abundance of food consumers (salmon and
other nekton groups), i.e., by the density of nekton distribution.

2.4

Log10 (ISF)

2.0
1.6
1.2
0.8
0.4

Predation Mortality

Mean
Mean±SE
Mean±0,95 Conf. Interval

0.0

Predator pressure that can limit salmon survival is a
“top-down” control factor. Based on data from 2009–2011,
we consider that “top-down” control was weaker in the open
Pacific Ocean due to the low abundance of predators in
salmon overwintering areas (Table 1).

-0.4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Size and month group

Fig. 6. Dynamics of feeding intensity (ISF, о/ооо) of chum salmon
in the Far Eastern Seas and the central and western parts of the
Subarctic Frontal Zone and adjacent subarctic waters in 2000-2014.
Chum Salmon size group and month as described in Table 6.

Table 6. The levels of statistically significant differences (p-level) of average chum salmon feeding intensity for different size-groups in different
months. Bold values indicate differences between size and month groups are significant at p < 0.05.
Size and Month Group

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

10–30 cm Aug
10–30 cm Sep
10–30 cm Oct
10–30 cm Nov
10–30 cm Feb
10–30 cm Mar
10–30 cm Apr
30–50 cm Jun
30–50 cm Jul
30–50 cm Aug
30–50 cm Sep
30–50 cm Oct
30–50 cm Nov
30–50 cm Feb
30–50 cm Mar
30–50 cm Apr
>50 cm Jun
>50 cm Jul
>50 cm Aug
>50 cm Sep
>50 cm Oct
>50 cm Nov
>50 cm Feb
>50 cm Mar
>50 cm Apr

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

0.8
0.1
0.2
0.1
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.1
0.0
0.1
0.1
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.7
0.0
0.0
0.0
0.9
0.0
0.0
0.0
0.0
0.2
0.0
0.9
0.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.3
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.1
0.7
0.1
0.0
0.0
0.0
0.3
0.0
0.7
0.6
0.4
0.0
0.0
0.0
0.0
0.0
0.0
0.1

0.6
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1

0.3
0.0
0.2
0.0
0.0
0.0
0.5
0.3
0.1
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.5

0.0
0.5
0.0
0.0
0.0
1.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.7

0.0
0.0
0.0
0.0
0.2
0.0
0.8
0.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.8
0.0
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.5

0.0
0.0
0.0
0.2
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.5
0.0
0.0
0.7
0.0

0.1
0.4
0.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.8

0.0
0.0
0.0
0.6
0.0
0.0
0.0
0.0
0.0
0.0

1.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.1

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.8
0.0

0.0
0.0
0.0

0.0
0.0

0.0
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pink salmon feeding intensity is the highest among salmon
in spring (Figs. 5, 6, and 7). The food supply in the western
SAF during winter is presumably sufficient to support pink
salmon metabolism while spring feeding intensity indicates
the formation of an adequate forage zooplankton crop that
supports rapid salmon somatic and gonadal growth, and migration. Coho salmon also spend one winter and spring in
the ocean and have individual growth dynamics similar to
those of pink salmon (Karpenko et al. 2013). Coho feeding
was also active in winter and spring. Feeding intensity of
sockeye salmon with body sizes 30–50 and > 50 cm FL are

Some studies suggest that the winter biomass of forage
zooplankton in the subarctic Pacific is quite low, about 10%
of the summer biomass (Sugimoto and Tadokoro 1998; Nagasawa 1999, 2000). Such poor food conditions (with salmon starvation as a result) in the open ocean are considered
a cause of low lipid contents in salmon muscle, leading to
increased mortality in winter (Ishida et al. 2000; Nomura et
al. 2000; Nomura and Kaga 2007). It was suggested that
salmonids remain in cold waters in order to reduce their metabolic consumption (Nagasawa 2000).
According to our study, the forage zooplankton biomass
is 40–70% lower in the western SAF in February–March
compared with April and June–July (Tables 2, 3). However,
a large percentage of preferred zooplankton prey (such as
hyperiids, pteropods, euphausiids, and copepods) in salmon diets suggests that food availability may be sufficient to
satisfy the food demands of wintering salmon. Thus, we believe the winter decline in forage zooplankton biomass could
not potentially lead to salmon starvation. In winter 2009–
2011, the pink, chum and coho salmon 10–30 and 30–50 cm
FL foraged intensively, although their feeding intensity was
not as high as in fall. Distinctions in their feeding intensity
could be the result of early life-history discrepancies. Survival and growth of juvenile pink and chum salmon with the
shortest freshwater period required more energy resources
in the fall and winter in comparison with sockeye salmon
that have a longer freshwater residence period. Pink salmon
spend only one winter and spring in the ocean with active
somatic and gonadal growth beginning in spring. Therefore,

2.4

Log10 (ISF)

2.0
1.6
1.2
0.8
Mean
Mean±SE
Mean±0,95 Conf. Interval
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0.0
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Fig. 7. Dynamics of feeding intensity (ISF, о/ооо) of sockeye salmon
in the Far Eastern Seas and the central and western parts of the
Subarctic Frontal Zone and adjacent subarctic waters in 2000-2014.
Sockeye salmon size group and month as described in Table 7.

Table 7. The levels of statistically significant differences (p-level) of average sockeye salmon feeding intensity for different size-groups in
different months. Bold values indicate differences between size and month groups are significant at p < 0.050.
Size and Month Group

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

10–30 cm Jun
10–30 cm Jul
10–30 cm Aug
10–30 cm Sep
10–30 cm Oct
10–30 cm Nov
10–30 cm Feb
10–30 cm Mar
10–30 cm Apr
30–50 cm Jun
30–50 cm Jul
30–50 cm Aug
30–50 cm Sep
30–50 cm Oct
30–50 cm Nov
30–50 cm Feb
30–50 cm Mar
30–50 cm Apr
>50 cm Jun
>50 cm Jul
>50 cm Aug
>50 cm Sep
>50 cm Oct
>50 cm Mar
>50 cm Apr

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18
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common nekton species (squid, salmon, mesopelagic fish,
and anchovy) consume a small fraction of the forage zooplankton biomass available in winter. In 2009–2011, daily
consumption of euphausiids, copepods and amphipods by
these nekton groups did not exceed 0.07% of these zooplankton groups’ biomass in areas where salmon live (Naydenko
and Kuznetsova 2011, 2013). In comparison, planktivorous
fish and squid consumed about 0.2% of these zooplankton
groups’ biomass daily in Pacific waters of Kuril Islands in
summer 2004–2014 because the nekton density in this area
was higher (1,085 ± 437 to 4,636 ± 1,898 kg/km2) than in
winter in the SAF (Khoruzhiy and Naydenko 2014; Naydenko and Khoruzhiy 2014). Thus, low food abundance cannot
explain the high salmon mortality rates that are thought to
occur during winter.

Mortality from Sep-Nov to Jun–Jul
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2010–11

2009–10
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2007–08

2006–07

2005–06

2004–05

2003–04

Mortality (%)

Mortality during anadromous migrations (from Jun to Oct)

90
80
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50
40
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20
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0

Fig. 8. The mortality (%) of pink salmon from the Sea of Okhotsk at
various stages in their marine life history (data from 2003–2014).
No surveys were conducted in 2004 and 2010.

Critical Size and Critical Period Hypothesis

defined as ’moderate’ and ’low’ in winter while the feeding
intensity of smaller fish was higher. Different Pacific salmon
species and size groups have different feeding intensities in
winter and early spring. Differences in feeding intensity of
salmon species may be a feature of their species-specific life
strategy.
The decrease in the lipid content of salmon muscle tissue could also be explained by biochemical adaptations that
are characteristic for species-specific life strategies of Pacific salmon. According to different studies (Nomura et al.
1999, 2000; Ishida et al. 2000; Kaga et al. 2006; Eerokhin
and Klimov 2011; Kalchenko et al. 2013; Klimov et al.
2013; Lazhentsev and Maznikova 2014), the lipid content of
juvenile pink and chum salmon muscle tissue decreases to
0.2–2.6% and 0.3–2.4%, respectively, from fall to winter (on
average, by 4–12 times). The sockeye salmon life strategy
differs from that of pink and chum salmon. In fall, the lipid content of sockeye salmon muscle tissue was lower than
the lipid content of juvenile pink and chum salmon muscle.
Consequently, the difference between lipid content in fall
and winter was not considerable (Klimov et al. 2013; Eerokhin and Klimov 2011). Farley et al. (2011) found differences in the seasonal energetic signatures for lipid and protein
of juvenile Bristol Bay sockeye salmon and assumed that
these fish were not starving, but rather the larger sockeye
were apparently utilizing energy stores to minimize predation in winter. Fasting may be a strategy to avoid predation,
whereas feeding during winter may increase predation risk.
Changes in feeding intensity, lipid accumulation, and
somatic growth rates from fall to spring reflect seasonal cyclic changes in salmon metabolism (Shvydkii and Vdovin
1999; Gorbatenko et al. 2008; Shuntov and Temnykh 2008).
We also consider that the winter feeding and growth of salmon may be affected by their habitat temperature, but not by a
poor food supply and/or prey availability in winter.
The abundance and density of planktivorous fish and
squid are low in areas of salmon wintering. Therefore, the
forage zooplankton grazing rate is not high. In general,

The mortality of young salmon in the first year of their
life is believed to be related to their size to a high degree
(Pearcy 1992; Willette et al. 1999; Kaev 2003; Moss et al.
2005). According to the critical size and critical period hypothesis (Beamish and Mahnken 2001; Farley et al. 2007),
small, slower growing fish that accumulated fewer reserves
in summer and fall are largely eliminated during their subsequent winter. Zavolokin and Strezhneva (2013) studied
the size-selective mortality of pink salmon through measurements of scale increments in juvenile pink salmon that
were caught in the southern Sea of Okhotsk in the fall of
2007 and 2008 and in fish of these year classes returning to
spawn. The fish of the 2007 and 2008 generations had similar abundance in fall—1,003 and 950 million individuals,
respectively, but different growth rates and different survival
in winter. Smaller (mean weight (MW) 146 g) and likely
slowly growing fish of the 2007 generation had lower winter survival (26%) because they depleted their own energy
reserves in fall and winter faster than the larger fish. On the
contrary, the larger (MW 180 g) and rapidly growing fish of
the 2008 generation had good survival at 64%.
This hypothesis was applied to the Okhotsk Sea pink
salmon of the 2011 and 2012 generations (with abundance
of 939 and 1,128 million individuals, respectively). Survival
of smaller fish (MW 107 g) of the 2011 generation reached
56% from fall to summer (in 6 months) while the survival
of larger fish (MW188 g) was low (28%). This suggests that
size-selective mortality may be mediated by environmental
conditions experienced prior to, during, and after winter, such
as lipid accumulation, cold season duration, abundance and
quality of prey, and predator distribution and abundance. The
impact of these factors could compensate or strengthen the
effects of body size and individual growth rate. There is no
relationship between body size of juvenile east Kamchatka
pink salmon and their winter mortality rate. Thus, the various
combinations of initial (fall) and oceanic (winter) conditions
define the mortality rate of salmon in the open ocean. Therefore, conclusions about overwinter size-selective mortality are
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equivocal with data both consistent (e.g., Farley et al. 2011;
Zavolokin and Strezhneva 2013) and inconsistent with this
hypothesis (e.g., Middleton 2011; Trudel et al. 2012).

Farley, E.V., Jr., J.H. Moss, and R.J. Beamish. 2007. A review of the critical size, critical period hypothesis for
juvenile Pacific salmon. N. Pac. Anadr. Fish Comm.
Bull. 4: 311–317. (Available at www.npafc.org).
Farley, E.V., Jr., A. Starovoytov, S. Naydenko, R. Heintz,
M. Trudel, C. Guthrie, L. Eisner, and J.R. Guyon.
2011. Implications of a warming eastern Bering Sea
for Bristol Bay sockeye salmon. ICES J. Mar. Sci. 68:
1138–1146.
Figurkin, A.L., and S.V. Naydenko. 2013. Spatial distribution of pink salmon in the Subarctic Front Zone in
winter–spring. Izv. TINRO 174: 69–84. (In Russian
with English abstract).
Glebov, I.I., S.V. Naydenko, N.A. Kuznetsova, E.V. Kurenkova, A.A. Khoruzhiy, R.G. Ovsyanikov, K.V. Radchenko, and S.P. Dudkov. 2011. Composition and
structure of epipelagic nekton and plankton communities in the western parts of Subarctic Frontal Zone in
winter–spring 2011 (Results of 2011 Research Cruise
of R/V TINRO). N. Pac. Anadr. Fish Comm. Doc. 1331
(Rev. 1). 28 pp. (Available at www.npafc.org).
Gorbatenko, K.M. 1996. Feeding of juvenile pink and chum
salmon in the Sea of Okhotsk epipelagic water layers in
winter. Izv. TINRO 119: 234–243. (In Russian with
English abstract).
Gorbatenko, K.M., I.A. Kadnikova, A.E. Lazhentsev, A.M.
Pavlovsky, and M.I. Yuryeva. 2008. Caloric content
of the Pacific salmon (Oncorhynchus spp.) of the Sea
of Okhotsk and the NWPO adjacent waters at different stages of ontogenesis. Bull. of implementation of
the “Concept of the Far Eastern Basin Program for the
Study of Pacific Salmon” 3: 182–192. (In Russian).
Ishida Y., Y. Ueno, K. Nagasawa, and A. Shiomoto. 2000.
Review of ocean salmon research by Japan from 1991
to 1998. N. Pac. Anadr. Fish Comm. Bull. 2: 191–201.
(Available at www.npafc.org).
Kaev, A.M. 2003. Patterns of chum salmon reproduction
in connection with their size and age structure. Yuzhno-Sakhalinsk: SakhNIRO. 288 pp. (In Russian).
Kaga, T., S. Sato, M. Fukuwaka, S. Takahashi, T. Nomura, and S. Urawa. 2006. Total lipid contents of winter
chum and pink salmon in the North Pacific Ocean and
Gulf of Alaska. N. Pac. Anadr. Fish Comm. Doc. 962.
Rev. 1. 12 pp. (Available at www.npafc.org).
Kalchenko, E.I., А.V. Klimov, V.G. Erokhin, V.I. Shershneva, А.V. Morozova, and М.I. Yuryeva. 2013. Dynamics
of the composition of fatty acids of juvenile chum and
pink salmon in the course of autumn–winter seaward
and oceanic migrations. Collection of scientific papers:
The researches of the aquatic biological resources of
Kamchatka and the north–west part of the Pacific Ocean
30: 89–99. (In Russian with English abstract).
Karpenko, V.I. 1998. Ocean mortality of northeast Kamchatka pink salmon and influencing factors. N. Pac.
Anadr. Fish Comm. Bull. 1: 251–261. (Available at
www.npafc.org).

CONCLUSION
Many factors affect salmon marine survival in winter
to varying degrees. However, it is difficult to determine the
principal factor affecting winter mortality of salmon because
there are too few estimates of mortality based on direct observations. Pacific salmon survival is likely determined by a
complex interaction of abiotic and biotic factors.
The mortality of pink salmon ranged from 36–80% from
September–November to June-early-July (in 6 months); it
was not higher than the mortality during either the freshwater, estuarine, or early marine phases of their life history.
Our conclusion is that the winter is a very important period
for salmon, but may not be more critical than their early life
periods in either fresh water or the ocean.
This study reviews the general problem of salmon survival in winter in the open ocean. For a more comprehensive
explanation, it is necessary to broaden the range of data in
the following areas: (1) studies of monthly dynamics of zooplankton biomass in areas where salmon live; (2) studies of
the caloric content of oceanic zooplankton species in different
seasons; (3) establish a data series on salmon energy contents
at different stages of Pacific salmon life histories; (4) establish a data series on growth rates of different species of Pacific salmon at different stages of their life histories; and (5)
studies of interactions between feeding activity and growth
rates for different Pacific salmon species during winter.
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Abstract: Winter is believed to be a critical period for marine salmon survival. In February 2006, a winter research
cruise was conducted to examine the stock-specific distribution and biological status of salmon in the central Gulf
of Alaska (GOA). By surface trawl, 519 chum salmon (Oncorhynchus keta) were caught at seven stations (48–
54ºN, 145ºW) where the surface seawater temperature ranged from 5.2ºC (54ºN) to 7.0ºC (48ºN). Ocean age-2
and -3 fish were dominant at all sampling stations, and young fish (ocean age-1) were distributed in the southern
stations. The stock composition of chum salmon abundance (CPUE) estimated by microsatellite DNA analysis
was 11% western Alaska/Alaska Peninsula, 11% Prince William Sound (PWS), 16% Southeast Alaska (SEAK),
6% northern British Columbia (BC), 17% southern BC, 2% Washington, 17.5% Russian, and 20% Japanese
stocks. There was a latitudinal shift in the stock-specific distribution: North American stocks were dominant in
northern waters, and Asian stocks were dominant in southern waters. All young fish (ocean age-1) were North
American origin (mostly PWS, SEAK and southern BC), while the proportion of Asian (Japan and Russia) stocks
increased with ocean age. The samples included 48 otolith-marked fish released from hatcheries in PWS (n = 7),
SEAK (n = 37), BC (n = 1), and Japan (n = 1). A comparison of CPUEs estimated by genetic stock identification
and otolith mark recoveries suggested that the contribution of hatchery fish was variable among brood years (0–
51%, PWS stock; 19–87%, SEAK stock). Microsatellite and otolith mark analyses confirmed that various stocks
of North American and Asian chum salmon inhabit the central GOA during winter. Their winter distribution pattern
is different among regional stocks or age groups, maybe reflecting stock- or age-specific preferences for habitat
water temperatures to maximize survival.
Keywords: chum salmon, stock-specific abundance, hatchery contribution, winter, Gulf of Alaska

INTRODUCTION

The first stage occurs just after juvenile salmon enter the marine environment; whereas, the second stage occurs following the first summer at sea, when individuals die in late fall
and winter as a result of insufficient energy reserves (Beamish and Mahnken 2001). Nomura et al. (2000) reported low
lipid levels in chum (O. keta) and pink salmon (O. gorbuscha) during winter. In particular, ocean age-1 salmon had
lower lipid content than older fish, suggesting that young
fish may be depleting their energy reserves during the first
winter (Nomura et al. 2000; Kaga et al. 2006).
The Gulf of Alaska (GOA) is an important habitat for Pacific salmon. Various stocks of Asian and North American

Pacific salmon (Oncorhynchus spp.) are widely distributed on the high seas of the North Pacific Ocean (NPO) and
adjacent waters. In general their seasonal migration occurs
to the north and west during summer/fall and to the south
and east during winter/spring (see review by Myers et al.
2007), and they experience various ecosystems throughout
their life cycle. Climate and associated ocean ecosystem
changes affect trends in the abundance of Pacific salmon
(Beamish et al. 1999). Marine mortality of salmon may occur primarily during two specific stages (Farley et al. 2007).
All correspondence should be addressed to S. Urawa.
e-mail: urawa@affrc.go.jp
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were removed for age determination. In addition, the pectoral fin and two sagittal otoliths were collected from each
chum salmon. The sagittal otoliths were cleaned and placed
in 96-well microplates for detection of otolith marks at the
Mark, Tag, and Age Laboratory, Alaska Department of Fish
and Game (ADFG), Juneau, Alaska, USA. The fin samples
were preserved in 95% ethanol for genetic stock identification at the Pacific Biological Station, Nanaimo, BC, Canada.
The catch per unit effort (CPUE) was calculated as the total
number of fish caught per 1-h trawl.

chum salmon intermingle in this area during the winter (Urawa
et al. 1997), while North American stocks are dominant during
the summer (Urawa et al. 2000, 2009). In February 2006, a
winter research cruise was conducted to examine the spatial
distribution and biological status of chum salmon in the NPO
including the central GOA (Fukuwaka et al. 2006). Beacham
et al. (2009) briefly reported the stock composition of chum
salmon mixture samples caught in the GOA during this cruise
by microsatellite DNA analysis. In this paper, we examined
the stock-specific distribution and abundance of chum salmon
and their habitat environment in the winter GOA using their
stock estimates and additional catch and water temperature
data. In addition, we reported the recovery of otolith-marked
chum salmon from the samples and estimated the contribution
of hatchery fish to the chum salmon population in the GOA by
combining genetic and otolith mark analyses.

Genetic Stock Identification (GSI)
DNA was extracted from the fin samples, variations at
14 microsatellite loci (Ots3, Oke3, Oki2, Oki100, Omm1070,
Omy1011, One101, One102, One104, One111, One114,
Ots103, Ssa419, and OtsG68) were surveyed, and genotypes
were determined for each locus in each sample (Beacham
et al. 2009). The statistical software program (SPAM version 3.7) was used to estimate stock composition of mixture
samples. The baseline data set included 354 populations,
covering major spawning stocks in North America and Asia.
The reporting regions were: Fall Yukon, Western Alaska/
Alaska Peninsula (WAK/AKP), Southeast Alaska (SEAK),
Kodiak, Prince William Sound (PWS), Northern British
Columbia (BC), Southern BC, Washington, Japan, Russia,
and Korea. Simulation studies indicated that all reporting
regions showed > 90% accuracy when true group contributions were 100%. Stock-specific CPUE was calculated
by using the GSI estimates and catch data (CPUE) of chum
salmon (Fukuwaka et al. 2006).

MATERIALS AND METHODS
Fish Samples
Fish were caught at seven stations (48–54ºN along
145ºW, Fig. 1) in the central GOA by a surface trawl (net
mouth: approximately 50 m x 50 m) from the Japanese R/V
Kaiyo maru moving at 5 kn for 1 hour on 15–18 February
SSTThe
(ºC)
2006 (Fukuwaka et al. 2006).
fork length, body weight
and gonad weight of4.5each7.5
fish 10.5
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Thermal Otolith Marks

along 51–54ºN and from 6.3 to 7.0ºC along 48–50ºN (Figs.
1 and 3). The CPUE of chum salmon was highest in the
transition of SST between 50ºN and 51ºN (Fig. 3). Ocean
age-2 and -3 fish were dominant at all sampling stations,
and younger fish (ocean age-1) were distributed in southern
waters (Fig. 3).

The left sagittal otoliths (n = 519) were glued to petrographic slides with thermoplastic cement and then ground
to a thin section. They were examined under a transmitted
light compound microscope to observe the microstructure
patterns. These patterns were compared to mark patterns
in the database of otolith mark releases (http://npafc.taglab.
org; Johnson et al. 2006) to determine hatchery origins. All
otoliths were read independently by two readers.
A large number of otolith-marked chum salmon fry (brood
years 2001–2004) was released annually in PWS and SEAK
(Agler et al. 2002, 2003, 2004, 2005). In PWS, all hatchery
chum salmon fry were produced at the Wally Noerenberg
Hatchery, from which approximately one hundred million fry
were released annually after being 100% otolith marked (Fig.
2). Three to five hundred million otolith-marked chum salmon
fry were annually released from the Macaulay, Hidden Falls
and Neets Bay hatcheries in SEAK, where the percentage of
otolith-marked fish among hatchery releases was 51–85%
for the 2001–2004 brood years (Fig. 2). The contribution of
hatchery fish to PWS and SEAK chum salmon (brood years
2001–2004) existing in the GOA was estimated by comparing CPUEs of PWS and SEAK chum salmon determined by
GSI (i.e., hatchery + wild fish) and otolith mark (hatchery
fish) recoveries. CPUE of PWS or SEAK hatchery fish was
determined with the following formula: CPUE of hatchery
fish equals the number of PWS or SEAK otolith-marked fish
caught per 1-h trawl divided by the ratio of otolith-marked fish
among the total fish released from PWS or SEAK.

Stock-specific Abundance Estimated by GSI
Young fish (ocean age-1) had a relatively low CPUE,
and all were of North American origin (mostly PWS, SEAK
and southern BC; Fig. 4). Among ocean age-2 to -4 fish, the
CPUE of Asian (Japanese and Russian) stocks was stable,
while that of North American stocks decreased with ocean
age. The WAK/AKP stock was almost absent in ocean
age-1 fish, but comprised 4.5–16.6% of ocean age-2 to -4
fish. Asian and Alaskan stocks were relatively abundant between 48ºN and 51ºN, while BC stocks were fairly common
in northern waters (50–53ºN; Fig. 5). The estimated stock
composition of chum salmon abundance in the survey area
was 20% Japanese, 17.5% Russian, 11% WAK/AKP, 11%
PWS, 16% SEAK, 6% northern BC, 17% southern BC, and
2% Washington stocks. Fall Yukon, Kodiak and Korean
chum salmon stocks were rarely detected.
Recoveries of Otolith-marked Fish
The samples included 48 otolith-marked chum salmon
(9.2% of samples examined). The recovered otolith-marked
fish were released from the Wally Noerenberg Hatchery (n =
10) in PWS; the Macaulay (n = 26), Hidden Falls (n = 3) and
Neets Bay (n = 7) hatcheries in SEAK; the Nititat Hatchery
(n = 1) in southern Vancouver Island, BC; and the Katagishi Hatchery (n = 1) on the Pacific coast of Honshu, Japan
(Table 1). A comparison of CPUEs estimated by GSI and
otolith mark recoveries demonstrated that the contribution
of hatchery fish was relatively high (56–87%) in ocean age-1
to -3 SEAK chum salmon, while it was low (0–30%) in PWS
chum
Age
4 salmon,
Age 5 except
ND for ocean age-1 fish (Fig. 6).

RESULTS
Ocean Distribution
A total of 519 chum salmon was caught at seven stations (48–54ºN, 145ºW) in the central GOA, where the
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Fig. 4. Stock-specific mean CPUE (number of fish caught per 1-h trawl) of ocean age-1 to -4 chum salmon estimated by microsatellite DNA analysis. WAK/
AKP, West Alaska and Alaska Peninsula; PWS, Prince William Sound; SEAK, Southeast Alaska; WA, Washington.

DISCUSSION

148ºW) during January 1996 consisted of 19% Japanese,
10% Russian, 35% Alaskan, 19% BC, and 17% Washington
stocks.
Even within the limited survey area of the central GOA,
the winter distribution pattern of chum salmon appears different among regional stocks and among age groups. Asian
(Japanese and Russian) stocks were mainly distributed in the
southern area (48–50ºN) where SST exceeded 6ºC; whereas,
BC stocks were relatively abundant in the cooler northern
area (51–54ºN). Alaskan stocks were relatively abundant in
the SST transition area (50–51ºN). Most young chum salm-

Stock-specific Distribution and Abundance
This study confirmed that Asian and North American
chum salmon cohabit in the central GOA during winter.
Their abundance was dominated by various regional stocks
from Japan (20%), Russia (17.5%), south BC (17%), SEAK
(16%), WAK/AKP (11%), and PWS (11%). Allozyme analysis (Urawa et al. 1997) provided a similar estimate that
chum salmon caught in the central GOA (48–54ºN, 144–
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Fig. 5. Stock-specific CPUE (number of fish caught per 1-h trawl) of chum salmon caught at each sampling station. WAK/AKP, West Alaska
and Alaska Peninsula; PWS, Prince William Sound; SEAK, Southeast Alaska; WA, Washington.
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Table 1. Number of otolith-marked chum salmon caught in the central Gulf of Alaska on 15-18 February 2006. BC, British Columbia, Canada;
PWS, Prince William Sound, Alaska; SEAK, Southeast Alaska. Number of samples refers to the number of chum salmon examined for otolith
marks at each location.
Sampling location

47º54’N
144º49’W

48º53’N
144º49’W

49º52’N
144º52’W

50º52’N
144º52’W

52º09’N
144º58’W

53º01’N
145º00’W

53º56’N
144º46’W

18-Feb

18-Feb

17-Feb

17-Feb

16-Feb

16-Feb

15-Feb

111

34

136

130

64

32

12

519

Wally Noerenberg Hatchery (PWS)

5

0

0

3

1

1

0

10

Macaulay Hatchery (SEAK)

3

2

4

6

8

3

0

26

Hidden Falls Hatchery (SEAK)

2

0

3

Neets Bay Hatchery (SEAK)

1

0

7

Nitinat Hatchery (BC)

1

Sampling date
Number of samples

Total

Otolith-marked chum release locations

1
1

3

1

Katagishi Hatchery (Japan)
Total
% of otolith-marked fish
in the sample

2

1

1

12

3

4

14

11

4

0

48

10.8

8.8

2.9

10.8

17.2

12.5

0.0

9.2

on (ocean age-1) were distributed in the warmer southern
areas (48–51ºN), although these fish did not include Asian or
WAK/AKP stocks. Young Asian chum salmon were found
in the western NPO during the first winter (Urawa et al.
1997, 2001). The ocean distribution of WAK/AKP and Fall
Yukon stocks during the first winter is unknown, although
they appeared in the GOA after the first winter as shown by
Urawa et al. (2009) and this paper. In addition, a low abundance of young chum salmon from other North American
stocks in the survey area suggested that most were distributed in other areas during winter. McCraney et al. (2012)
estimated ocean age-1 chum salmon originating from the
eastern GOA/Pacific Northwest coast were distributed with
Asian stocks in the eastern waters of the central NPO during
February and March.

habitat in each area was almost stable across the three years
(1996, 1998, and 2006), and the range of SST was relatively narrow except for pink salmon habitat in 2006. These
observations suggest that salmon select similar temperature

40
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Wild fish
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Winter Habitat
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The winter distribution pattern may reflect stock- or
age-specific preferences for water temperatures that maximize survival. Winter water temperatures in chum salmon
habitat is usually lower than summer SST. The mean SST
of pink and chum salmon habitats was geographically different in the western NPO and the GOA in the winter of
1996, 1998 and 2006 (Fig. 7). In the western NPO, the
mean SST of pink salmon habitat was 4.3–4.7ºC; whereas
the mean SST of ocean age-1 chum salmon was 3.9–4.5ºC,
and that of older chum salmon habitat was 3.3–3.7ºC. In
the GOA, the mean SST of pink salmon habitat was 6.2–
7.2ºC, while that observed for ocean age-1 chum salmon
was 6.5ºC, and the mean SST of the older chum salmon
habitat was 6.0–6.2ºC. Thus, the SST of their winter habitats was almost 2ºC higher in the GOA than the western
NPO. It was also notable that the mean SST of the winter
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regimes each winter, although the winter SST in the western
subarctic water is variable partly due to the Kuroshio extension (Sugimoto et al. 2014). Consequently, their winter
habitat may shift when the seawater temperature increases
with future climate warming, as estimated by Welch et al.
(1995), Azumaya et al. (2007), Abdul-Aziz et al. (2011),
and Kaeriyama et al. (2014).
The spatial and temporal partitioning of oceanic habitat
by species, regional stocks, and life-history stages, suggests
adaptation to limited winter resources at an evolutionary
scale (Myers et al. 2016). Why do Asian and North American stocks of chum salmon assemble in the GOA during
winter? The winter habitat (4–7ºC) favorable for chum
salmon is widely available in the GOA (Fig. 1), but it is more
limited in the western NPO (Urawa 2000). Young Asian
chum salmon (ocean age-1) are distributed mainly within the
limited western subarctic winter habitat. This habitat space
may be insufficient for immature and maturing fish. They
then migrate into the GOA the following winter. However,
the winter carrying capacity in the GOA is uncertain. The
winter zooplankton biomass was higher in the western North
Pacific Ocean than in the Gulf of Alaska (Nagasawa 2000).
The total lipid contents of chum and pink salmon in the GOA
were significantly lower than those in the western NPO in
the winter of 2006, although the fork length of chum salmon
was larger in the GOA than in the western NPO (Kaga et al.
2006). The lipid content of pink salmon was also lower in
the GOA than in the western NPO during the winter of 1996
(Nomura et al. 2000). Fukuwaka et al. (2007) estimated that
salmon might inhabit cooler water in the western NPO to
take advantage of greater foraging opportunities. It is also
possible that salmon reduce their metabolic consumption in
cooler seawater (Nagasawa 2000).

Pi

nk

Ch

um

The stock-specific ocean migration route and timing
might be genetically fixed to attain the best growth and survival through a long-term evolutionary process. However,
it remains a mystery why most chum salmon stocks inhabit
the GOA during winter.
Hatchery Contributions
A large number of otolith-marked chum salmon is released annually from hatcheries in PWS and SEAK along
the GOA coast. Thus, otolith thermal marking is an effective tool for determining the hatchery origin of individual
salmon in the high seas (Urawa et al. 2000, 2009) as well as
in the coastal waters of GOA (Kondzela and Wilmot 2002).
Urawa et al. (2000) reported 14.5% of immature chum salmon caught in the central GOA during June and July 1998
were otolith-marked fish, most of which were released
from hatcheries in PWS and SEAK. Kondzela and Wilmot (2002) examined juvenile chum salmon caught at eleven
GOA coastal transects between Icy Point and Kodiak Island
in July and August 2001, and they found the fraction of otolith-marked fish from hatcheries in PWS and SEAK ranged
from 0% to 85%, depending on the sampling locations. Ruggerone et al. (2010) estimated hatchery salmon represented
more than 70% of total adult chum salmon abundance in
PWS and more than 55% of chum salmon in SEAK.
Our survey found 48 otolith-marked chum salmon
at stations in the central GOA during the winter of 2006
(Fig. 1). Most of these marked fish came from hatcheries in
PWS and SEAK, and their portion averaged 8.9% (ranging
from 0% to 17.2%), which was lower than in summer/fall
(Urawa et al. 2000; Kondzela and Wilmot 2002). This might
be caused by winter assembly of many stocks from around
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Fig. 7. Mean sea surface temperature (SST) of pink and chum salmon habitats in the western North Pacific Ocean (NPO) and Gulf of Alaska
in the winter of 1996 (Ueno et al. 1996), 1998 (Ishida et al. 1998) and 2006 (Fukuwaka et al. 2006). Bars indicate range of SST. Chum
salmon age refers to ocean age of the fish.
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the North Pacific Rim. On the other hand, for brood years
2001–2004, we estimated the hatchery contribution of chum
salmon in the survey area was 0–52% for the PWS stock and
19–87% for the SEAK stock. It is uncertain whether the
high diversity of estimates of hatchery contributions among
brood years (ocean ages) indicates annual variation in abundance in hatchery and wild populations or merely probabilistic variation due to small sample sizes.
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CONCLUSIONS
The present microsatellite and otolith mark analyses
confirmed that various chum salmon stocks of Asian and
North American origins concentrated in the central GOA
during winter. Their winter distribution pattern seems
slightly different among regional stocks and also among age
groups, even within the relatively small area surveyed in the
central GOA. We could not determine the southern limit and
annual variation in winter salmon distribution in the Gulf of
Alaska because our survey was conducted in a single year.
In addition, the winter distribution of North American young
chum salmon has not been elucidated yet. Additional monitoring research is needed to determine the entire range of
winter salmon distribution.
Future climate warming may affect the distribution,
trophic condition, and survival of salmon overwintering in
the ocean (Myers et al. 2016). The response of salmon to
climate-driven changes may be different among regional
stocks, depending on their habitat locations. Further winter
surveys are required to evaluate the stock-specific salmon
response(s) to environmental changes in the western and
eastern NPO, as well as to develop models that predict the
future distribution and abundance of salmon.
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Allometric Relationships between Body Size and Energy
Density of Juvenile Chinook (Oncorhynchus tshawytscha) and
Chum (O. keta) Salmon across a Latitudinal Gradient
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Moss, J.H., J.M. Murphy, E.A. Fergusson, and R.A. Heintz. 2016. Allometric relationship between body size and
energy density of juvenile Chinook (Oncorhynchus tshawytscha) and chum (O. keta) salmon across a latitudinal gradient. N. Pac. Anadr. Fish Comm. Bull. 6: 161–168. doi:10.23849/npafcb6/161.168.
Abstract: Allocation of energy toward storage versus somatic growth by juvenile Pacific salmon during early marine
residence is important because winter is a period when prey resources become scarcer, which increases the
demand on energy reserves for satisfying basic physiological requirements. Energy allocation strategy differences
along a latitudinal gradient may suggest counter-gradient variation in energy storage for juvenile salmon, where
higher latitude populations allocate more energy to storage than growth to satisfy greater energetic demands
during winter in more northerly regions relative to southerly locations. Region-specific patterns in the relationship
between energy density and body size of juvenile Chinook (Oncorhynchus tshawytscha) and chum (O. keta)
salmon from rivers in Oregon, Washington, and the Yukon River were investigated to identify if latitudinal position
has an influence on the allometric relationship between energy density and body size. The allometric relationship
between energy density and body size increased at a greater rate for both Chinook and chum salmon inhabiting
higher latitudes, where longer, more severe winters occur. Juvenile Chinook had higher energy density than chum
salmon across the latitudinal gradient, suggesting that energy stores may be more important for Chinook than for
chum salmon. Gaining a better understanding of how spatially segregated populations of the same species are
adapted to localized conditions can provide insight into how variability in environmental conditions and prey fields
may act to improve or hinder growth and survival.
Keywords: Chinook salmon, chum salmon, energetic condition, over-winter survival

INTRODUCTION

Countergradient variation is the variability in morphological or physiological traits between distinct populations
that span an environmental gradient (Marcil et al. 2006;
Conover and Present 1990; Conover et al. 2009). It is a
response to environmental conditions (Mogensen and Post
2012; Hurst and Conover 2003) that describes how fish
may be adapted to local conditions in order to maximize
survival. Post and Parkinson (2001) observed that smaller juvenile fish at higher latitudes exhibited higher survival
when energy was allocated primarily to somatic growth,
while survival was comparable for intermediate sized fish
whether they allocated energy toward somatic growth or
lipid deposition. However, Post and Parkinson (2001) observed that relatively small fish which allocated most of
their energy to lipid stores late in the growing season also
experienced higher survival rates. It is believed that lipid
stores are important for over-winter survival because food
availability decreases while physiological stressors increase
during winter (Beamish and Mahnken 2001). Therefore,
greater energy stores may be beneficial for fish inhabiting

Numerous studies conducted on juvenile salmon support the concept that year-class strength is influenced by
two factors, with the first being related to predation and the
second to physiologically based mortality (Beamish and
Mahnken 2001). Physiological mortality in juvenile salmon
is believed to be a result of failing to acquire a critical body
size by the end of fall (Beamish and Mahnken 2001; Moss et
al. 2005; Farley et al. 2007), because winter is an energetically taxing time for salmon (Walker et al. 2013). Interannual variability in ocean conditions can affect the availability
and quality of prey resources (Gladics et al. 2014), which
may in turn influence the amount of growth and energy
stores acquired during the first growing season. Regional
differences in the timing and magnitude of primary and secondary production in the ocean can also affect growth (Ferriss et al. 2014) and survival (Brosnan et al. 2014), and may
potentially influence the phenology of stocks inhabiting a
particular region.
All correspondence should be addressed to J. Moss.
e-mail: jamal.moss@noaa.gov
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regions where winter is more severe (Mogensen and Post
2012; Conover et al. 2009).
We investigated differences in the allometric relationships between body size and energy density for juvenile
Chinook salmon (Oncorhynchus tshawytscha) and juvenile
chum salmon (O. keta) inhabiting the northern Bering Sea
(NBS) and the eastern Gulf of Alaska (GOA). The NBS is
characterized by long, severe winters and a short growing
season; whereas the GOA has shorter, less severe winters
and a longer growing season. We hypothesize that juvenile
salmon inhabiting large marine ecosystems at higher latitudes allocate more energy to lipid stores at a smaller body
size relative to those inhabiting lower latitudes, as a provisionary response to survive colder, longer winters. Gaining a
better understanding how populations of Chinook and chum
salmon that inhabit the northern versus southern regions of
their range may respond to a spectrum of biophysical conditions is key to understanding how these species may be
affected by changing ocean conditions.

tow was conducted at a rate of 3.5–5.0 kn and the tow speed
was adjusted to keep the trawl at the surface and the trawl
doors in the water. All tows were 30 minutes in duration.
Surveys in the GOA were conducted during the month
of July 2010–2014 and surveys in the NBS were conducted
during the month of September 2003–2013. Juvenile Chinook and chum salmon sampled in the GOA during July
were similar in size to those sampled in the NBS during September. Thus, we believed it was appropriate to make comparisons across populations and regions despite a 2-month
difference in collection timing. Fishes collected by the trawl
were sorted by species and age, counted, and measured on
deck at each survey station (Fig. 1). Biological measurements on specimens included body weight (g) and fork
length (tip of the snout to the fork of the tail, mm) for up to
50 individuals of each species. When more than 50 fish were
captured at a station, excess fish were counted, weighed in
bulk, and an average weight was calculated from the bulk
sample. Two Chinook and two chum salmon were randomly
selected and bagged whole for energy density analysis and
up to 10 additional specimens of both species were randomly
selected for diet analysis. These fish were frozen whole and
transported to the Auke Bay Laboratories in Juneau, Alaska
and processed within 8 months of the survey.

MATERIALS AND METHODS
Specimen Collection

Stock Identification

Juvenile Chinook and chum salmon were collected in
the GOA and NBS aboard a chartered fishing vessel using
a 198-m-long mid-water rope trawl with hexagonal mesh
wings and body and a 1.2-cm mesh liner in the codend. The
trawl was configured with three 60-m bridles (top, middle,
and bottom) connecting the trawl to two steel alloy 5-m trawl
doors. The mouth opening of the net had a horizontal spread
ranging from 20 to 30 m and had a vertical spread ranging
from 20 to 45 m. The head rope of the trawl was fitted with
buoys in order for it to be towed at or near the surface. Each

The stock of origin for juvenile Chinook salmon sampled in the NBS survey was determined by a combination
of coded-wire tag recoveries and single nucleotide polymorphism (SNP) genetic markers. Coded-wire tags were
assigned to freshwater origin using the Pacific States Marine Fisheries Commission coast-wide mark database (www.
rmpc.org/). Nearly all Chinook salmon belonged to Yukon
River stocks, including 45% upper Yukon River (Canadi-

Fig. 1. Survey station locations for the Northern Bering Sea and Gulf of Alaska trawl surveys.
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Table 1. Results from Analysis of Covariance (ANCOVA) on the relationship between body size and energy density for juvenile Chinook and
chum salmon inhabiting the northern Bering Sea (NBS) and Gulf of Alaska (GOA). Statistical significance denoted by *.
Location

Species

Parameter

Std. error

t-value

p-value

NBS

Chinook

Intercept

19.2

Value

0.077

255.0

0.000*

GOA

Chinook

Intercept

21.1

0.122

172.8

0.000*

NBS

Chinook

Slope

0.020

0.001

25.4

0.000*

GOA

Chinook

Slope

0.003

0.001

7.0

0.000*

NBS

Chum

Intercept

19.6

0.206

95.1

0.000*

GOA

Chum

Intercept

20.5

0.153

135.1

0.000*

NBS

Chum

Slope

0.040

0.003

12.4

0.000*

GOA

Chum

Slope

0.014

0.002

7.5

0.000*

Statistical Analysis

an) and 55% middle and lower Yukon River Stocks (U.S.)
(Murphy et al. 2009; JTC 2015). The stock of origin for
juvenile Chinook salmon sampled in the GOA surveys were
based solely on coded-wire tag recoveries, which estimated that 90% of these fish belong to Oregon and Washington
stocks with 10% belonging to southeast Alaska and British
Columbia stocks (Celewycz et al. 2012). Juvenile chum
salmon captured in the NBS were assumed to be western
Alaska stocks based on stock mixture proportions estimated
by Kondzela et al. (2009). Juvenile chum salmon captured
the GOA were assumed to be from southeast Alaskan stocks
(W. Templin, bill.templin@alaska.gov, pers. comm.).

Analysis of covariance (ANCOVA) was used to identify differences in the relationship between body weight and
energy density for juvenile Chinook and chum salmon inhabiting the NBS and the GOA. Three linear models were
evaluated for each species. The first model had a total of
four parameters (full model), which included factors for
slope and intercept for each region. The second and third
models had three parameters. The second model had a common intercept for both regions and separate factors for slope
for each region, and the third model had a common slope for
each region but a different intercept for each region. Mallow’s Cp statistic was used to assess the best least squares fit
and the model having the lowest Cp statistic was determined
to have the best fit to the data.

Sample Processing
Juvenile Chinook and chum salmon were thawed in
the laboratory and whole body wet weight measured to the
nearest 0.0001g. Stomach contents were removed and the
stomach lining returned to body cavity. Two Chinook and
two chum salmon collected from each station were individually dried in a thermogravimetric analyzer until no change in
body weight was detected, which indicated that the carcass
was devoid of moisture. Fish were then ground into a fine
homogenate using a mortar and pestle. Homogenous tissue
was pressed into a pellet weighing 0.1–0.2 g and measured
to the nearest 0.0001 g. A Parr Instruments (Moline, IL,
USA) 6725 Semimicro Calorimeter was used to measure the
energy released upon combustion of each sample which was
then converted to wet weight energy density of the sample.
A reference material (benzoic acid standard) and duplicate
tissue samples were used to evaluate the precision of the
machine.
Stomach contents for up to 10 fish per station were removed from the stomach cavity, pooled, and stored in 10%
formalin until diet analysis. Diet analyses was performed
on preserved prey items that were sorted into general taxonomic groups using a dissecting scope. These groups
included: euphausiids, copepods, amphipods, gastropods,
decapods, fish, and miscellaneous prey. Each prey group
was weighed and reported as a percentage of the entire food
bolus weight.

RESULTS
Allometric Relationship between Body Weight and Energy Density
The most parsimonious model for Chinook salmon
was the full model (4 parameters) which included factors
for slope and intercept for each region (Cp = 446.9). Cp
statistics for the 3-parameter models were higher. The model with a common intercept for both regions and separate
factors for slope had a Cp = 490.7 and the model with a
common slope and separate factors for intercepts had a Cp
= 575.5. The most parsimonious model for chum salmon
was also the model that included separate factors for slope
and intercept for each region (Cp = 142.6). The model with
a common intercept for both regions and separate factors for
slope had a Cp statistic = 146.8 and the model with a common slope and separate factors for the intercepts had a Cp
statistic = 163.6.
All coefficients for Chinook and chum salmon models
were highly significant (p < 0.001; Table 1). There was a
greater difference in the intercept values for Chinook (GOA
= 21.1, NBS = 19.5) relative to chum salmon (GOA = 20.5,
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Northern Bering Sea

Energy density (kJ/g)

Gulf of Alaska

Length (mm)

Length (mm)

Fig. 2. Allometric relationship between energy density (kJ/g) and body size (g) for juvenile Chinook salmon inhabiting the Gulf of Alaska and
northern Bering Sea during late summer and early fall.

NBS = 19.6). A greater difference in the intercepts for Chinook salmon was likely due to a broader range in body size
of Chinook relative to chum salmon, and less power to distinguish ecological differences between the intercepts of
Chinook salmon by region.
The slope for Chinook salmon inhabiting the NBS was
greater than for those inhabiting the GOA (Fig. 2) with the
rate of change in energy density per gram body weight greater by a factor of 4.2 for juveniles inhabiting the NBS relative
to the GOA (Table 1). The slope for chum salmon inhabiting
the NBS was also steeper (Fig. 3), with energy stores being
accumulated by a factor of 2.7 times faster relative to those
inhabiting GOA. Chinook and chum salmon were not significantly longer and heavier in the GOA relative to those
inhabiting the NBS (Table 2).

by weight for those inhabiting the GOA (Fig. 4). Age-0 capelin (Mallotus villosus) and Pacific sandlance (Ammodytes
hexapterus) were the most common fishes consumed in the
NBS, accounting for 42.0% and 20.5%, respectively (Fig.
4). A large proportion of the fish prey in the diets of Chinook
salmon inhabiting the GOA were too digested to identify to
the species level, however, the largest proportion of identifiable fish prey was capelin, which accounted for 12.0% of the
diet by weight (Fig. 4). Chum salmon in the NBS and GOA
fed largely upon zooplankton (Fig. 5). Hyperiid amphipods
comprised the largest proportion of prey in the diet of chum
salmon inhabiting the NBS (37.0%) and large calanoid copepods comprised the largest proportion of those inhabiting
the GOA (30.5%; Fig. 5).

Regional Differences in Diet Composition

DISCUSSION

A large proportion of the prey consumed by Chinook
salmon was fish. Fish prey accounted for 87.5% of the diet
by weight for Chinook salmon inhabiting the NBS and 46.8%

Energy density reflects the amount of lipid stores in
somatic tissue (Heintz et al. 2013), and comparing energy
density differences of the same species and size range along

Gulf of Alaska
Energy density (kJ/g)

Northern Bering Sea

Length (mm)

Length (mm)

Fig. 3. Allometric relationship between energy density (kJ/g) and body size (g) for juvenile chum salmon inhabiting the Gulf of Alaska and
northern Bering Sea during late summer and early fall.
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Table 2. The average body size in fork length (mm) and weight (g), and energy density (kJ/g) for juvenile Chinook and chum salmon
inhabiting the northern Bering Sea (NBS) and Gulf of Alaska (GOA).
Average

Standard deviation

Location

Species

NBS

Chinook

194

110.3

21.5

28.9

51.2

1.2

GOA

Chinook

240

226.3

21.8

37.6

91.0

0.8

NBS

Chum

177

63.3

22.0

16.1

19.2

1.0

GOA

Chum

182

79.2

21.5

23.1

32.2

0.9

kJ/g

Length

Weight

kJ/g

a latitudinal gradient can potentially reveal differences in the
energetic requirements of individuals inhabiting more northerly versus southerly ecosystems. Juvenile Chinook and
chum salmon inhabiting the NBS had greater energy stores
than those inhabiting the GOA suggesting that individuals
inhabiting more northern latitudes may require greater lipid
stores to survive in winter. Winters in the Bering Sea are
longer and more extreme than those in the GOA (Stabeno
et al. 2010, 2016). Most western Alaska Chinook salmon
stocks spend their first winter in the Bering Sea whereas the
majority of stocks from Oregon, Washington, British Columbia, and Southeast Alaska spend their first winter in the
Gulf of Alaska (Myers et al. 2009). Therefore, it is likely
that individuals inhabiting the NBS during summer were
storing energy at a greater rate to offset future energy demands during winter. Previous investigations had not identified a consistent trend in energy accumulation with latitude
for juvenile Chinook salmon, but hypothesized that regional
differences in energy allocation were due to localized environmental differences (Trudel et al. 2007). However, despite
no apparent relationship between energy accumulations with
latitude, there was an increase in growth rate with latitude.

This pattern was true for all regions investigated with the
exception of the southeastern Bering Sea, which exhibited higher growth rates than those in the NBS (Trudel et al.
2007).
Energy stores increased at a greater rate for Chinook
than for chum salmon in the NBS, and the difference between the rates at which chum accumulated energy in the
NBS versus the GOA was much less than for Chinook salmon. This decrease may be a response to requiring fewer
energy stores by western Alaska juvenile chum salmon because a large proportion of them overwinter in the Gulf of
Alaska (Fredin et al. 1977), where winter is shorter and less
extreme. However, differences in the slopes and intercepts
of the models representing the allometric relationship between energy accumulation and body size for either species
may have been influenced by ecological processes or other
factors not accounted for by the models.
These factors might include, but not be limited to, a
high proportion of hatchery fish in the GOA that may have
been larger relative to individuals inhabiting northern latitudes, which are mostly wild western Alaska stocks. The
smallest Chinook and chum salmon inhabiting northern lat-

Diet composition (% weight)

Weight

Diet composition (% weight)

Length

NBS

GOA

NBS

Fig. 4. Proportional contribution of prey in the diet by weight for
juvenile Chinook salmon inhabiting the northern Bering Sea (NBS)
and Gulf of Alaska (GOA) during 2004–2011. Figure created from
information from Murphy et al. (2013).

GOA

Fig. 5. Proportional contribution of prey by weight in the diet of
juvenile chum salmon inhabiting the northern Bering Sea (NBS) and
Gulf of Alaska (GOA) during 2011–2013.
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itudes had slightly lower, and more highly variable energy
density relative to those in more southern latitudes. This
may have been due to environmental conditions or some
other unidentified limiting factor(s). However, these fish
may be destined to perish given that they are small and have
low energy reserves to survive the winter. Juvenile Chinook and chum salmon sampled in the eastern GOA during
July were within the same size range as those sampled in the
NBS during September. However, a two-month time difference in sample collection timing may have confounded the
true differences in size and energy density between populations. Previous studies have shown that energy is allocated
toward somatic growth by young salmon inhabiting fresh
water and marine waters during summer, with energy being
used for somatic growth to presumably escape gape-limited
predators; and energy used for lipid accumulation at the end
of the summer before fall to presumably survive a period of
food shortage (Biro et al. 2005; MacFarlane 2010). Similar processes are apparent in striped bass (Hurst and Conover 2003) and other species (Schultz and Conover 1997).
A seasonal effect of greater lipid accumulation in response
to winter may have been confounded with a regional effect
of greater lipid accumulation at higher latitudes. Potential
mechanisms influencing seasonal effects may be a decrease
in photoperiod or temperature. Juvenile Chinook salmon
from both regions are presumably increasing lipid stores
as they grow in addition to increasing lipid stores as summer transitions into autumn. Therefore, despite a similar
body size in the NBS and GOA, the seasonal effect may
have influenced lipid storage, which was not accounted for
in our models. Unfortunately such an effect could not be
examined due to the difference in sample collection timing
between regions.
Size-selective mortality exists for NBS juvenile Chinook
salmon (Howard et al. 2016), which will also influence early
marine survival. Therefore, accelerated growth is also important for juvenile Chinook salmon inhabiting the NBS. Larger
fish are more capable of feeding on larger nekton prey. Juvenile Chinook primarily preyed upon sandlance and capelin in
the NBS, while Pacific herring (Clupea pallasii) comprised a
small proportion of the overall diet. Juvenile Chinook salmon
are able to prey on all size ranges of age-0 capelin, but they are
only able to capture and consume a portion of the age-0 year
class of Pacific herring due to gape width limitation (Murphy
et al. 2013). Increased growth rate and achieving an overall
larger body size by early fall would increase the amount of
age-0 Pacific herring that could be available to Chinook salmon, which could be important during years when age-0 capelin
and sandlance abundance is low.
A balance must be struck between allocating energy
to somatic body growth to increase the capacity for energy storage and sheltering against predation versus energy
storage for periods when food availability is scarce (Heintz
and Vollenweider 2010). Larger fish generally have a lower
weight-specific metabolic rate than smaller fish (Brett 1970),
and thus, acquiring a larger size may be a way to reduce

their overall energy demands, which may off-set lower lipid
reserves. Juvenile Chinook salmon captured in the NBS in
September were smaller on average than juvenile Chinook
salmon captured in the GOA during July. Juvenile Yukon
River Chinook stocks are typically located within the Yukon River delta and estuary where they feed primarily on
insects and small copepods (K. Miller, katharine.miller@
noaa.gov, pers. comm.). Thus, juvenile Chinook salmon
from Washington and Oregon were presumably larger than
those emigrating from the Yukon River during the month of
September. Most of the juvenile Chinook salmon captured
in the coastal GOA during summer months are of hatchery
origin (Tucker et al 2011; Tucker et al. 2012) and are likely
larger than their wild conspecifics, which may also partly explain the larger in size in the GOA. Washington and Oregon
stocks may have also begun to allocate more energy toward
lipid storage by September as well. Thus, there is a possibility that the observed differences may have been partially due
to season and not entirely to latitude.
An alternative explanation to higher energy reserve storage in the NBS is that food quality, specifically the amount
of lipid in the prey, in the NBS latitudes is greater than in the
GOA. Juvenile chum salmon fed on zooplankton in both the
NBS and GOA, but large calanoid copepods and euphausiids
were fed upon most heavily in the GOA. Amphipods comprised the greatest proportion of the diet in the NBS. A more
energetically rich prey field in northerly latitudes would give
juvenile salmon a greater advantage to store lipid. Juvenile
chum salmon inhabiting Kuskokwim Bay experienced a decrease in energy density with size, suggesting they were allocating more of their energy toward somatic tissue growth
(Burril 2007) that may result from increasing water temperatures and energy demands not balanced by food supply as
the season progressed (Hillgruber and Zimmerman 2009).
However, more information is needed on the seasonal and
regional differences in the energetic content of prey and effect of water temperature differences in the NBS and GOA
to make such a determination.
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Abstract: Understanding migration and abundance of Chinook salmon stocks during critical early marine periods
is important because declining returns in some regions of Alaska have effectuated commercial fishery disaster
declarations since 2012. Annual ocean catch data of juvenile and immature Chinook salmon pre-recruits were
examined from research surface trawling in Icy Strait, Southeast Alaska (SEAK), from 1997 to 2014 to examine
how ocean survival depends on critical early periods. In total, 1,108 Chinook salmon were sampled in 1,037 trawl
hauls from May to September. Data on the release location and timing for 50 fish recovered with coded-wire tags
(CWTs) indicated most to be of SEAK origin (48), and either immature (ocean age-1) or juvenile (ocean age-0).
Based on monthly CWT Chinook salmon recoveries and catch, juvenile fish occurred in increasing abundance
from June to September, whereas immature fish occurred in decreasing abundance from May to September.
There was strong coherence in the ocean survival rates of wild and hatchery SEAK stocks of Chinook salmon,
and average regional survival was significantly (p < 0.05) correlated to the abundance of ocean age-1 fish, but
not ocean age-0 fish. This study indicates SEAK Chinook salmon stocks have initial localized marine distributions
as juveniles, and they are present as immature fish in the ensuing spring and summer. Research catch rates of
pre-recruits have the potential to be useful as a leading ecosystem indicator stock assessment tool for managers.
Keywords: Chinook salmon, ecosystem indicators, ocean ecosystem monitoring, Southeast Alaska, migration

INTRODUCTION

is important because marine trophic interactions influence
survival during their early sea life by impacting fish growth,
size, and abundance (Duffy and Beauchamp 2011; Miller
et al. 2013a). Therefore, it is important to recognize early
ocean migration and distribution patterns for Alaskan Chinook salmon in order to develop ecosystem productivity
indicators that may be linked to survival or productivity of
particular stock groups.
Stock-specific ocean distribution patterns of Chinook
salmon have been linked to year-class strength. A key attribute of many wild and hatchery populations of salmon (Oncorhynchus spp.) is their regional coherence in production
or survival, suggesting that a critical marine period exists in
relatively close proximity to some natal rivers and hatcheries
(Mueter et al. 2002a; Sharma et al. 2013). It has also been
suggested that salmon must survive two critical periods, one
in the months following outmigration as smolts and a second
over their first winter at sea (Beamish and Mahnken 2001).
Though underlying mechanisms responsible for interannual
fluctuations in salmon productivity are largely unknown, a
suite of biophysical factors are implicated, including ocean

Developing reliable ecosystem productivity indicators
of Chinook salmon (Oncorhynchus tshawytscha) based on
ocean ecosystem metrics is important because this species
spends most of its life in the ocean and Alaska Chinook
salmon productivity has declined throughout the State and
effectuated commercial fishery disaster declarations in some
regions since 2012 (NOAA 2012; Spaeder and Catalano
2012; ADF&G 2013; Schindler et al. 2013; PSC 2014). Chinook salmon can spend up to five years in the ocean during
their life, and can undergo remarkably complex and varied
ocean migrations crossing multiple large marine ecosystems
(LMEs) to distant rearing localities. For example, off the
coast of North America, some Chinook salmon stock groups
migrate thousands of kilometers across multiple LMEs (California Current, Gulf of Alaska, and Eastern Bering Sea),
whereas other stock groups may have disparate, localized
ocean distribution patterns within a single LME (Orsi and
Jaenicke 1996; Trudel et al. 2009; Weitkamp 2010; Fisher
et al. 2014). Understanding these stock-specific migrations
All correspondence should be addressed to J. Orsi.
e-mail: joe.orsi@noaa.gov
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Fig. 1. Stations (black dots) sampled for Chinook salmon in Icy Strait with surface trawls in the marine waters of the northern region of
Southeast Alaska monthly from May to September, 1997–2014. Release localities (white dots) of the Alaska Chinook salmon stock groups
recovered in the study.

surface temperature, prey availability, fish growth, intraand inter-specific competition, size-selective mortality, and
predator interactions (e.g., Pearcy 1992). These regional
biophysical factors are modulated by large-scale climatic
events including the El Niño Southern Oscillation, the Aleutian Low pressure system, or the Pacific Decadal Oscillation
that collectively influence basin-scale ecosystem productivity in the Gulf of Alaska (Beamish and Bouillon 1993, 1995;
Mantua et al. 1997; Meuter et al. 2002b; Quinn 2005; Ruggerone and Nielsen 2009; Peterson et al. 2010; Ruggerone et
al. 2010; Scheuerell 2012; Sturdevant et al. 2012; Di Lorenzo et al. 2013).
Stock-specific information is available from ocean-sampled fish along the eastern Pacific Rim for many individual Chinook salmon stocks marked with coded-wire tags
(CWTs) that indicate the timing, location, and brood stock
information for each group of released salmon. These CWT
recoveries have enabled the description of early marine migrations for many Chinook salmon stocks throughout Alaska
(Orsi and Jaenicke 1996; Orsi et al. 2000; Trudel et al. 2009;
Fisher et al. 2014). The most rapid migrations of juveniles
in Alaska are those of stream-type (yearling) Chinook from
the Columbia River system that, in just a few months at sea,
migrate > 1,800 km northward to coastal Gulf of Alaska
off Southeast Alaska (SEAK). Additionally, the survival
of these yearling Chinook salmon stocks has been reported to covary with the survival of the northernmost Chinook
salmon stocks off SEAK (Kilduff et al. 2014). In contrast,
some stream-type stocks from shorter coastal river systems
of SEAK (i.e., Chickamin River, Chilkat River, and Unuk
River) may be present in inside waters of SEAK for a large

proportion of their ocean life with a more localized marine
distribution pattern and contribute in protracted regional
fisheries (PSC 2014). Chinook salmon in SEAK originate
from both wild and hatchery stocks. A number of these
stocks have associated marine survival data based on CWTs
recovered from fish harvested in fisheries and collected from
escapements. Studies have also shown that wild and hatchery Chinook salmon stocks originating from the same region
have relatively consistent ocean migration patterns (Weitkamp 2010; Tucker et al. 2011). Consequently, a regionally
explicit time series of data on pre-recruit Chinook salmon
from wild and hatchery stocks in the ocean could be examined in the context of stock-specific brood year survival to
see how well age-specific abundance and migration relates
to year-class strength.
Long-term direct measures of Chinook salmon during
their early ocean period in Alaska are limited and complicated by the fact that Chinook salmon are the least abundant
salmon species in epipelagic waters along the eastern North
Pacific Rim (Quinn 2005; Orsi et al. 2007). This makes
understanding marine migration and production mechanisms of Chinook salmon in Alaska challenging. Additionally, most Chinook salmon harvested in SEAK are caught
in commercial troll and recreational fisheries in which the
minimum size limit is 28” (71 cm) total length, thus limiting most fishery-dependent information to fish harvested as
larger recruits (ocean age-2 to -5). Therefore, fishery independent information is scarce on pre-recruits (ocean ages-0
and -1). However, data from these two younger age groups
are available from annual surface trawl surveys conducted
by the Southeast Alaska Coastal Monitoring (SECM) project
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Table 1. Chinook salmon marine survival estimates from Southeast Alaska stocks that coincide with the ocean sampling years in Icy Strait
(58.3ºN), 1997–2008. Wild (W) or hatchery (H) origin is denoted for each stock. Wild stocks are from the Chilkat and Taku rivers, whereas
hatchery stocks are from the Douglas Island Pink and Chum (DIPAC) and Hidden Falls hatcheries. Brood-year survival estimates for Chinook
salmon adult returns include fish ages up to total age 7 (ocean age-5), except the 2008 brood year, which only includes fish ages up to total
age 6 (ocean age-4).
Brood year

Ocean entry
year

Chilkat River (W)
59.3ºN

Taku River (W)
58.5ºN

DIPAC (H)
58.3ºN

Hidden Falls (H)
57.2ºN

Average

1995

1997

-

3.2%

-

4.5%

3.9%

1996

1998

-

3.5%

-

4.5%

3.9%

1997

1999

-

2.9%

2.7%

1.4%

3.0%

1998

2000

3.7%

3.7%

1.7%

2.8%

2.7%

1999

2001

4.5%

4.9%

3.4%

1.9%

3.3%

2000

2002

4.9%

4.1%

1.7%

1.7%

3.4%

2001

2003

3.6%

1.8%

0.8%

1.2%

2.5%

2002

2004

1.0%

1.5%

0.7%

0.4%

1.4%

2003

2005

2.4%

3.2%

1.4%

1.5%

1.5%

2004

2006

3.1%

1.3%

0.6%

0.5%

1.8%

2005

2007

2.6%

2.3%

1.1%

1.2%

1.6%

2006

2008

1.3%

1.4%

0.3%

1.2%

1.4%

2007

2009

3.2%

3.2%

1.0%

1.3%

1.6%

2008

2010

1.2%

-

0.9%

1.1%

1.7%

11

13

12

14

14

Total number of years

from 1997 to 2014 (Orsi and Fergusson 2014). The SECM
data have been used to describe epipelagic fish assemblages in the Alaska Coastal Current compared to the California Current (Orsi et al. 2007), to define essential fish habitat
for Pacific salmon in the U.S. EEZ of Alaska (Echave et al.
2012), and to document life-history patterns of threatened
and endangered Chinook salmon stocks along the SEAK
coastline and in the Gulf of Alaska (Trudel et al. 2009; Fisher et al. 2014). The SECM time series has allowed annual
indexes to be constructed and applied to pre-season forecast
models for SEAK pink salmon harvest since 2004 (Wertheimer et al. 2013, 2014; Orsi et al. 2016).
The objectives of this study were to examine catch data
from pre-recruit Chinook salmon sampled in the SECM fishery-independent surface trawl surveys in the marine waters
of Icy Strat in SEAK from 1997 to 2014 to determine: (1)
stock- and age-specific ocean distribution and migration
patterns of fish based on CWTs; (2) relationships among
age-specific fish abundance and stock-specific survival of
regional stock groups in SEAK (wild and hatchery); and (3)
the feasibility of developing a first-year production indicator
of SEAK Chinook salmon as a pre-season forecasting tool to
benefit resource stakeholders and managers.

SEAK (Fig. 1). These SECM surveys have been conducted
by the Alaska Fisheries Science Center, Auke Bay Laboratories for 18 years and consist of a monthly time series
of data of ecosystem metrics in coastal SEAK and in the
Gulf of Alaska using surface trawls and oceanographic instruments (Orsi and Fergusson 2014). The surveys deploy
surface trawls in the upper 20 m of the water column at stations centered along Icy Strait (58°N, 135°W), a principal

MATERIALS AND METHODS
Fig. 2. Length-frequency distribution of Chinook salmon sampled
in surface trawls in the marine waters of Icy Strait, Alaska, MaySeptember, 1997–2014. Ninety-nine percent of the catch was
sublegal sized fish (< 665 mm fork length, ~28 inch total length).

To obtain early marine information of Chinook salmon in SEAK, data were used from annual ocean surveys
conducted by the SECM project in the northern region of
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Table 2. Monthly surface trawl sampling effort and size of Chinook salmon (fork length) in the marine waters of Icy Strait, Alaska, May–
September, 1997–2014.
Month

Number of
years sampled

Number of
trawl hauls

Number of
Chinook
salmon

Chinook salmon size (mm)
x

min

max

SD

May

4

28

41

332

282

505

49

June

17

300

445

339

94

848

101

July

18

371

252

325

123

1,140

130

August

18

282

208

308

109

685

114

September

4

56

162

273

186

592

51

Total

18

1,037

1,108

320

94

1,140

107

seaward migration corridor of salmon in the northern region
of SEAK (Orsi et al. 2000, 2012). Annual salmon catch
data were available from the SECM time series at eight stations sampled from May until September. Consistent annual trawl sampling was available in Icy Strait from 1997 until
2014 in June, July, and August each year (except June of
2009). Additionally, monthly catch data were also available
in both May and September during the first four years of the
SECM time series.
All Chinook salmon captured during the surveys were
measured for length and sampled for CWTs. Fish were
measured to fork length in the field, stomachs were sampled
from immature fish, and gonads were examined to determine
gender and to identify the qualitative state of maturity. In
the laboratory, CWTs were removed from the heads of adipose-fin clipped fish retained during field sampling. Also,
all unclipped fish were screened electronically to detect any
fish that were marked with a CWT. Once the CWTs were decoded, stock information (i.e., origin of brood stock, release
location, and hatchery location) was obtained from Alaska regional mark coordinators or from the Regional Mark
Information System (RMIS 2014). The stock information
from all recovered CWT fish was summarized by age and
stock group, migration distances, and any other associated
data from release or recovery (hatchery or wild, release site,
recovery time, etc.). Migration rates of CWT fish were determined by estimating the distance travelled (km) between
release (river mouth or hatchery site) and recovery localities
and dividing this by the number of days at sea.
Ocean survival data were obtained for selected wild
and hatchery Chinook salmon stocks from the northern region of SEAK. These data were selected to coincide with
the SECM time series collections. Survival data for wild
Chinook salmon stocks were obtained from the Alaska Department of Fish and Game (ADF&G), while survival data
for hatchery stocks were obtained from Southeast Alaska
private non-profit hatchery operators (Douglas Island Pink
and Chum [DIPAC] and Hidden Falls [HF]). Brood-year
survival data were obtained from Chinook stocks in the
northern region of SEAK (latitudes 57.2–59.3ºN) near Icy
Strait (58.3ºN latitude, Table 1). The time series of the
Chinook salmon survival was lagged to coincide with the

ocean entry year of the salmon. For example, the annual
survival of a 1995 brood-year Chinook salmon was compared to the abundance of juveniles (ocean age-0) sampled
in 1997 and to the abundance of immature fish (ocean age1) sampled the following year (1998). Age-specific Chinook salmon abundances were tabulated monthly (June,
July, and August) for each age group and then averaged by
year. Significant correlations between survival and abundance by age group would suggest the timing of critical
periods for SEAK stocks.
Catches of Chinook salmon were summarized by a standard catch per unit effort (CPUE, Ln [fish catch + 1]) for
each 20-min surface trawl haul. Catches were also classified
into two age groups: juvenile (ocean age-0) fish in their first
year at sea and immature (ocean age-1) fish that were in their
second year at sea. Grouping into these two age groups was
based on fish length and later validated using CWT age and
size data. In general, monthly size classification of juveniles were fish < 300 mm FL in June, < 310 mm FL in July,
< 325 mm FL in August, and < 350 FL mm in September.
Larger fish were classified as immature fish, and typically
represented mostly ocean age-1 fish.
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Fig. 3. General abundance trend for Chinook salmon age groups
sampled by surface trawls in the marine waters of Icy Strait, Alaska,
May-September, 1997–2014. Monthly average catch per haul,
pooled across years.
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Table 3. Monthly catches of coded-wire tagged Chinook salmon by ocean age in surface trawl hauls in the marine waters of Icy Strait, Alaska,
May–September, 1997–2014.
Month

Sampling years

Ocean age

Trawl hauls

0

1

2

3

4

Total

May

4

28

0

3

1

0

0

4

June

17

300

5

10

3

0

1

19

July

18

371

10

7

0

0

0

17

August

18

282

3

2

1

1

0

7

September
Total

4

56

3

0

0

0

0

3

18

1,037

21

22

5

1

1

50

RESULTS

Information on ocean age and migration was available
from 50 CWT Chinook salmon recovered in Icy Strait, Alaska from May to September, 1997–2014 (Table 3). Oceanage composition of the CWTs indicated Chinook salmon to
be predominately from two groups: juvenile (ocean age-0)
and immature (ocean age-1). Of the CWT recoveries, no
ocean age-0 fish were sampled in May and no ocean age-1 or
older fish were sampled in September, suggesting Icy Strait
is an important rearing area for juveniles beginning in September, and into the following year as older immature fish
were likely emigrating seaward from the study area.
Stock-specific information from the CWTs indicated
most (96%) of the Chinook salmon captured in Icy Strait
originated from hatchery and wild stocks from Southeast
Alaska (Table 4). Of two Chinook salmon not from SEAK,
one was a stream-type juvenile (ocean age-0) fish from Oregon (Clackamas River) and one was an ocean-type immature

Monthly surface trawl sampling was accomplished in
1,037 hauls over the 18-year study period. Of the 1,108
Chinook salmon sampled, 99% were of pre-recruit size (<
665 mm, Fig. 2) and nearly all of the gonads examined
from larger fish indicated they were immature. Chinook
salmon sizes ranged from 94 to 1,140 mm FL, with average monthly sizes in May, June, July, August, and September of 332, 339, 325, 308, and 273 mm FL, respectively
(Table 2). There was a decrease in average size from May
to September due to the arrival of smaller, juvenile Chinook salmon in Icy Strait that peaked in September. Overall monthly CPUE for juvenile Chinook salmon increased
from June until August, whereas monthly CPUE for immature Chinook salmon declined from May until September
(Fig. 3).

Table 4. Origin and age of hatchery (H) and wild (W) coded-wire tagged Chinook salmon recovered in surface trawl hauls in the marine waters
of Icy Strait, Alaska, May-September, 1997–2014. Age nomenclature follows European notation where the numeral before and after the decimal
point denotes the number of freshwater and ocean winters. Asterisks denote Chinook salmon stocks with long time series of brood-year
survival: these stocks were examined for regional continuity and their relationship with juvenile and immature Chinook salmon trawl catch rates.
Origin
Release locality
Pullen Creek, Alaska (H)

Age
Total

Latitude
(ºN)

Longitude
(ºW)

0.1

1.0

1.1

1.2

1.3

1.4

59.45

-135.32

-

1

-

-

-

-

1

-

1

-

1

Taiya Inlet, Alaska (H)

59.39

-135.36

-

-

1

-

-

Chilkat River, Alaska (W)*

59.23

-135.51

-

-

2

1

-

Taku River, Alaska (W)*

58.42

-134.00

-

1

-

-

-

DIPAC Auke Bay, Alaska (H)*

58.37

-134.67

-

-

1

1

-

-

2

DIPAC Fish Creek, Alaska (H)*

58.33

-134.60

-

-

4

1

1

1

7

DIPAC Gastineau Channel, Alaska (H)*

58.33

-134.47

-

1

8

1

-

-

10

HF Kasnyku Bay, Alaska (H)*

57.22

-134.85

-

13

3

1

-

-

17

3

Bear Cove, Alaska (H)

57.01

-135.16

-

1

-

-

-

-

1

Little Port Walter, Alaska (H)

56.39

-134.65

-

2

2

-

-

-

4

Port Armstrong, Alaska (H)

56.29

-134.67

-

1

-

-

-

-

1

Wannock River, British Columbia (H)

52.38

-126.61

1

-

-

-

-

-

1

Clackamas River, Oregon (H)

45.30

-122.36

Total

173

-

1

-

-

-

-

1

1

21

21

5

1

1
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nile ocean age-0 Alaska Chinook salmon occurred later in
the year in Icy Strait, and increased from July to September, with an average migration rate of (2.6 km/d). Immature
ocean age-1 and older Alaska Chinook salmon occurred in
all months and declined from May until September, with an
average migration rate of (0.2 km/d).
Brood-year survivals were significantly correlated (p
< 0.05) among the four wild and hatchery Chinook salmon
stocks in SEAK (Fig. 4). Coherence in brood-year survival
among these stock groups is strong evidence for a common
marine effect influencing production. Moreover, within the
Chinook salmon survival correlation matrix, the strongest
correlation was between a wild (Taku) stock and a hatchery (DIPAC) stock, which further illustrates the importance
of the marine environment because the hatchery fish are released directly to sea from marine nets, independent of any
freshwater effect.
Chinook salmon brood-year survival was significantly (p < 0.05) correlated to the abundance of ocean age-1
fish but not to ocean age-0 fish (Fig. 4). Chinook salmon
survival and ocean age-1 catch data from Icy Strait were
closely aligned over the time series (R2 = 45%) indicating
ocean age-1 Chinook annual abundance reflected the average brood-year survival of the four hatchery and wild stocks
from SEAK (Fig. 5, Table 5). The coherence in declining
trends between Chinook salmon brood year marine survival
and ocean age-1 Chinook salmon abundance were particularly evident from 1998 to 2008.
A Chinook salmon index was developed to link pre-recruit catches from Icy Strait immature (ocean age-1) Chinook
salmon with an outlook two years later to ocean age-3 recruits
to the fishery for the years 1999–2015. The age class for this
index was based on the correlation results. Over the Chinook
salmon index time series, recruit abundance declined over
brood years 2006–2012, but two strong recruit years recently

(a)

(b)
--

--

CPUE ocean age-0
CPUE ocean age-1

Fig. 4. Correlation matrices of (a) Chinook salmon hatchery and
wild brood-year survival in Southeast Alaska, and (b) Chinook
salmon average brood-year survival and catch per trawl (CPUE) of
ocean age-0 and ocean age-1 from data collected on surface trawl
surveys in the marine waters of Icy Strait, Alaska, June-August,
1997–2014. Chinook salmon brood-year survival and CPUE data
are in Tables 1 and 5. Asterisks denote significant differences
(uncorrected for multiple comparisons) at P-value < 0.05.

(ocean age-1) fish from British Columbia (Wannock River).
Of the Southeast Alaska Chinook CWTs recovered, 94%
were from hatchery releases, with most from the DIPAC
(19) and the HF (17) hatcheries. The four wild Chinook
salmon CWT recoveries were from the Chilkat River (three
immature fish) and the Taku River (one juvenile fish).
Seasonal distribution and marine migration rates of
Alaska CWT Chinook salmon varied by ocean age. Juve-

(a) (a)

(b) (b)
-

-

-

-

Fig. 5. Average Chinook salmon hatchery and wild stock survival related to CPUE data of ocean age-0 and ocean age-1 Chinook salmon
from surface trawl catches in the marine waters of Icy Strait, Alaska, June–August, 1997–2014. Chinook stocks include: Chilkat River (wild),
Taku River (wild), Douglas Island Pink and Chum Hatchery, and Hidden Falls Hatchery. Panel (a) shows all three data time series graphed,
and panel (b) is the relationship between ocean age-1 Chinook annual catch and brood-year survival.
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Table 5. Average catch rates of juvenile (ocean age-0) and immature (ocean age-1) Chinook salmon in the marine waters of Icy Strait,
Alaska, June–August 1997–2010. The ocean-entry years of the 1995–2008 brood years are lagged two years for juvenile and three years
for immature trawl CPUE. No ocean sampling occurred in June of 2009, so data were not available for juvenile or immature fish in 2009.
Year of ocean
entry

Number of
trawl hauls

Catch rate of juveniles
June-July-August average

Year at
ocean age-1

Catch rate of immatures
June-July-August average

1997

24

0.32

1998

0.40

1998

32

0.12

1999

0.61

1999

28

0.09

2000

0.33

2000

35

0.41

2001

0.25

2001

63

0.42

2002

0.32

2002

56

0.17

2003

0.18

2003

34

0.03

2004

0.29

2004

57

0.19

2005

0.10

2005

51

0.16

2006

0.29

2006

48

0.05

2007

0.17

2007

60

0.21

2008

0.14

2008

56

0.34

2009

0.06

2009

45

0.01

2010

0.10

2010

60

0.04

2011

0.43

Total

649

emerged in 2013 and 2015 (Fig. 6). The strongest outlook
for ocean age-3 Chinook salmon is predicted for 2015 fish in
SEAK and is based on the high index of ocean age-1 fish in
Icy Strait in June of 2013. The outcome of the 2015 Chinook
salmon harvest year will be a good test of the utility of this
index as a predictor of year-class strength.

the open sea as juveniles their first year, but rather reside in
inside waters and overwinter in localities such as Icy Strait,
presumably to resume their seaward migration later as larger fish their second summer at sea. We assumed Icy Strait
to be the primary seaward migration corridor used by the
Chinook salmon stocks examined in this study, however, it
is possible that some fish may have bypassed Icy Strait and
taken a more southerly route through Chatham Strait and
Stephens Passage. Therefore, to fully evaluate our claim
that Chinook salmon utilized Icy Strait as their primary migration route and that fish have a localized marine distribution pattern, future surveys would be needed along alternative ocean migration corridors to ascertain a more accurate
seasonal distribution pattern of these stocks.
Chinook salmon can embark on complex migrations to
distant ocean localities and may migrate vertically to deeper
depths below the catchability “zone” of a surface trawl. The
foot rope of the surface trawl in this study sampled down to
about 20 m depth which is not as deep as juvenile and immature Chinook salmon are reported to occur (> 30 m) in SEAK
during September (Orsi and Wertheimer 1995). Furthermore,
older and larger fish have an increased tendency to distribute
themselves relatively deeper in the water column and can
be found to depths > 100 m (Major et al. 1978). Therefore,
the declining abundance of ocean age-1 fish observed in this
study from May to September may have been a function of
deeper distribution in the water column, rather than exclusively a spatial movement beyond the study locality. In addition, as salmon grow their ability to avoid a trawl increases,
which would also diminish the catchability of larger fish and
suggest emigration from the study locality. Consequently,
the emigration of ocean age-1 Chinook salmon from Icy

DISCUSSION
Stock origin and age information from this study
were used to characterize early ocean migration patterns
of SEAK Chinook salmon stocks. Chinook salmon stock
composition from CWTs recovered in Icy Strait indicated
that fish originate predominately from hatchery and wild
stocks from the northern inside waters of SEAK. Nearly
all fish were immature, and typically either juveniles that
increased in relative abundance from June to September or
immature ocean age-1 fish that declined in relative abundance from May to September. Earlier analyses of surface
trawl catches showed that seasonal stock-specific migrations of juvenile and immature Chinook salmon originating
from transboundary and SEAK rivers had a high relative
occurrence in SEAK waters in fall and winter (Tucker et al.
2011, 2012). Also consistent with the results of this study,
Orsi and Jaenicke (1996) found juveniles from SEAK Chinook stocks present in September, immature ocean age-1
fish in February and May, and a sharp decline in catches
from May to September. Each year catches of Chinook
salmon peaked in September and May for juveniles and immature fish, respectively. These data suggest portions of
some SEAK stocks of Chinook salmon do not migrate to
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Fishery recruitment year as ocean age-3 fish
Fig. 6. The use of ocean age-1 Chinook abundance as a leading ecosystem indicator for the outlook of ocean age-3 Chinook salmon
abundance in Southeast Alaska. The data time series was obtained from catches in surface trawls in the marine waters of Icy Strait, Alaska,
June–August, 1997–2014. The abundance data year of ocean age-1 fish is lagged two years to coincide with the year of ocean age-3
abundance; for example, the high abundance outlook of 2015 ocean age-3 fish is based on observed high abundance of ocean age-1 fish in
2013. Shaded bars denote years in which the index was below average.

Strait based on catch rates assumes most fish were simply not
occupying deeper depths or not avoiding the trawl.
Characterizing ocean migrations of Chinook salmon is
important to better understand factors affecting their productivity. The apparent protracted migration in the early marine
life history of Chinook salmon described in this study is an
important factor to consider when assessing sources of natural and fishing mortality for modeling age-specific ocean
migration patterns (Sharma and Quinn 2012; Miller et al.
2013b) and for defining local habitat use and trophic dynamics (Echave et al. 2012; Sturdevant et al. 2012). High incidental catches of immature Chinook in Alaska’s groundfish
fisheries have the potential to trigger management actions
that impact the total quota of the fishery. Understanding
Chinook salmon stock-specific life history and marine distribution pathways also helps address conservation issues
of some depressed stocks, such as those originating from
the Pacific Northwest that can occur later in ocean fisheries
off SEAK (Sharma 2009). Chinook salmon are harvested
in commercial and sport fisheries in SEAK under annual
quotas established by the Chinook Technical Committee
of the U.S./Canada Pacific Salmon Treaty (PSC 2014), and
the Chinook are predominately immature fish comprised of
mixed stocks from SEAK and further south. Catch quotas
are based on an estimated abundance index of populations in
a model represented by stocks from SEAK to Oregon. In a
time of declining productivity of Chinook salmon in Alaska,
the application of stock- and age-specific migration information for Chinook salmon, from juveniles, immatures (of
each ocean-age group), and adults, is fundamental to building necessary ocean life-history models needed to best understand the impacts of climate change and fishery bycatch
on survival.

Linking age-specific SEAK Chinook salmon ocean
abundances and migration timing to stock-specific survival
rates has more clearly defined early marine critical periods.
A significant correlation was found between ocean age-1
Chinook salmon catches and average brood-year survival
of regional stock groups of both hatchery and wild fish in
SEAK, however this was not the case with ocean age-0 Chinook salmon catches. This finding supports the hypothesis
that a critical period for Chinook salmon production occurs
prior to their second ocean summer and indicates inshore
marine habitat conditions are important areas to investigate
in order to understand and model Chinook salmon production mechanisms in Alaska. These results suggest that there
may be a critical period prior to their second summer at sea,
though we could not adequately test the importance of the
first summer at sea as a critical period. If a longer time series
of Chinook salmon catch data were available in September,
when the ocean age-0 Chinook salmon were most abundant,
then an analysis could be done with ocean age-0 Chinook
salmon catch and survival to determine the importance of
the first summer at sea as a critical marine period.
This study demonstrates the feasibility of developing
a first-year production indicator for SEAK Chinook salmon. This indicator is now reported in the NOAA Ecosystems Considerations Report (NOAA 2014) and other reports
(Orsi et al. 2013; Wertheimer et al. 2014). The application of
additional ecosystem indicators beyond stock-specific catch
may be useful in the future, as other studies have demonstrated the value of multiple indicators for salmon outlooks
or forecasts, which have developed quantitative or qualitative forecasts to predict salmon harvest or survival (Peterson
et al. 2010, 2014; Orsi et al. 2016). Key factors used in
such forecasts include metrics in addition to catch rates of
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Abstract: Temporal and spatial variation in the growth condition of Pacific salmon (Oncorhynchus spp.) were
investigated using the prey-density function for consumption. Zooplankton prey density was estimated from an
ecosystem model, NEMURO, embedded in a 3D physical model for the years 1948–2007. This study focused on
three species of Pacific salmon (chum (O. keta), pink (O. gorbuscha), and sockeye (O. nerka)), all of which are
zooplankton feeders. The prey dependence function for consumption of Pacific salmon varies on a decadal time
scale, and its empirical orthogonal function first mode was correlated with the Pacific Decadal Oscillation. The
variation in the prey dependence function for consumption in the Bering Sea and the Western Subarctic Gyre was
correlated with the variation in the carrying capacity of chum, pink, and sockeye salmon, indicating that these are
key areas for connecting climate variability to the carrying capacity of Pacific salmon. In these areas, prey density
increased after the 1976/77 regime shift, in synchrony with the increase in primary production due to enhanced
nutrient supply through deepening of the mixed layer and/or stronger Ekman upwelling.
Keywords: Pacific salmon, 3D NEMURO, prey density, empirical orthogonal function, growth

INTRODUCTION

carrying capacity for each salmon species. The time span of
data used to estimate the carrying capacity for year class, t,
is 20 brood years for sockeye and chum salmon from year
class t to t + 20, and 10 generations of odd- and even-year
groups for pink salmon. The carrying capacity of the three
species (chum, pink, and sockeye salmon) was low during
the 1945–1955 year classes, increased during the 1956–1975
year classes, and remained constant during the 1976–1996
year classes. This inter-decadal variation mostly corresponds to climate indices such as the Aleutian Low Pressure
Index (ALPI, Beamish and Bouillion 1993) and the Pacific
Decadal Oscillation (PDO, Mantua et al. 1997).
The relationship between large-scale climate variability and salmon production has been studied from various
perspectives. In the Gulf of Alaska, a strong Aleutian Low
(positive ALPI) is suggested to induce strong freshwater discharge, low sea surface salinity, strong stratification (e.g.,
Gargett 1997; Royer et al. 2001), a shallow winter mixed
layer (e.g., Polovina et al. 1995), good light conditions, high
zooplankton production (e.g., Brodeur et al. 1996), and high
salmon production (e.g., Hare et al. 1999). However, due to
the lack of long-term, wide-ranging data, the detailed processes connecting climate variability and salmon production

Pacific salmon (Oncorhynchus spp.) play an essential
role in the North Pacific ecosystem and in addition are a
substantial fishery resource. Pacific salmon also have a significant role in the biodiversity and productivity of riparian
ecosystems because they supply marine-derived nutrients to
rivers (e.g., Kaeriyama and Minagawa 2008). The dominant species of Pacific salmon are chum (O. keta), pink (O.
gorbuscha), and sockeye (O. nerka), which together account
for about 90% of the commercial catch in the North Pacific
(e.g., Irvine et al. 2013). We focused on these three dominant species in this study.
Kaeriyama et al. (2009) estimated the carrying capacity
of chum, pink, and sockeye salmon in the North Pacific, defined as the replacement level of Ricker’s recruitment curve,
and found that their carrying capacity was synchronous with
climate variability as indicated by, for example, the strength
of the Aleutian Low. Kaeriyama et al. (2009) also estimated
the Ricker stock-recruitment equilibrium level from brood
tables based on expanded catch data. This equilibrium point
is a measure of the production capacity of the species at the
gross scale of the North Pacific and provides an index of the
All correspondence should be addressed to H. Ueno.
e-mail: ueno@fish.hokudai.ac.jp
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are not clear. In this study, we aim to provide a better understanding of the relationship between climate variability and
the carrying capacity of Pacific salmon from the perspective
of prey density, statistically analyzing the output of a numerical model.
Kamezawa et al. (2007) and Kishi et al. (2010) investigated
the effect of climate variability on the growth of Japanese chum
salmon using a bioenergetics model coupled with a 3D lower trophic ecosystem model (3D North Pacific Ecosystem Model for
Understanding Regional Oceanography (3D NEMURO; Aita et
al. 2007)) assuming a migration route of Japanese chum salmon. They found that the prey density, especially in the eastern
North Pacific, had a greater influence on the change in body size
than did the sea surface temperature (SST) using 3D NEMURO.
The present study investigates the temporal and spatial variation
in prey density for chum, pink, and sockeye salmon through an
empirical orthogonal function (EOF) analysis without assuming
a migration route. We further try to understand the key areas for
the variability in the growth of Pacific salmon and what determines the prey density variability in these key areas, considering
the variation in primary production, mixed layer depth, and Ekman pumping.

where CMAX is the maximum consumption rate (g prey (g
fish)−1 d−1), ρ (no dimension) is the available consumption
rate without temperature effects (prey dependence function
for consumption), fc(T) (no dimension) is a temperature dependence function for consumption formulated by Thornton
and Lessem (1978), T is water temperature (oC), ac is the
intercept of the mass dependence function for 1 g WW at the
optimum water temperature (set to be a constant, 0.303), and
bc is the coefficient of mass dependence (set to be a constant,
-0.275; Beauchamp et al. 1989).
C can be affected by climate variability through the two
components, ρ and fc(T), because CMAX is constant. As mentioned in the previous section, this study focused on ρ, which
was determined by prey density. This is because the relationship between temperature variation and salmon production has been studied in detail through analyses of long-term,
wide-ranging sea surface temperature data (e.g., Mantua et
al. 1997; Stachura et al. 2014). ρ is determined as follows
(Fig. 1):

(4)
MATERIALS AND METHODS
In this study, we assumed that the growth rate of an
individual Pacific salmon is represented by the wet weight
increment per day:

where PD is the density of prey (g wet weight m−3 or g prey
m−3), Vi is the vulnerability at stage i (no dimension) and is set
to be a constant (1.0), and Ki is the half-saturation constant
(g prey m−3) and set to be 0.15 (Kamezawa et al. 2007; Kishi
et al. 2010). The formulations for the individual processes
described above were the same as those used in Kamezawa
et al. (2007), Kishi et al. (2010), and Yoon et al. (2015).
The prey density in our bioenergetics model was obtained from Aita et al. (2007), who calculated a 3D physical-ecological coupled model (3D NEMURO) for the northern Pacific from 1948 to 2007 (extended by 5 years from the
original dataset of 1948–2002 in Aita et al. (2007)). We used
the monthly averaged output (temperature and density of
predatory zooplankton) for the upper 20 m of the water col-

(1)
This bioenergetics model follows Rudstam (1988), Ware
(1978), Beauchamp et al. (1989), and Trudel et al. (2004)
and was modified by Kamezawa et al. (2007) and Kishi et al.
(2010). W is the wet weight of fish (g wet weight; g WW or
g fish), C is consumption (g prey (g fish)−1 d−1), R is respiration or losses through metabolism (g prey (g fish)−1 d−1), S is
specific dynamic action or losses due to the energy costs of
digesting food (g prey (g fish)−1 d−1), F is egestion or losses
in feces (g prey (g fish)−1 d−1), E is excretion or losses of nitrogenous excretory wastes (g prey (g fish)−1 d−1), and CALz
and CALf are the caloric equivalents of prey (i.e., zooplankton) (cal (g prey)−1) and fish (cal (g fish)−1), respectively.
The growth of Pacific salmon is affected by climate
variability, primarily through the consumption rate (C). C
is estimated as the proportion of the maximum daily rations for Pacific salmon at a particular mass and temperature (Beauchamp et al. 1989; Megrey et al. 2002; Ito et al.
2004):
𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 ∙ 𝜌𝜌𝜌𝜌 ∙ 𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐 (𝑇𝑇𝑇𝑇 )

ρ

(2)

Prey density (g wet weight m-3)

(3)

Fig. 1. The relationship between prey density and ρ (the prey
density dependence function for consumption).
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one by a factor of 1.937 as indicated by Kamezawa et al.
(2007) and Kishi et al. (2010).
Figure 2 shows the annual mean climatological (averaged for 1948–2007) horizontal distribution of ρ derived
through the procedure described above. ρ is relatively high
in the subarctic North Pacific (north of about 40°N) and close
to zero in the subtropical North Pacific (south of about 40°N).
The EOF analysis (principal component analysis) was applied for monthly 1° x 1° ρ anomaly in the North Pacific north
of 40°N during 1948–2007. EOF analysis is a principal component analysis frequently used in the study of climate variability. We set the analysis area to be north of 40°N because
Pacific salmon are usually distributed there (e.g., Myers et al.
2007). The ρ anomaly used for EOF analysis was calculated
through the following procedure to remove the effect of global warming. (1) Monthly ρ time-averaged over the analysis
period in each 1° x 1° horizontal grid was subtracted from
the ρ on a 1° x 1° grid (named ρ-anomaly-1). Then, (2) the
horizontally averaged ρ-anomaly-1 over the analysis area in
each month was subtracted from ρ-anomaly-1.
To compare the temporal variation in carrying capacity with that of ρ, we applied 24-year running means for
1975–1998, starting with the year. For example, 1975–1998
running mean was applied for the 1975 year class. This is
because the carrying capacity in “t” year (e.g. 1975) was estimated using catch data from year class t to t + 20 (e.g. 1975
to 1995), and also because the t to t + 20 (e.g. 1975 to 1995)
year classes actually experience the marine environment
from t to t + 20 + 3 years (e.g. 1975 to 1998), considering
their lifespan. For the 1985–1996 year classes, the time span
for the running mean is < 24 years.

Fig. 2. Horizontal distribution of annual-mean ρ averaged over the
analysis period (1948–2007).

umn at each 1° × 1° horizontal grid. We assumed predatory
zooplankton (ZP), including jellyfish, salps, and/or krill (Kishi et al. 2007) to be prey, as indicated by previous studies of
chum salmon (Kamezawa et al. 2007; Kishi et al. 2010; Yoon
et al. 2015). In NEMURO, ZP density is described as the
total amount of nitrogen per liter (mol N l-1). In this study, we
converted it into wet weight following Megrey et al. (2002):
(5)
where dw = dry weight and ww = wet weight. In the present
study we used the following ZP:
ZP = ZP(NEMURO) ∙ 1.937

(6)

because the ZP in NEMURO is smaller than the observed

(a)

(b)

EOF 1 (21%)

PC 1

Fig. 3. (a) Spatial pattern and (b) the time coefficient of the EOF first mode. Solid line in (b) indicates the PDO index (http://research.jisao.
washington.edu/pdo/) with a 13-month running mean filter.
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RESULTS

(a)

The EOF first mode (the first principal component
(PC1)) for the monthly 1° × 1° ρ anomaly explained 21.0%
of the total variance (Fig. 3). The second mode explained
13.7% of total variance. The spatial structure of the EOF
first mode has a negative peak in coastal Gulf of Alaska and
a positive peak in the central eastern subarctic North Pacific
(145°–170W°, 40°–50°N; Fig. 3a). The temporal coefficient
of the EOF first mode (PC1) changed on an inter-decadal
time scale and was mostly negative before 1976 and mostly
positive after 1977 (Fig. 3b). This time variation was correlated with that of the PDO index (solid line in Fig. 3b: the
correlation coefficient was 0.72, significant at the 99% confidence level). In addition, the spatial structure of the EOF
first mode was similar to the spatial structure of the PDO (see
http://research.jisao.washington.edu/pdo/) except in the area
east of Hokkaido, Japan (145°E–180°, 42°–45°N), where
the ecosystem is not reproduced well by 3D NEMURO due
to the low resolution of the physical model (Aita et al. 2007).
Therefore, it is likely that the growth condition of Pacific
salmon changes inter-decadally in correlation with the PDO.
Based on the ρ distribution averaged over the time period
1948–2007 (Fig. 2) and the spatial structure of the EOF first
mode (Fig. 3a), we selected five key areas for the growth of
Pacific salmon: the Bering Sea shelf (BS-S), Bering Sea basin (BS-B), Western Subarctic Gyre (WSAG), central eastern
subarctic North Pacific (CE-SNP), and coastal Gulf of Alaska (C-GoA; Fig. 4a). In the BS-S and BS-B, the ρ anomaly
changed decadally. The most prominent change occurred in
1976/77, with the ρ anomaly mostly negative (prey density was below average) before 1976/77 and mostly positive
(prey density was above average) after that time (Fig. 4b, c).
In the WSAG (Fig. 4d) the ρ anomaly was mostly negative
before the mid-1970s and mostly positive after that time in
summer and winter. In contrast, the ρ anomaly was mostly
positive before 1976/77 and mostly negative after that time in
the C-GoA (Fig. 4f) and did not show any distinct long-term
variation in the CE-SNP (Fig. 4e).
The carrying capacity of chum, pink, and sockeye salmon, whose variation mechanism is the main objective of this
study, was low before the 1955 year class, increased during
the 1956–1975 year classes, and remained constant after the
1976 year class (Fig. 5a). This temporal variation was consistent with the variations in ρ in the areas of BS-S, BS-B,
and WSAG, where the prey density increased from the mid1950 to the mid-1970 year classes (Fig. 5b, c and d). The
correlation coefficients were 0.75, 0.77 and 0.69 in BS-S,
BS-B, and WSAG in summer and 0.67 in WSAG in winter
(significant at the 99% confidence level). In contrast, in the
C-GoA, the ρ decreased before the mid-1970 year classes
and remained constant in summer and winter, which was
inconsistent with the temporal change in carrying capacity.
In the CE-SNP, the ρ was high during the 1960–1980 year
classes in summer and winter, also inconsistent with the
change in carrying capacity. These results suggest that the

BS-S
BS-B
WSAG

C-GOA
CE-SNP

ρ anom..

(b) BS-S

ρ anom.

(c) BS-B

ρ anom.

(d) WSAG

ρ anom.

(e) CE-SNP

ρ anom.

(f) C-GoA

Year class
Fig. 4. (a) Schematic view of five key areas and the interannual
variation of the ρ anomaly in summer (June–October, solid line) and
winter (December–April, dashed line) in (b) the Bering Sea shelf
(BS-S), (c) Bering Sea basin (BS-B), (d) Western Subarctic Gyre
(WSAG), (e) central eastern subarctic North Pacific (CE-SNP), and
(f) coastal Gulf of Alaska (C-GoA). Mean values are (b) 0.59, (c)
0.67, (d) 0.61, (e) 0.52, and (f) 0.46 in summer, and (d) 0.58, (e)
0.46, and (f) 0.37 in winter.
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areas BS-S, BS-B, and WSAG are the key areas connecting
climate variability and carrying capacity from the perspective of prey density.

(a) Carrying Capacity

DISCUSSION
We discuss the analysis of the relationship between climate variability and prey density in 3D NEMURO (Aita et
al. 2007). The temporal and spatial variation in prey (ZP) in
3D NEMURO is related to climate variability via changes in
(1) wind strength and pattern, (2) mixed layer depth and Ekman pumping, and (3) primary production (Aita et al. 2007).
Stronger westerly winds after the 1976/77 regime shift induced a deeper mixed layer and stronger Ekman upwelling
in the central subarctic North Pacific (including the WSAG
and CE-SNP in this study), increasing primary production
and zooplankton in the WSAG and a very slight increase
in the CE-SNP (Aita et al. 2007). In contrast, in the coastal
upwelling region of the C-GoA strengthened warm water advection resulted in a reduced mixed layer, causing a decrease
in phytoplankton, zooplankton, and primary production
(Aita et al. 2007). This mechanism is not consistent with
results of other observations (e.g., Polovina et al. 1995) who
indicated that zooplankton biomass increased after the mid1970s because light conditions improved due to a shallower
mixed layer. In the Bering Sea, the strengthened Aleutian
Low intensified the northerly wind, saline water intruded
from the subarctic current, the mixed layer deepened, and
primary production increased (Aita et al. 2007). This is also
inconsistent with the observed reduction in production (e.g.,
Sugimoto and Tadokoro 1997).
The inconsistencies in the observations described above
are partly caused by the coarse horizontal resolution of the
physical model (Aita et al. 2007). However, the lack of topdown control (i.e., predation by fish) in NEMURO might
also affect the zooplankton distribution in 3D NEMURO.
The ZP used for the estimation of growth condition is the top
predator in NEMURO, indicating no predation pressure on
ZP. Therefore, ZP density might be considered as the potential prey density for higher-level predators, such as Pacific
salmon. From this perspective, it seems reasonable to use
the ZP density from NEMURO to investigate the relationship between climate variability and the carrying capacity of
Pacific salmon. However, the inclusion of a top-down effect
is necessary to investigate the relationship between climate
variability and carrying capacity in greater detail.
In this study we focused on the variability in the prey
density dependence function for consumption (ρ). We also
checked how ρ correlates with the temperature dependence
function for consumption (fc(T)). The values were 0.15 in
BS-S, -0.32 in BS-B, -0.25 in WSAG, 0.56 in CE-SNP, 0.55
in C-GoA in summer; low in BS-S, BS-B and WSAG, the
key areas, suggesting that at least in these areas consumption of Pacific salmon has to be studied from the view point
of prey density as well as temperature.

ρ anom.

(b) BS-S

ρ anom.

(c) BS-B

ρ anom.

(d) WSAG

ρ anom.

(e) CE-SNP

ρ anom.

(f) C-GoA

Year class
Fig. 5. Temporal changes in (a) carrying capacity (millions of fish)
(Kaeriyama et al. 2009) and the ρ anomaly in summer (June–
October, solid line) and winter (December–April, dashed line) in (b)
BS-S, (c) BS-B, (d) WSAG, (e) CE-SNP, and (f) C-GoA. Values in
(b)–(f) are 24-year running means of Fig. 4 (b)–(f) starting from the
year class, respectively.
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Abstract: Ocean conditions experienced by Pacific salmon (Oncorhynchus spp.) during the first winter at sea may
affect the productivity of Asian and North American populations. We evaluated potential correlations between
annual commercial catches of five species of Pacific salmon and sea surface temperature anomalies during winter
in the Bering Sea and North Pacific Ocean (October–April 1982–2013). The strongest correlations were restricted
to the region south of the Aleutians (40°–50°N latitude, 160°E–170°W longitude), and were generally stable over
time for both Asian and North American salmon. In the Bering Sea, correlations were slightly negative or neutral
(close to zero), as expected, given that most juvenile Pacific salmon leave the Bering Sea during winter. North
Pacific waters south of the Aleutians correspond to a known area of high abundance of juvenile salmon in winter.
The direction of correlations in this region was generally positive for highly abundant species (pink, chum, and
sockeye) and negative for low abundance species (coho and Chinook). These differences may reflect density
effects between high and low abundance species during their first winter at sea.
Keywords: Pacific salmon, North Pacific Ocean, winter, sea surface temperature, commercial catch

INTRODUCTION

Both the early marine (spring–summer) and first ocean
winter periods are hypothesized to be critical for regulation
of salmon production (Beamish and Mahnken 2001). The
general area of oceanic distribution of Pacific salmon species
during winter is becoming relatively well known (see Myers
et al. 2016). In addition, there are some empirical data and
many conceptual models related to stock-specific distributions
of Asian and North American salmon during winter (e.g., Birman 1985; Groot and Margolis 1991; Myers et al. 1996, 2007;
Shuntov and Temnykh 2011). Nevertheless, the lack of empirical data on salmon during winter in the central part of the
Bering Sea and the North Pacific Ocean, which is the area of
maximum mixing of Asian and North American salmon stocks,
is well recognized. Year-to-year variations in distribution of
Asian and North American stocks during winter are also uncertain. Neither aggregation density of migrants nor the extent
of distributions of Asian and North American salmon into the
eastern or western North Pacific in winter have been clearly
determined. Researchers generally agree, however, that the
winter migrations of all Pacific salmon species from both continents occur within the region of the North Pacific Ocean southward from the Aleutian Islands to approximately 40°N–50°N.

Understanding the effects of climate and ocean conditions on the annual production of Pacific salmon (Oncorhynchus spp.) is an important and challenging issue for fishery
scientists. There is a growing body of scientific literature
exploring correlations between climate and ocean conditions
and the abundance, distribution, feeding, and biological
characteristics of Pacific salmon (e.g., Beamish et al. 1997,
1999; Klyashtorin and Lyubushin 2005; Ruggerone et al.
2007; Kaeriyama et al. 2009; Krovnin et al. 2010; Stachura
et al. 2014, and many others). In earlier research, relations
between climate and the production of Asian pink (O. gorbuscha) and chum (O. keta) salmon from 1925 to 2010 were
evaluated (Bugaev and Tepnin 2011, 2012). Results showed
a high level of correlation between commercial catches of
these species and indices of global and northern hemisphere
air or water surface temperature anomalies. Further analyses are needed to explore potential relationships between
salmon production and hydrological conditions in the oceanic regions where salmon migrate during periods critical to
their marine survival.
All correspondence should be addressed to A. Bugaev.
e-mail: bugaev.a.v@kamniro.ru
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Currently, the majority of researchers support the idea that
the effects of non-lethal sea temperatures on salmon are indirect. For example, data from long-term investigations based
on trawl surveys in the western Bering Sea and northwestern
North Pacific Ocean indicate no correlation between sea surface temperatures and spatial or density distribution of salmon during their feeding migrations (Shuntov and Temnykh
2008, 2011). Updated information about thermal boundaries
of salmon distribution from these investigations has helped
to clarify current insights about species-specific temperature
tolerances. Species-specific preferred temperature gradients
shown by investigations in the 1960–70s were based on less
extensive data (Manzer et al. 1965; Birman 1985).
Correlation analyses can provide only a singular indication of potential effects of climate and ocean conditions on
adult salmon production, whereas interactions between living organisms and environment are of a multifactor character. In the case of wintering Pacific salmon, water temperature regime variations may affect the physiological state of
fish, development of the forage base, migration activities of
pelagic predators, and so on. To improve our limited understanding of the mechanisms of these effects, at a minimum,
would require complex systemic investigations within the
area of salmon wintering in the ocean. It is clear, however,
that all the effects mentioned above a priori can affect survival during this period of life.
A similar difficulty arises when considering hydrological characteristics at specific locations within the North Pacific. The hydrology at a specific location is always a part of
a complex and structurally sophisticated system of regional
water exchange. This is why analyzing potential effects
of sea surface temperatures on Pacific salmon production
should take into account not only hydrological conditions
in the area of dense aggregations of wintering fish, but in
adjacent waters as well, which may play an important role
in the general temperature regime in the area of feeding.
In this paper, we investigate potential relationships between sea surface temperatures at specific oceanic locations
during the critical winter period and the abundance of adult
salmon returns to Asia and North America. Given that most
juvenile salmon leave the Bering Sea during winter (e.g., Myers et al. 2007, 2016), we expected that salmon production
was more likely to be related to temperatures in the North Pacific Ocean than in the Bering Sea. Nevertheless, circulation
of Bering Sea waters can affect thermal conditions in adjacent
North Pacific waters. Therefore, we explored the relations between sea surface temperature and salmon production in both
the North Pacific and Bering Sea basins.

North American stocks of all Pacific salmon species are most
likely to overlap during the first winter at sea. The area was
sub-divided into 19 gridded (5° x 10°) hydrological zones
(Fig. 1). The a priori development of 19 different ocean
zones reflects what we consider the appropriate spatial scale
to evaluate potential correlations between continental-scale
commercial catches of salmon and sea surface temperatures,
given what is known about the winter distribution of salmon
(Myers et al. 2016). For some analyses and discussion, the
hydrological zones were grouped into regions: western Pacific Ocean (zones 1, 2, 6, 7), central Pacific Ocean (zones 3,
4, 8, 9), eastern Pacific Ocean (zones 5, 10), western Bering
Sea (zone 15), central Bering Sea (zones 16, 17), and eastern
Bering Sea (zones 18, 19).
Official statistical data on annual (1983–2013) commercial catches (total number of fish) of five species of
Pacific salmon (pink, chum, sockeye O. nerka, coho O.
kisutch, and Chinook O. tshawytscha), reported to the North
Pacific Anadromous Fish Commission (NPAFC), were used
as a measure of salmon production (Irvine et al. 2009, 2012;
NPAFC 2010–2014). Although data on total weight (biomass) of adult commercial catches are also available from
NPAFC, biomass largely reflects salmon growth during the
last summer at sea. Thus, because our study focused on
salmon during the first winter at sea, we considered total
number of fish the most appropriate measure of trends in
salmon production for our analyses. At present, commercial catch statistics are the most accurate reflection of trends
in salmon production in the North Pacific. Additional data
on spawning escapement of wild adult salmon are incomplete and often poorly authenticated. This is especially
true for salmon reproduction areas in Russia, as spawning

MATERIALS AND METHODS
Our study area encompassed a broad area of the North
Pacific Ocean and Bering Sea between 40–65°N and
150°E–160°W (Fig. 1). We selected this area because it
includes the oceanic area where distributions of Asian and

Fig. 1. Map of the study area in the North Pacific Ocean and Bering
Sea, where average monthly sea surface temperature anomalies
(aSST) were estimated. The numbered 5°x 10° grids are the zones
used to estimate the aSSTs (see text).
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Fig. 2. Examples of the average annual temperature profiles in the 1500-m water column (А) and the fields of distribution of sea surface
temperature (B = 0-m horizon, C = 50-m horizon) in the Northern Pacific Ocean in January 1955–2012 (NOAA: Locarnini et al. 2013;
Zweng et al. 2013).

(aSST) in the North Pacific basin as a factor that directly
characterizes variation in temperature conditions within the
area of Pacific salmon feeding.
During the period of winter salmon feeding, SSTs decrease as heat is released into the atmosphere and convective
mixing develops. In oceanic areas far from the coast, the
vertical temperature profiles in winter are nearly isothermic
at depths < 100 m (Fig. 2). Thus, aSST (satellite) data rather
accurately approximate the thermal conditions of the water
column generally inhabited by salmon feeding in winter.
This is supported by winter salmon trawl survey data in the
western and central North Pacific, which show that > 95%
of the salmon are aggregated in the 0- to 40-m surface layer
(Kuznetsov 2004; Ivanov et al. 2006).
We developed an annual (1982–2013) time series of
monthly aSSTs from satellite (NOAA/AVHHR) monitoring data of temperature conditions of the World Ocean that
includes bias corrections from in situ observations (sensors
aboard ships, buoy sensors (ARGO), weather ships, etc.). In
high latitude regions with sparse in situ observations, especially in the Arctic or areas of the Bering Sea covered by
sea ice, the bias correction cannot be applied. We did not
consider this to be a problem in our analysis because Pacific
salmon are not known to be distributed in areas covered by
sea ice. The historical extent of the annual time series was
limited to the start (1982) of regular satellite monitoring of
the World Ocean surface. The gridded (1° x 1°) monthly
aSST data, obtained by linear interpolation (optimal interpolation in the second version, NOAA OI.v2 SST) of daily

grounds are geographically extensive and reliable escapement data for many areas are unavailable (e.g., Shevlyakov
2006; Makoedov et al. 2009; Bugaev 2011a; Volobuev and
Marchenko 2011).
The catch data for each species were combined into two
continental stock groups: Asia (Japan + Russia) and North
America (USA + Canada). This approach was used rather
than grouping data by country primarily because of the indirect nature of the influence of sea surface temperature (SST)
on Pacific salmon production. For example, one of the most
obvious influences of temperature on salmon is variability
in growth. The water temperature regime may directly influence the state of the forage base, indirectly affecting the
physiological state of the fish and its subsequent growth or
mortality, and finally production. Thus, if temperature is
used as a potential indicator of production, we need to account for inertia in the process from individual fish to population-level effects. In addition while correlations can be
shown at the level of regional or local groups of stocks, we
lacked sufficient detailed information on winter distribution
and production of salmon at these levels. Thus, we considered analysis at the level of continental stocks to be the most
biologically reasonable approach.
The results of previous research revealed a high level of
correlation between 1925–2010 catches of Asian pink and
chum salmon and indices of global and northern hemisphere
air or water surface temperature anomalies (Bugaev and
Tepnin 2011, 2012). Because these climate indices are correlated, we decided to use sea surface temperature anomalies
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fields and consequent averaging of daily means by month
(Reynolds et al. 2002; Richard et al. 2007), are available
from the International Research Institute for Climate and Society (IRI; http://iridl.ldeo.columbia.edu/). Monthly aSST
values were estimated for each 5° x 10° zone by singular value decomposition, i.e., empirical orthogonal function (EOF)
analysis of all monthly 1° x 1° aSST values in each zone using the Climate Predictability Tool (IRI, The Earth Institute,
Columbia University, http//iri.columbia.edu/CPT). The resulting time series of aSST observations characterized the

dynamics of temperature conditions during the cold period
of the year (October–April), which covers the entire period
of winter salmon migrations in the quasi-homogenous upper
mixed water layer throughout the study area.
Graphical analyses were used to evaluate the interannual dynamics of aSST and commercial catch data. The annual
time series of aSST data for each basin (Bering Sea, North
Pacific) were analyzed for three longitudinal sub-regions
(western, central, and eastern), three seasonal periods—late
autumn (October–November), winter (December–Febru-

Western North Pacific

Western Bering Pacific

Central North Pacific

aSST (°C)

aSST (°C)

Central Bering Pacific

Eastern North Pacific

Eastern Bering Pacific

Period

Period

Autumn

Winter

Spring

Autumn

Fig. 3. The dynamics of sea surface temperature anomalies
(aSST) in the subarctic North Pacific and adjacent waters, 1982–
2013. Western North Pacific Ocean (zones 1, 2, 6, 7); Central
North Pacific Ocean (zones 3, 4, 8, 9); Eastern North Pacific Ocean
(zones 5, 10). See Fig. 1 for specific locations of numbered zones.

Winter

Spring

Fig. 4. The dynamics of sea surface temperature anomalies
(aSST) in the subarctic Bering Sea and adjacent waters, 1982–
2013. Western Bering Sea (zone 15); Central Bering Sea (zones
16, 17); Eastern Bering Sea (zones 18). See Fig. 1 for specific
locations of numbered zones.
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ary), and early spring (March–April)—and four latitudinal
regions. Linear correlation analysis (Pearson’s product moment correlation coefficient, r, α = 0.05) was used to evaluate potential correlations between the annual time series of
Pacific salmon commercial catches in Asia (Russia and Japan) and North America (USA and Canada) in 1983–2013.
For tests of statistical significance, probability values were
corrected for autocorrelation in the data time series using
the methods of Pyper and Peterman (1998).
Linear correlation analysis (Pearson’s product moment
correlation coefficient, r, α = 0.05) with correction of test
statistics for autocorrelation (Pyper and Peterman (1998)
was also used to evaluate the potential relations between
the time series of aSSTs during the species’ first winter at
sea and salmon production (commercial catch). For salmon
species that spend only one winter at sea, pink (Heard 1991)
and coho (Sandercock 1991; Zorbidi 2010), the commercial
catch data time series were lagged by one calendar year; for
example, aSSTs in October–April 1982–1983 were compared to 1983 commercial catches. The remaining salmon species can spend multiple winters at sea. The majority
(70–90%) of chum return to spawn after 3–4 winters at sea
(Salo 1991; Makoedov et al. 2009). For this species, we
used a 2-yr moving average with a lag of three calendar
years for commercial catch data. For example, aSSTs in
October–April 1982–1983 were compared to the average of
commercial catches in 1985 and 1986. Similarly, the majority (> 90%) of sockeye spend 2–3 winters at sea (Burgner
1991; Bugaev 1995, 2011b), and we used a 2-yr moving
average with a lag of three calendar years for catch data.
Chinook typically spend 2–4 winters at sea (Healey 1991;
Bugaev et al. 2007), and we used a 3-yr moving average
with a lag of two calendar years for catch data. For example, aSSTs in October–April 1982–1983 were compared
to the average of commercial catches in 1984–1986. This
approach does not permit evaluation of the direct relations
between aSSTs and commercial catches, considering that
correlation does not imply cause and effect, but does allow
objective evaluation of long-term dynamics.
In our results and discussion, the strengths of Pearson’s
(r) correlations were roughly categorized as follows: weak
(r = 0.001-0.200), moderate (r = 0.201-0.400), strong (r =
0.401-0.600), and very strong (r > 0.601).
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Table 1. Correlation matrices for seasonal sea surface temperature
anomalies (аSST) by region in the North Pacific Ocean, 1982–
2013. WPO: Western Pacific Ocean (zones 1, 2, 6, 7); CPO:
Central Pacific Ocean (zones 3, 4, 8, 9); EPO: Eastern Pacific
Ocean (zones 5, 10); WBS: Western Bering Sea (zone 15); CBS:
Central Bering Sea (zones 16, 17); EBS: Eastern Bering Sea
(zones 18, 19). See Fig. 1 for locations of zone numbers. All
correlations were statistically significant (p < 0.05).
Basin
North Pacific
Ocean

Region

Season

Autumn

WPO

Autumn

1.000

Winter

0.543

1.000

Spring

0.445

0.756

Autumn

1.000

Winter

0.616

1.000

Spring

0.632

0.867

Autumn

1.000

Winter

0.506

1.000

Spring

0.353

0.849

Autumn

1.000

Winter

0.695

1.000

Spring

0.495

0.646

Autumn

1.000

Winter

0.697

1.000

Spring

0.542

0.659

Autumn

1.000

Winter

0.807

1.000

Spring

0.741

0.621

CPO

EPO

Bering Sea

WBS

CBS

EBS

Winter

Spring

1.000

1.000

1.000

1.000

1.000

1.000

The averages (ranges) of annual commercial catches of
salmon (millions of fish) during 1983–2013 by continent and
species were as follows: in Asia—pink 137 (43–332), chum
68 (45–93), sockeye 8 (3–20), coho 1 (0.3–3), and Chinook
0.2 (0.03–0.5), and in North America—pink 112 (62–244),
chum 19 (11–25), sockeye 48 (25–85), coho 8 (4–14), and
Chinook 2 (0.8–4). The correlations between Asian and
North American annual commercial catches were not statistically significant for any of the species (Fig. 6).
The direction, strength, and statistical significance
of correlations between commercial salmon catches and
aSSTs in the study area varied by species (Tables 2–6;
Figs. 7–11). For Asian pink catches, significant correlations with aSSTs were positive, stable, and strong in the
subarctic and temperate North Pacific between 40–50°N
and 150°E–170°W (zones 1–4 and 6–9, Table 2; Fig. 7).
For North American pink catches, only two correlations
in the North Pacific were statistically significant (autumn,
zones 3 and 4, 40°–45°N, 170°E–170W, Table 2), indicating no relationship with aSSTs in our study area. None

RESULTS
Graphical analyses indicated generally similar interannual dynamics of the average regional sea surface temperature anomalies (aSST) for all seasons and regions (Figs. 3,
4). The regional-scale correlations between autumn–winter
and winter–spring aSSTs were all positive and statistically
significant (p < 0.05) (Table 1). Contour plots showed that
the greatest differences in annual averaged aSSTs were between the northernmost (Bering Sea, 57°50’N) and southernmost (North Pacific Ocean, 42°50’N) latitudes (Fig. 5).
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of the correlations in the Bering Sea (zones 15–19) was
statistically significant for Asian and North American pink
catches (Table 2).
For Asian chum catches, there were no statistically significant correlations, indicating no relationship with aSSTs
in the study area (Table 3; Fig. 8). The statistically-significant correlations for North American chum, all located in
North Pacific zones between 40–50°N in winter and spring,
were positive, stable, and either moderate or strong.
For Asian sockeye catches, statistically significant correlations were positive, stable, and generally strong or very
strong for aSSTs in North Pacific zones between 40–45°N
and west of 180° during autumn and winter (Table 4; Fig. 9).
There were no significant correlations with aSSTs for North
American sockeye catches.
There were no significant correlations with aSSTs for
Asian and North American coho catches (Table 5; Fig. 10).
For Asian Chinook catches, there was only one statistically significant (negative) correlation with aSSTs (autumn,
zone 2, Table 6; Fig. 11). North American Chinook catches
were significantly (negative) correlated with aSSTs in North
Pacific zones (40–50°N, west of 170°W) in autumn and winter (stable, strong or very strong correlations). For North
American Chinook in the Bering Sea, there was only one
statistically significant (negative) correlation with aSSTs
(western Bering Sea, Zone 15; Table 6).

2013
2010

57°30’N

2007
2004

Year

2001
1998
1995
1992
1989
1986
1983
155°E

160°E

165°E

170°E

175°E

180°

175°W 170°W 165°W

165°E

170°E

175°E

180°

175°W 170°W 165°W

2013
2010

52°30’N

2007
2004

Year

2001
1998
1995
1992
1989
1986
1983
155°E

160°E

2013
2010

47°30’N

DISCUSSION

2007

Climatic Zones, SST, and the aSST in the North Pacific
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The region encompassing our study area in the Bering
Sea and North Pacific Ocean covers two climatic zones, subarctic and temperate, and exhibits the maximum range of annual SSTs found throughout the world’s oceans (Monin et al.
1978; Kafanov and Kudryashov 2000).
The subarctic zone covers the major parts of the Bering Sea and the Okhotsk Sea. In autumn and winter the
water surface layer cools to the freezing point, and huge
ice masses are formed. Salinities rise as the surface layer
cools. In summer the sea ice gradually disappears, and the
temperature of the narrow upper layer increases to 3–5 °С
in the northern part of the zone and up to 10°С in the southern part. The lower water layer (intermediate), formed as a
result of winter cooling, stays cold (Miura et al. 2002; Khen
et al. 2008). Thermohaline convection, summer warming
and decreasing salinity (30–33‰) due to ice melt, the interaction between the warm Aleutian Current (also called
Subarctic Current) and cold subarctic waters determine the
relatively high concentration of biogenic substances in the
surface waters and high biological productivity in the subarctic zone.
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Fig. 5. Contour plots of the dynamics of sea surface temperature
anomalies (aSST) by latitude of variable calculation points in the
Bering Sea and North Pacific Ocean, 1983–2013 (NOAA: Locarnini
et al. 2013; Zweng et al. 2013).
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The northern temperate zone covers an extensive water area from Asia to North America and is in an intermediate position between major zones forming cold subarctic
and warm subtropical and tropical waters (Burkov 1972).
There are two currents interacting westward from the zones:
the warm Kuroshio Current and the cold Kamchatka-Kuril
(Oyashio) Current. This mixed flow forms the North Pacific
(Subarctic) Current, spreading extensively and transporting
huge water masses and warmth from west to east, being influenced by predominating westerly winds. During the year the
water temperature in the temperate zone varies over a wide
range. In winter it can drop below zero near shores, whereas
in summer it can rise up to 15–20°С. Vertical thermal water
convection influenced by intense winds appears in winter.
The subarctic and temperate zones are the location of intense
cyclonic activities, mainly determining the intensity of the
thermal exchange between the ocean and the atmosphere.
The thermal regime in our study area forms under the
notably important influence of the Bering Sea ice sheet,
covering a rather extensive area in the eastern Bering Sea
(Yakunin 1987; Plotnikov 2002; Anonymous 2004). Significant year-to-year fluctuations in the Bering Sea ice sheet can
strongly affect the thermal regime of the entire sea, including
via current advection of cold water. The effects on waters
adjacent to our study area are strongest in the northwestern
North Pacific and in the Kamchatka-Kuril current, reaching
the northern islands of Japan.
Moreover, during the cold period of the year from October to March in the subarctic the role of the exchange processes between the ocean and atmosphere (Batalin 1959) becomes more important. The strength and disposition of the
general centers of atmospheric processes form the principal
direction of air transport and frequency of intrusions of subarctic or Arctic air masses into the North Pacific and Bering
Sea (Glebova 2001).
In general, interannual dynamics of average regional aSSTs were similar for all seasons and regions analyzed
(Figs. 3, 4; Table 1). The western and central parts of the
Bering Sea demonstrated very similar interannual dynamics in аSSTs, whereas the eastern Bering Sea demonstrated
antiphase dynamics (Fig. 5). These antiphase dynamics are
well known, and can be explained by large-scale features of
atmospheric forcing (e.g., Miller et al. 1994). That is, variations in the intensity of the Aleutian Low simultaneously
cause heat flux and Ekman transport that, during periods of
a strong Aleutian Low, cool the western subarctic and warm
the northeastern Pacific and eastern Bering Sea.
Moreover, there were periods of low variation in aSSTs
in the 1980–90s, a huge increase in the amplitude of aSST
fluctuations in the early 2000s, and reduction in the last decade of observations. In the last decade, there was a substantial negative deviation from the norm in eastern Bering Sea
SSTs, and the range of interannual changes in aSSTs in the
North Pacific Ocean was higher than those during the period
of observation as a whole. At a regional level the seasonal
dynamics of the deviations in aSSTs were more universal,

r = 0.32 (p = 0.129)

r = 0.42 (p = 0.086)

Millions of fish

r = 0.30 (p = 0.342)

r = 0.27 (p = 0.480)

r = 0.53 (p = 0.139)

Year
Asia

NPAFC Bulletin No. 6

North America

Fig. 6. The dynamics of Pacific salmon commercial catches in
Asia and North America, 1983–2013. r = coefficient for correlations
between Asian and North American catches; test statistics were
corrected for autocorrelation (see Methods), p < 0.05 were
statistically significant.
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Table 2. Correlation coefficients (r) for seasonal sea surface temperature anomalies (аSST) by zone in the North Pacific Ocean and Bering
Sea and pink salmon commercial catches in Asia and North America, 1982–2013. Zones are shown in Fig. 1. Test statistics were corrected
for autocorrelation (see Methods). P < 0.05 is statistically significant.
Asia
Zone

Autumn
r

North America

Winter
p

r

Spring
p

r

Autumn
p

r

Winter
p

r

Spring
p

r

p

1

0.53

0.020

0.51

0.011

0.38

0.064

0.16

0.384

0.18

0.321

0.03

0.880

2

0.58

0.020

0.56

0.005

0.52

0.013

0.24

0.197

0.26

0.153

0.23

0.221

3

0.59

0.032

0.58

0.010

0.56

0.012

0.39

0.032

0.29

0.113

0.23

0.219

4

0.43

0.112

0.46

0.050

0.55

0.022

0.41

0.023

0.35

0.051

0.33

0.069

5

0.05

0.798

0.38

0.052

0.49

0.015

0.31

0.094

0.32

0.085

0.36

0.050

6

0.48

0.051

0.44

0.019

0.15

0.462

0.00

0.992

0.09

0.630

-0.14

0.444

7

0.39

0.038

0.57

0.002

0.26

0.187

0.06

0.757

0.17

0.381

0.05

0.798

8

0.41

0.040

0.53

0.004

0.48

0.006

0.23

0.221

0.19

0.302

0.17

0.363

9

0.14

0.460

0.39

0.051

0.46

0.030

0.05

0.779

0.15

0.413

0.22

0.237

10

-0.26

0.153

0.14

0.514

0.25

0.260

0.05

0.812

0.12

0.536

0.25

0.170

11

0.19

0.311

0.29

0.139

0.13

0.514

-0.01

0.974

0.13

0.944

0.00

0.993

12

0.09

0.615

0.25

0.184

0.14

0.446

0.05

0.799

0.15

0.432

0.20

0.287

13

-0.39

0.081

-0.20

0.278

-0.19

0.320

-0.16

0.384

-0.01

0.978

0.04

0.848

14

-0.52

0.032

-0.28

0.156

-0.29

0.157

-0.22

0.233

0.03

0.882

0.09

0.656

15

0.21

0.405

0.03

0.872

-0.14

0.475

-0.07

0.726

-0.04

0.843

-0.04

0.814

16

0.12

0.509

0.03

0.884

0.05

0.789

0.01

0.951

0.08

0.674

0.17

0.356

17

-0.24

0.194

-0.34

0.086

-0.10

0.684

-0.01

0.968

-0.03

0.871

0.12

0.522

18

-0.30

0.098

-0.39

0.087

-0.30

0.247

-0.05

0.781

0.03

0.892

0.08

0.686

19

0.05

0.831

-0.36

0.105

-0.14

0.459

0.12

0.522

-0.03

0.889

-0.02

0.929

Pearson correlation (r)
-0.600 – -0.401
-0.400 – -0.201
-0.200 – 0.000
0.001 – 0.200
0.201 – 0.400
0.401 – 0.600
Fig. 7. Maps of the study area showing the spatial distribution of coefficient values (r) for correlations between sea surface temperature anomalies
(aSST) during the pink salmons’ first winter at sea and pink salmon production in Asia (A, left panels) and North America (B, right panels).
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Table 3. Correlation coefficients (r) for seasonal sea surface temperature anomalies (аSST) by zone in the North Pacific Ocean and Bering
Sea and chum salmon commercial catches in Asia and North America, 1982–2013. Zones are shown in Fig. 1. Test statistics were corrected
for autocorrelation (see Methods). P < 0.05 is statistically significant.
Asia
Zone

Autumn
r

North America

Winter
p

r

Spring
p

r

Autumn
p

r

Winter
p

r

Spring
p

r

p

1

0.29

0.241

0.34

0.149

0.38

0.129

0.22

0.396

0.52

0.023

0.36

0.177

2

0.31

0.209

0.16

0.488

0.25

0.343

0.39

0.124

0.57

0.006

0.49

0.044

3

0.50

0.060

0.22

0.351

0.28

0.276

0.41

0.182

0.56

0.017

0.55

0.029

4

0.29

0.271

0.19

0.402

0.31

0.224

0.37

0.216

0.49

0.030

0.52

0.046

5

-0.04

0.868

0.03

0.889

0.16

0.488

0.16

0.395

0.35

0.088

0.46

0.027

6

0.13

0.645

-0.13

0.582

-0.26

0.279

0.38

0.167

0.32

0.151

0.11

0.635

7

-0.02

0.922

-0.02

0.911

-0.08

0.749

0.02

0.934

0.34

0.093

0.28

0.225

8

-0.18

0.437

-0.10

0.645

-0.09

0.672

0.30

0.150

0.38

0.044

0.39

0.038

9

-0.20

0.424

-0.14

0.591

0.06

0.804

0.32

0.161

0.42

0.066

0.53

0.023

10

-0.29

0.202

-0.16

0.561

-0.01

0.957

0.16

0.480

0.32

0.205

0.47

0.055

11

-0.20

0.367

-0.33

0.190

-0.11

0.683

0.18

0.372

0.22

0.349

0.35

0.138

12

-0.25

0.270

-0.23

0.337

-0.03

0.918

0.20

0.308

0.14

0.511

0.27

0.194

13

-0.33

0.203

-0.22

0.358

-0.05

0.821

0.08

0.749

-0.06

0.781

0.07

0.711

14

-0.34

0.195

-0.12

0.620

-0.08

0.724

-0.14

0.595

-0.05

0.827

0.02

0.911

15

0.05

0.824

-0.22

0.302

0.09

0.722

0.36

0.090

0.24

0.208

0.27

0.188

16

0.01

0.952

-0.15

0.529

0.16

0.510

0.24

0.240

0.10

0.630

0.34

0.112

17

-0.09

0.693

-0.14

0.539

0.06

0.810

0.11

0.575

-0.07

0.714

0.06

0.789

18

0.12

0.616

-0.03

0.894

0.08

0.757

-0.14

0.580

-0.24

0.258

-0.12

0.671

19

0.16

0.559

-0.21

0.346

-0.10

0.700

0.30

0.207

-0.01

0.965

-0.08

0.751

Pearson correlation (r)
-0.400 – -0.201
-0.200 – 0.000
0.001 – 0.200
0.201 – 0.400
0.401 – 0.600
Fig. 8. Maps of the study area showing the spatial distribution of coefficient values (r) for correlations between sea surface temperature anomalies
(aSST) during the chum salmons’ first winter at sea and chum salmon production in Asia (A, left panels) and North America (B, right panels).
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Table 4. Correlation coefficients (r) for seasonal sea surface temperature anomalies (аSST) by zone in the North Pacific Ocean and Bering
Sea and sockeye salmon commercial catches in Asia and North America, 1982–2013. Zones are shown in Fig. 1. Test statistics were
corrected for autocorrelation (see Methods). P < 0.05 is statistically significant.
Asia
Zone

Autumn

North America

Winter

Spring

Autumn

Winter

Spring

r

p

r

p

r

p

r

p

r

p

r

p

1

0.55

0.028

0.54

0.011

0.56

0.015

-0.27

0.314

0.06

0.810

0.10

0.739

2

0.68

0.005

0.43

0.042

0.44

0.057

-0.31

0.247

0.00

0.997

0.22

0.424

3

0.77

0.006

0.48

0.038

0.47

0.058

-0.16

0.634

0.02

0.927

0.14

0.638

4

0.53

0.074

0.37

0.098

0.47

0.068

-0.18

0.576

0.18

0.482

0.23

0.423

5

0.03

0.881

0.23

0.255

0.35

0.090

-0.09

0.642

0.23

0.271

0.20

0.382

6

0.38

0.142

0.22

0.287

0.02

0.926

-0.15

0.621

0.10

0.684

0.31

0.193

7

0.28

0.141

0.35

0.067

0.13

0.542

-0.16

0.401

0.00

0.992

0.26

0.292

8

0.33

0.109

0.29

0.131

0.27

0.158

-0.31

0.142

-0.13

0.518

-0.04

0.857

9

0.03

0.877

0.17

0.461

0.29

0.228

-0.21

0.393

-0.04

0.868

0.00

0.988

10

-0.38

0.041

-0.08

0.739

0.05

0.842

-0.06

0.783

0.17

0.541

0.19

0.483

11

-0.02

0.938

0.00

0.989

-0.04

0.860

-0.09

0.651

-0.04

0.887

0.06

0.810

12

-0.08

0.691

-0.04

0.837

-0.01

0.942

-0.28

0.137

-0.01

0.981

0.16

0.449

13

-0.50

0.020

-0.29

0.134

-0.23

0.238

-0.09

0.737

-0.02

0.911

-0.03

0.885

14

-0.68

0.003

-0.33

0.078

-0.34

0.071

-0.07

0.807

-0.01

0.967

-0.04

0.849

15

0.30

0.172

-0.06

0.773

-0.07

0.711

-0.07

0.744

0.10

0.599

0.12

0.576

16

0.18

0.403

-0.03

0.893

0.11

0.566

-0.11

0.582

0.07

0.729

0.01

0.976

17

-0.22

0.251

-0.29

0.127

-0.15

0.486

-0.08

0.681

-0.10

0.629

-0.29

0.236

18

-0.33

0.134

-0.34

0.073

-0.35

0.138

0.07

0.798

0.06

0.789

-0.08

0.796

19

0.16

0.518

-0.36

0.053

-0.18

0.499

-0.09

0.709

-0.14

0.556

-0.02

0.950

Pearson correlation (r)
-0.800 – -0.601
-0.600 – -0.401
-0.400 – -0.201
-0.200 – 0.000
0.001 – 0.200
0.201 – 0.400
0.401 – 0.600
0.601 – 0.800

Fig. 9. Maps of the study area showing the spatial distribution of coefficient values (r) for correlations between sea surface temperature anomalies
(aSST) during the sockeye salmons’ first winter at sea and sockeye salmon production in Asia (A, left panels) and North America (B, right panels).
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Table 5. Correlation coefficients (r) for seasonal sea surface temperature anomalies (аSST) by zone in the North Pacific Ocean and Bering
Sea and coho salmon commercial catches in Asia and North America, 1982–2013. Zones are shown in Fig. 1. Test statistics were corrected
for autocorrelation (see Methods). P < 0.05 is statistically significant.
Asia
Zone

Autumn
r

North America

Winter
p

r

Spring
p

r

Autumn
p

r

Winter
p

r

Spring
p

r

p

1

-0.31

0.244

-0.29

0.192

-0.41

0.073

-0.49

0.077

-0.29

0.176

-0.28

0.202

2

-0.19

0.498

-0.06

0.796

-0.16

0.5295

-0.49

0.103

-0.26

0.253

-0.17

0.484

3

-0.11

0.747

-0.01

0.969

-0.10

0.7241

-0.50

0.208

-0.23

0.389

-0.13

0.644

4

-0.02

0.956

0.11

0.675

0.05

0.8573

-0.34

0.341

-0.11

0.688

-0.09

0.770

5

0.07

0.712

0.11

0.614

0.09

0.6985

0.07

0.728

0.03

0.881

-0.04

0.877

6

-0.23

0.383

0.00

0.996

-0.05

0.8319

-0.48

0.083

-0.10

0.578

0.16

0.398

7

-0.07

0.716

0.03

0.898

0.02

0.9441

-0.23

0.241

-0.21

0.258

0.12

0.535

8

0.06

0.784

0.06

0.786

-0.02

0.9328

-0.29

0.208

-0.22

0.261

-0.09

0.623

9

0.00

0.984

0.07

0.760

-0.03

0.8973

-0.04

0.822

-0.08

0.724

-0.07

0.776

10

0.06

0.774

0.04

0.861

0.00

0.9940

0.26

0.165

0.16

0.503

0.12

0.632

11

-0.08

0.665

0.08

0.734

-0.13

0.56441

-0.09

0.619

0.05

0.813

0.07

0.720

12

0.03

0.856

0.07

0.725

-0.17

0.4010

-0.20

0.276

0.03

0.881

0.12

0.524

13

-0.01

0.973

-0.04

0.840

-0.14

0.4481

0.26

0.323

0.23

0.219

0.16

0.402

14

-0.12

0.693

-0.08

0.696

-0.12

0.5766

0.35

0.260

0.31

0.095

0.26

0.229

15

-0.13

0.548

0.05

0.806

-0.28

0.1772

-0.26

0.227

0.10

0.578

0.11

0.541

16

-0.03

0.904

0.12

0.510

-0.29

0.1508

-0.27

0.189

0.07

0.704

-0.09

0.630

17

-0.14

0.495

-0.02

0.911

-0.43

0.065

0.02

0.919

0.24

0.197

-0.05

0.859

18

-0.42

0.107

-0.14

0.557

-0.41

0.134

0.10

0.736

0.28

0.217

0.11

0.711

19

-0.38

0.103

-0.06

0.796

-0.36

0.055

-0.32

0.185

0.24

0.292

0.17

0.363

Pearson correlation (r)
-0.600
-0.400
-0.200
0.001
0.201

–
–
–
–
–

-0.401
-0.201
0.000
0.200
0.400

Fig. 10. Maps of the study area showing the spatial distribution of coefficient values (r) for correlations between sea surface temperature anomalies
(aSST) during the coho salmons’ first winter at sea and coho salmon production in Asia (A, left panels) and North America (B, right panels).
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Table 6. Correlation coefficients (r) for seasonal sea surface temperature anomalies (аSST) by zone in the North Pacific Ocean and Bering
Sea and Chinook salmon commercial catches in Asia and North America, 1982–2013. Zones are shown in Fig. 1. Test statistics were
corrected for autocorrelation (see Methods). P < 0.05 is statistically significant.
Asia
Zone

Autumn
r

North America

Winter
p

r

Spring
p

r

Autumn
p

r

Winter
p

r

Spring
p

r

p

1

-0.42

0.110

0.24

0.278

-0.11

0.670

-0.31

0.254

0.40

0.096

0.08

0.788

2

-0.55

0.036

-0.18

0.403

-0.27

0.271

-0.67

0.005

-0.47

0.032

-0.46

0.081

3

-0.52

0.103

-0.10

0.702

-0.15

0.587

-0.76

0.007

-0.57

0.022

-0.52

0.054

4

-0.26

0.416

-0.03

0.890

-0.09

0.754

-0.59

0.042

-0.49

0.040

-0.50

0.081

5

0.12

0.536

0.09

0.670

-0.06

0.820

-0.15

0.458

-0.34

0.103

-0.38

0.205

6

-0.36

0.176

0.09

0.648

0.23

0.283

-0.76

0.003

-0.45

0.046

-0.28

0.260

7

-0.16

0.419

0.04

0.844

0.29

0.199

-0.43

0.022

-0.46

0.019

-0.26

0.317

8

-0.02

0.932

0.03

0.896

0.10

0.598

-0.46

0.031

-0.40

0.037

-0.32

0.103

9

0.16

0.404

0.14

0.553

0.05

0.853

-0.33

0.170

-0.38

0.125

-0.41

0.112

10

0.33

0.082

0.26

0.274

0.12

0.635

-0.02

0.930

-0.29

0.245

-0.35

0.195

11

0.00

0.984

0.28

0.201

0.17

0.524

-0.36

0.086

-0.24

0.351

-0.31

0.266

12

0.01

0.944

0.23

0.243

0.09

0.660

-0.17

0.394

-0.19

0.414

-0.26

0.263

13

0.38

0.080

0.26

0.175

0.11

0.591

0.22

0.398

0.15

0.486

0.08

0.703

14

0.30

0.194

0.27

0.166

0.14

0.484

0.42

0.106

0.24

0.274

0.20

0.380

15

-0.19

0.400

0.22

0.270

0.07

0.731

-0.43

0.049

-0.17

0.381

-0.23

0.314

16

-0.15

0.492

0.28

0.152

-0.08

0.682

-0.28

0.187

-0.10

0.648

-0.39

0.103

17

0.01

0.978

0.25

0.196

-0.20

0.397

0.10

0.629

0.30

0.161

0.04

0.874

18

-0.17

0.422

0.15

0.434

-0.13

0.591

0.12

0.635

0.39

0.062

0.18

0.521

19

-0.42

0.087

0.24

0.215

-0.11

0.584

-0.31

0.220

0.40

0.069

0.08

0.689

Pearson correlation (r)
-0.800 – -0.601
-0.600 – -0.401
-0.400 – -0.201
-0.200 – 0.000
0.001 – 0.200
0.201 – 0.400
0.401 – 0.600
Fig. 11. Maps of the study area showing the spatial distribution of coefficient values (r) for correlations between sea surface temperature anomalies
(aSST) during the Chinook salmons’ first winter at sea and Chinook salmon production in Asia (A, left panels) and North America (B, right panels).
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longitudinal range of the subarctic and temperate North Pacific (40°–50°N), which is the known area of distribution of
Asian pinks in winter (Takagi et al. 1981). A similar strong
correlation was found for western Kamchatka pink production and aSSTs in the Northern Hemisphere (Krovnin et al.
2010). This, in addition to the large fluctuations in Asian
pink abundance, supports the non-random character of our
results. The pattern of moderate to strong negative correlations in the eastern Bering Sea and the adjacent area of the
Aleutian Chain compared to weak positive correlations in
the western Bering Sea likely reflects antiphase dynamics
in east-west aSSTs. Myers et al. (2016) review the leading
hypotheses about salmon distribution and movements with
respect to SST in winter. The lack of any significant correlations, except in the temperate zones of the central North Pacific in autumn, for North American pinks is consistent with
the fact that their major overwintering grounds are in the
Gulf of Alaska eastward from 160°W (Takagi et al. 1981).
Given the differences in winter distributions of Asian and
North American pinks, we can reasonably conclude that water temperature conditions within the zone that is 5° to 10°
of latitude southward from the Aleutian and the Commander
islands are clearly and stably correlated only with Asian pink
production.
Asian and North American stocks of chum salmon
demonstrate the ability to make distant migrations, respectively, into the eastern and western North Pacific (Patton et
al. 1998; Bugaev et al. 2009, 2012, 2014; Urawa et al. 2009).
During the first winter at sea, the majority of Asian chum are
distributed within the area between 40–50°N, 160–180°E,
and the majority of North American chum are distributed in
the same latitudinal zone, but eastward from 180° (Neave et
al. 1976; Urawa et al. 2009; Shuntov and Temnykh 2011).
We suspect that the lack of any apparent relation between
aSSTs and Asian chum catches may be a consequence of
anthropogenic effects after the 1990–2000s, when hatchery
production of chum in Japan reached a high level. As a rule,
juvenile hatchery chum are fed in the hatchery and released
when ocean conditions are favorable and body size is sufficient to improve survival during the early coastal marine
period (Kaeriyama 1989). As a result of these successful
hatchery practices, Japanese hatchery chum are now more
abundant than all natural stocks of Asian chum combined
(Ruggerone et al. 2010). Thus, the effects of artificial production likely obscured any significant relationships between aSSTs and natural production of Asian chum. The
relatively high positive correlations between chum catches
in North America and aSSTs in the subarctic and temperate Pacific study-area zones in winter, undoubtedly indicates
similar dynamics in production and aSSTs. Moreover, the
relative homogeneity of the Pacific Ocean thermal regime
across the western, central and eastern portions of our study
area provides stability. Thermal conditions in the Bering Sea
basin during the first ocean winter do not appear to play an
important role in chum production. The negative character
of the correlations in the case of Asian chum may be related

which supports a possible similarity in the character of potential correlations between Pacific salmon production and
aSSTs throughout the latitudinal span of regional zones.
Specifics of the general dynamics of aSSTs in all analyzed
hydrological zones showed a stable increase in frequency at
the turn of the first and second decades of the 2000s. This is
especially clear given the background of previous substantial decreases in temperature during 1999.
The northern (Bering Sea, 57°50’N) and southern (Pacific Ocean, 42°50’N) latitudinal zones demonstrated the
greatest differences in annual averaged aSSTs (Fig. 5). The
warmest period in the study area in all series of temporal
and spatial observations, except the southernmost latitudinal
zone, was in 1996–1998. The coldest periods in the North
Pacific were the winters of 1983–1989 and 1999–2005. The
hydrological situation in the Bering Sea is much more complex due to large differences in temperature indices for the
western and eastern parts of the basin. For instance, during
the last seven years of observations, the eastern Bering Sea
demonstrated significant negative deviations from the norm,
whereas the negative deviations were closer to the norm and
less frequent in the western Bering Sea. The opposite situation was observed from 1998 to 2005.
The Dynamics of Salmon Commercial Catches in Asia
and North America
The series of commercial catch data from 1983 to 2013
showed historical peaks in salmon catches at the turn of the
first and the second decades of the 21st century, similar to the
peaks in the first third of the 20th century (Irvine et al. 2009).
The peaks in salmon production were due to high catches of
three species: pink, chum, and sockeye. During 1983–2013,
the catches of all three species increased in Asia (Fig. 6). The
catches of pink and chum also increased in North America,
but the catch of North American sockeye decreased. The less
abundant species (coho and Chinook) demonstrated fewer
fluctuations in catch, and thus the ranges of catch fluctuations
are not as informative. Nevertheless, some decreasing trends
in catches of these species were observed for North American
stocks. As follows from the catch statistics, finding potential
correlations between catch and aSST was more likely for the
highly abundant species in view of the large fluctuations in
their catches. Given the lack of correlations between the time
series of catch observations for Asian and North American
stocks, we concluded that evaluation of continental-scale correlations between catch and aSST was a reasonable approach.
Correlation between aSST and Pacific Salmon Catches
in Asia and North America
Due to the short period of pink salmon feeding at sea
(Heard 1991), hydrological conditions in winter may be a
keystone to adult spawner abundance. Our spatial analysis of correlation coefficients revealed strong positive correlations between Asian pink catches and aSSTs across the
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to the effects of the cold Kamchatka-Kuril (Oyashio) current
in the western North Pacific, where chum aggregations are
highly dense.
In the general winter feeding area of sockeye salmon
in the subarctic North Pacific, 45–50°N and 160°E–180°
(Birman 1985; Shuntov and Temnykh 2011), correlations
between aSSTs and Asian sockeye catches were strong and
stable, and dynamics in all seasons were similar. An earlier study showed strong positive correlations between water
surface temperatures in the Northern Hemisphere and the
abundance of western Kamchatka sockeye (Krovnin et al.
2010), and on the basis of these observations the researchers
even suggested using the correlations as a prognostic model.
In our view, this idea seems premature because of the potentially multifactorial nature of the correlations and hence
a potentially high likelihood of error. We have no clear explanation of the lack of correlations between aSSTs in the
study area and catches of North American sockeye. However, our study area did not include the central and eastern
Gulf of Alaska, where many North American sockeye stocks
are distributed during their first winter at sea (French et al.
1976; Burgner 1991). Thus, our study area included almost
the entire wintering area of Asian sockeye salmon, but only
the western portion of the wintering area of North American
sockeye salmon.
Coho salmon have the narrowest range of preferred
ocean temperatures among all species of Pacific salmon
(Godfrey et al. 1975). However, recent research indicates
wider thermal tolerance for this species (Shuntov and Temnykh 2011), and maximal catches are linked to certain SST
gradients. This may be a possible explanation for the negative or neutral weak correlations between the aSST variations
and catches of this species in both Asia and North America.
Chinook salmon are the least abundant Pacific salmon species, especially in Asia. For this reason, the fluctuations of Chinook catches in Asia are very low, which
makes time series analysis difficult. In addition, Chinook
never demonstrate dense aggregations during their winter
migrations in the North Pacific (Major et al. 1978; Shuntov
and Temnykh 2011). The winter feeding area of both Asian
and North American stocks extends into the 200-mile economic zones of the USA and Russia (Larson et al. 2013).
Thus, it is difficult to provide a simple explanation of the
biological basis for the results of our analyses. Nevertheless, North American Chinook catch was positively correlated with winter aSSTs on the eastern Bering Sea shelf,
where juvenile western Alaska and Canadian Yukon Chinook rear during their first summer at sea (Murphy et al.
2009), and may be indicative of favorable survival conditions for juveniles earlier in the year. The strong negative
correlations between Chinook salmon catch and aSSTs in
the same North Pacific region (40–50°N, west of 170°W)
where there were strong positive correlations with catches
of Asian pink and sockeye and North American chum suggests possible density effects between high and low abundance species.

Our research focused on areas of the Bering Sea and
North Pacific Ocean where distributions of Asian and North
American stocks of all Pacific salmon species are likely to
overlap during the first winter at sea. The correlations between salmon catches and aSSTs during the species’ first
ocean winter were strongest in North Pacific waters between
40–50°N and 160°E–170°W. Moreover, for both Asian and
North American stocks the correlations were stable within a
large part of this latitudinal zone. The directions of correlations in the Bering Sea were more irregular, and the majority of correlations were slightly negative or neutral (almost
zero). In principle, this result was expected given that most
juvenile Pacific salmon leave the Bering Sea during winter
(Myers et al. 2007).
The direction of correlations between water temperature regime and adult salmon production in the North Pacific
differed between highly abundant species (positive for pink,
chum and sockeye) and less abundant species (negative for
coho and Chinook). Thus, we cannot exclude the possibility
that the density of winter aggregations of salmon can influence the relation between temperature and catch. However,
given the multi-determinant nature of potential density effects on final stock abundance, our results are insufficient to
provide a simple mechanistic explanation.
Finally, we caution that correlation between aSSTs in
our study area and salmon catch does not imply causation.
Our results cannot be interpreted as indicating the presence
or absence of a continental stock group in a specific hydrological zone. Well-designed field and laboratory experimental studies are needed to better understand the role of sea
temperature and other physical, chemical, and biological
factors in the stock-specific distribution and survival of juvenile salmon during their first winter at sea.
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Sato, T., S. Sato, S. Urawa, and T. Nagasawa. 2016. Variation in zooplankton and micro-nekton biomass in
response to seawater temperature changes in the central Bering Sea during summer. N. Pac. Anadr. Fish
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Abstract: We investigated biomass of zooplankton and micro-nekton using Norpac and bongo nets in the central
Bering Sea in summer, 2007 to 2014 (except for 2010). We determined the biomass of zooplankton (including
euphausiids, copepods, amphipods, decapods, chaetognaths, appendicularians, gastropods, hydrozoans,
ostracods, and polychaetes) and micro-nekton (cephalopods, myctophids, and other fishes) in the central
Bering Sea. The mean biomass of total zooplankton collected with the Norpac net increased from 2007 to 2009,
but fluctuated from 2011 to 2014. Biomass of each prey category collected with bongo nets showed different
tendencies among years. There were negative correlations between integrated mean seawater temperature
and biomass of zooplankton collected with both Norpac and bongo nets. The biomass of copepods, amphipods,
and hydrozoans was significantly lower in warm years. Other zooplankton categories (euphausiids, decapod
larvae, ostracods, chaetognaths, and appendicularians) showed slightly negative or positive (polychaetes and
gastropods) correlations with seawater temperature. These variations could not be explained by temperature
changes alone. On the other hand, there was almost a constant correlation between integrated mean temperature
and biomass of micro-nekton collected with bongo nets. The results of this study suggested that variation in
zooplankton and micro-nekton biomass in the central Bering Sea may be affected by the seawater temperature.
Keywords: zooplankton, micro-nekton, biomass, annual variation, temperature, central Bering Sea

INTRODUCTION

growth of salmon will lead to a decline in body size, a delay
in maturity, and possibly increased mortality.
Many studies of food habits of salmon have been conducted in the Bering Sea and adjacent areas (e.g., Pearcy et
al. 1988; Brodeur 1990; Tadokoro et al. 1996; Davis et al.
2003; Volkov et al. 2007; Sakai et al. 2012). Zooplankton
and micro-nekton are essential prey for many fish, including
salmon. Salmon feed on crustacean and gelatinous zooplankton, squids, and fishes, although the composition of stomach
contents differs by year (Pearcy et al. 1988; Tadokoro et al.
1996). Feeding habits of salmon vary in relation to climate
events such as ENSO (Thayer et al. 2014); also dominant
prey organisms differ between warm and cold years (Farley
et al. 2007; Farley and Moss 2009). Long-term variation in
zooplankton and micro-nekton biomass and composition is
thought to be a key factor influencing growth and stock variation in pelagic fishes (e.g., Kotani and Odate 1991).
Previous studies in the Bering Sea have shown that the
type and abundance of zooplankton differ between warm

Immature and maturing stages of Pacific salmon including chum (Oncorhynchus keta), pink (O. gorbuscha), sockeye (O. nerka), coho (O. kisutch), and Chinook salmon (O.
tshawytscha) are widely distributed in the Bering Sea during
summer and fall (e.g., Morita et al. 2007, 2008, 2009, 2011;
Sato et al. 2009, 2012, 2014, 2015; Urawa et al. 2009). The
Bering Sea is an important habitat for various chum salmon
stocks originating from Asia and North America (Urawa et
al. 2009).
Ishida et al. (1993) reported a significant negative correlation between abundance and growth of chum salmon, and
they suggested that density dependence is one of the possible
causes for the changes in the increase in mean return age and
decrease in mean body weight of chum salmon in the North
Pacific Ocean. If prey resources are limited, an increase in
salmon abundance may lead to a decrease in available prey
per individual (Tadokoro et al. 1996). As a result, decreased
All correspondence should be addressed to T. Sato.
e-mail: tomokis@affrc.go.jp
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and cold years (e.g., Coyle et al. 2008; Stabeno et al. 2012;
Volkov 2012). Further, the distribution of zooplankton differs by region (Volkov et al. 2007). In contrast, Shiomoto et
al. (1997) reported that year-to-year variation (1985–1994) in
pink salmon abundance plays an important role in controlling
summer biomass of macrozooplankton and phytoplankton in
the central subarctic North Pacific, with zooplankton biomass
tending to be higher in even-numbered years compared with
odd-numbered years. The variation in biomass of zooplankton and micro-nekton is thought to be both a ‟bottom-upˮ effect (e.g., temperature, salinity, nutrients) and a “top-downˮ
effect (predation by a higher trophic level). Plankton are
generally defined as passively floating, drifting, or slightly
motile organisms (see Motoda 1944). They are short lived
and respond quickly to changes in the physical environment
(e.g., temperature and ocean currents; Hay et al. 2005). Thus,
variations in the biomass of zooplankton and micro-nekton
are thought to be strongly affected by “bottom-upˮ effects.
Although numerous investigations into the abundance
and biomass of zooplankton in the central Bering Sea have
been conducted to evaluate the prey environment of salmon
(e.g., Tadokoro et al. 1996; Volkov et al. 2005), information
about long-term variation in zooplankton and micro-nekton in
the central Bering Sea is scarce compared to that available for
the eastern and western Bering Sea. Variation in zooplankton
and micro-nekton in the central Bering Sea provides useful
information to evaluate the growth and stock assessment of
salmon. This study reports on interannual variation in zooplankton and micro-nekton biomass in the south-central Bering Sea during summer, 2007–2014, except for 2010. Biomass
data are compared to hydrographic data (especially seawater
temperature) to clarify factors that result in these variations.

Russia

St. Lawrence I.

Bering Sea

Fig. 1. Location of sampling stations in the south-central Bering
Sea during the summers of 2007–2009 and 2011–2014.

ble oblique pattern from 100 m to the surface and deployed
during evening hours (one hour after sunset) at seven to
nine stations each year (Table 1). Both nets were equipped
with a flow meter in the net opening to estimate the volume
of water filtered. Samples were immediately preserved in
10% buffered formalin: seawater. Zooplankton were sorted
into taxonomic categories including copepods, amphipods,
euphausiids, decapod larvae, ostracods, hydrozoans, chaetognaths, appendicularians, polychaetes, and gastropods.
Micro-nekton were sorted into taxonomic categories including myctophids, other fishes, and cephalopods. Wet weights
were measured to the nearest mg for each category. Zooplankton and micro-nekton biomass estimates were calculated using the filtered volume from each net and expressed as
mg wet weight (WW) • m-3.

MATERIALS AND METHODS
Study Area and Schedule
Sampling was conducted at 17 stations (four stations
at 175ºE longitude, seven stations at 180º longitude, and
six stations at 175ºW longitude) in the south-central Bering
Sea (Fig. 1). Sampling was conducted from late July to
early August in 2007, 2009, and 2011–2014. Sampling in
2008 was conducted from late August to early September.
No research cruise was conducted in 2010. All sampling
was carried out by researchers aboard the R/V Hokko maru,
Hokkaido National Fisheries Institute, Fisheries Research
and Education Agency.

Environmental Conditions
Seawater temperature, salinity, and depth were recorded
using STD (Alec Electronics Co., Ltd., Kobe, Japan) from
approximately 500 m to the surface at intervals of 1 m at all
stations. Temperatures from the surface to 100 m or 150 m
depth at each station were used because the towed depth was
150 m for the Norpac net and 100 m for the bongo net.
Data Analysis

Zooplankton and Micro-nekton Sampling

To compare seawater temperature with zooplankton and
micro-nekton biomass, we calculated the integrated mean
temperature (mean temperature from the surface to 150 m
for the Norpac net and 100 m for the bongo net) at each station for each year. Zooplankton and micro-nekton biomass
(X: mg WW • m-3) were transformed to log (X+1) prior to

Zooplankton and micro-nekton samples were collected by Norpac (0.45 m diameter, 335-µm mesh) and bongo
(0.7 m diameter, 335-µm mesh) nets. The Norpac net was
towed vertically from 150 m to the surface during daytime
hours at all stations. The bongo net was towed in a dou208
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Table. 1. Mean biomass (mg wet weight (WW) • m-3), SD, range, and number of samples of zooplankton and micro-nekton collected with
Norpac and bongo nets each year in summer in the central Bering Sea. Parentheses indicate the annual range in biomass.

Category

2007
Mean

2008
SD

Mean

2009
SD

Mean

2011
SD

Mean

2012
SD

Mean

2013
SD

Mean

2014
SD

Mean

SD

Norpac samples
Number of samples
Total zooplankton
(Range)

17
154.0

17

147.6

(23.8–558.7)

288.0

17
88.9

495.1

17

561.4

231.2

17

152.7

372.9

17

400.2

214.2

17

164.2

67.2

40.4

(171.8–437.5)

(96.1–2097.5)

(47.6–590.1)

(121.7–1888.3)

(22.3–631.4)

(16.2–155.7)

7

9

7

8

8

8

Bongo samples
Number of samples

8

Zooplankton
Copepods
(Range)
Amphipods
(Range)
Euphausiids
(Range)
Decapods

204.3

(Range)
Hydrozoans
(Range)
Chaetognaths
(Range)
Appendicularians
(Range)
Polychaetes
(Range)
Gastropods

(Range)

185.3

42.3

26.9

12.0

(1.1–35.4)
3.8

3.3

(0.4–9.2)
1.0

1.8

(0–5.4)
0.8

0.7

(0.1–1.9)
13.3

7.8

(4.4–27.0)
30.8

12.5

(13.2–47.2)
17.3

37.4

(0.2–109.8)
2.6

3.1

(0.3–9.6)
1.6

1.4

(0–3.5)
0.1

(Range)
Total zooplankton

448.7

11.6

(Range)
Others

268.2

(39.4–1273.0) (117.9–264.6)

(Range)
Ostracods

139.8

(92.6–476.5)

0.1

(0–0.2)
287.4

167.0

(146.4–566.6)

15.4

(7.6–54.1)
61.3

85.0

(10–250.4)
0.1

0.1

(0–0.4)
0.3

0.3

(0.1–0.9)
38.1

23.5

(16.4–74.2)
68.8

44.7

30.8

24.4

(3.3–78.5)
27.8

30.3

(5.5–87.2)
1.6

3.3

(0–9.5)
0.4

0.4

(0–1.3)
93.4

76.1

(0–256.3)
79.8

39.3

(36.6–159.5)

(15.5–147.0)

6.1

9.0

4.7

(0–12.1)
1.1

1.2

(0–3.1)
16.4

11.6

(3.5–30.4)
0.0

0.0

(0–0.1)
487.5

536.0

8.6

(2.9–29.4)
0.8

1.1

(0–3.1)
2.5

2.2

(0–6.6)
0.0

0.1

(0–0.3)
431.4

124.5

(118.7–1622.2) (248.6–630.5)

163.3

147.2

(53.4–481.6)
16.5

12.5

(6.2–42.6)
14.7

19.7

(0–56.6)
0.7

1.3

(0–3.4)
0.6

0.5

(0–1.4)
38.8

27.0

(6.5–83.0)
23.1

25.0

(2.4–74.1)
15.9

24.4

(1.6–68.7)
9.0

12.0

(0–28.6)
0.8

1.2

(0–2.7)
11.2

13.9

(0.8–35.3)
294.5

230.6

(131–790.4)

435.8

330.0

193.6

124.1

82.7

30.8

(115.7–1168.7)

(41.5–450.6)

(27.2–125.8)

32.0

8.3

4.5

6.9

(26.3–43.8)
53.2

37.0

(16.2–120.4)
2.7

2.0

(0.4–5.9)
12.3

9.3

(2.9–31.0)
93.8

111.1

(0–316.4)
58.6

28.6

6.0

(1.9–19.6)
14.3

15.3

(5–50.8)
0.7

0.8

(0–2.2)
0.5

0.6

(0–1.6)
11.1

11.9

(0–35.2)
30.8

11.1

2.5

(1.9–9.6)
15.6

16.7

(5.3–55.2)
1.1

1.6

(0–4.9)
2.3

1.7

(1.1–5.7)
21.0

17.3

(3.6–52.8)
39.7

13.6

(12.3–104.8)

(12.2–44.2)

(21.4–58.4)

0.7

7.3

2.1

2.0

(0–5.7)
0.5

0.5

(0–1.1)
3.8

4.5

(0–13.4)
5.3

4.7

(1.8–16.0)
698.9

296.3

(419.8–1339.9)

13.3

(0.4–40.0)
2.2

1.8

(0.7–6.2)
1.3

1.4

(0–3.8)
0.5

1.1

(0–3.2)
270.6

126.8

(139–522.5)

5.4

(0–15.3)
1.4

1.5

(0.1–4.8)
2.9

3.9

(0.1–10.7)
0.0

0.0

(0–0.1)
173.4

45.0

(75–225.4)

Micro-nekton
Myctophids

–

–

(Range)
Other fishes

–

–

0.6

–

–

0.4

(Range)

1.1

(0–3.0)

(Range)
Total nekton

8.1

(0–22.7)

(Range)
Cephalopods

4.8

0.5

(0–1.4)
–

–

5.8

7.8

(0–23.0)

0.7

1.8

(0–5.6)
0.4

0.5

(0–1.3)
1.8

1.6

(0–4.4)
3.0

3.5

(0.3–11.2)
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2.9

2.8

(0–7.3)
0.5

0.7

(0–1.9)
2.3

1.5

(1.1–5.6)
5.7

3.6

(2.3–12.9)

0.6

0.9

(0–2.2)
1.7

2.8

(0–8.4)
2.0

2.4

(0–6.2)
4.3

3.7

(0–11.6)

1.4

2.3

(0–5.4)
0.1

0.3

(0–0.8)
0.7

0.5

(0.1–1.5)
2.3

2.2

(0.6–6.3)

3.1

6.2

(0–18.0)
1.5

2.4

(0–7.3)
1.0

1.0

(0–2.8)
5.6

8.3

(0.1–25.4)
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180˚

175˚W

Depth (m)

175˚E

Fig. 2. Vertical temperature profiles (ºC; 0–200 m depth) obtained from sampling stations located at 175ºE, 180º, and 175ºW in the southcentral Bering Sea during the summers of 2007–2009 and 2011–2014.
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analysis to reduce the bias. We used correlation analysis
(Spearman’s correlation) to estimate the relationship between integrated mean temperature and zooplankton or micro-nekton biomass. Because the sample of micro-nekton
in 2007 did not include a measurement of wet weight, it was
excluded from the analysis.

almost constant across sampling years, except for 2012. The
biomass of appendicularians varied over the sampling period, with lower values observed in even-numbered years and
higher values in odd-numbered years. In contrast, variation
in gastropod biomass was lower in odd-numbered years and
higher in even-numbered years. Hydrozoan and chaetognath biomass increased from 2007 to 2009 and varied from
2011 to 2014, with lower values observed in odd-numbered
years compared to even-numbered years. The biomass of

RESULTS
Environmental Conditions
Vertical profiles of temperature from the surface to 150
m depth varied from 1.2ºC to 12.7ºC (Fig. 2). The thermocline was located at approximately 20–40 m depth. The
temperature below 50 m was consistently < 4ºC. Temperatures above 20 m depth in 2008 and 2014 were approximately 1–2ºC higher than in other years.
Biomass and Interannual Variation in Zooplankton and
Micro-nekton

Mean biomass (mg WW • m-3)

Mean zooplankton biomass collected with the Norpac
net at each station in each year ranged from 67.2 ± 40.4 to
495.1 ± 561.4 mg WW • m-3 among sampling years with the
mean biomass during the sampling period at 260.4 ± 304.7
mg WW • m-3 (Fig. 3a, Table 1). Total zooplankton biomass
increased from 2007 to 2009. It varied by year from 2011
to 2014, with lower values observed in odd-numbered years
and higher values in even-numbered years.
Mean zooplankton biomass collected with the bongo
net at each station in each year ranged from 173.4 ± 45.0 to
698.9 ± 296.3 mg WW • m-3 among sampling years with the
mean biomass over the sampling period at 378.2 ± 291.2 mg
WW • m-3 (Fig. 3b, Table 1). With the exception of 2014,
total zooplankton biomass from 2007 to 2013 was higher
in even-numbered years and lower in odd-numbered years.
Micro-nekton biomass collected with the bongo net at
each station in each year ranged from 2.3 ± 2.2 to 5.8 ± 7.8
mg WW • m-3 among sampling years. The mean biomass
during 2007 to 2014 was 3.7 ± 5.0 mg WW • m-3 (Fig. 3c, Table 1). The variation in total micro-nekton biomass showed
no consistent pattern.
The trends in interannual variation in zooplankton and
micro-nekton biomass collected with the bongo net differed
among taxonomic categories (Fig. 4). The biomass of copepods and euphausiids varied from 2007 to 2013, with
lower values observed in odd years and higher values in
even years, but was different from the trend in 2014. The
biomass of decapod larvae varied from 2007 to 2009, with
higher values observed in odd years and lower values in
even years, opposite to the tendency in 2011 to 2014, which
showed higher values in even years and lower values in odd
years. Amphipod biomass increased from 2007 to 2009; the
biomass after 2011 showed the same patterns as those for
copepods and euphausiids. The biomass of ostracods was

Year
Fig. 3. Interannual variation of mean total zooplankton biomass
collected with a Norpac net (a) and a bongo net (b), and mean total
micro-nekton biomass collected with a bongo net (c) at stations
located in the south-central Bering Sea during the summers of
2007–2009 and 2011–2014. Error bars show standard deviation.
ND indicates no data.
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Copepods

Amphipods

Decapod larvae

Ostracods

Hydrozoans

Chaetognaths

Polychaetes

Gastropods

Myctophids

Other fishes

Euphausiids

Appendicularians

Cephalopods

Year
Fig. 4. Mean biomass (mg WW • m-3) of zooplankton and micro-nekton collected by bongo net in the south-central Bering Sea during the
summers of 2007–2009 and 2011–2014. Error bars show standard deviation. ND indicates no data.
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micro-nekton (myctophids, other fishes, and cephalopods)
did not show a consistent pattern among years.

(log (X+1) mg WW • m-3)

Relationship between Temperature and Zooplankton
and Micro-nekton Biomass
There was a significant negative correlation (P < 0.01)
between total zooplankton biomass collected with the Norpac net and integrated (surface to 150 m) mean temperature
(Fig. 5a). There was also a significant negative correlation
(P < 0.05) between total zooplankton biomass collected with
the bongo net and integrated (surface to 100 m) mean temperature (Fig. 5b). On the other hand, there was no correlation (P > 0.50) between total micro-nekton collected with
the bongo net and integrated (surface to 100 m) mean temperature (Fig. 5c).
In the each taxonomic category, there was a significant
negative correlation between integrated mean temperature
(surface to 100 m) and biomass of copepods, amphipods
and hydrozoans collected with the bongo net (copepods, P
< 0.01; amphipods and hydrozoans, P < 0.05; Fig. 6). The
biomass of euphausiids, decapod larvae, ostracods, chaetognaths, and appendicularians collected by the bongo net was
negatively correlated with temperature, and that of polychaetes and gastropods was slightly positively correlated
with temperature, but these relationships were not significant (Fig. 6). The biomass of myctophids and other fishes
collected in the bongo net were positively correlated with
temperature, and that of cephalopods was negatively correlated with temperature, but these relationships were not
significant (Fig. 6).

(log (X+1) mg WW • m-3)

–

–

(log (X+1) mg WW • m-3)

DISCUSSION
The Norpac and bongo nets used in this study collected a variety of categories of zooplankton and micro-nekton.
These results are roughly consistent with earlier zooplankton studies in the southeastern Bering Sea (e.g., Coyle et al.
2011; Volkov 2012; Ohashi et al. 2013). There were negative correlations between integrated mean temperatures and
biomass of zooplankton collected with both the Norpac and
bongo nets in this study. In contrast, there was almost a constant correlation between integrated mean temperature and
biomass of micro-nekton collected with bongo nets. Coyle
et al. (2008) reported that in cold years the biomass of large
species such as scyphozoans (Chrysaora melanaster), large
copepods (Calanus marshallae), arrow worms (Sagitta elegans) and euphausiids (Thysanoessa rashii, T. inermis) was
higher than in samples collected in a warm year. In a warm
year, they showed significantly higher densities of small
copepods (Pseudocalanus spp., Oithona similis) and small
hydromedusae (Euphysa flammea). Ohashi et al. (2013) reported that large and small copepods collected over a 16year period in the southeastern Bering Sea shelf showed a
clear negative correlation with habitat temperature. Volkov

–
Fig. 5. Relationship between integrated mean temperature (ºC) and
zooplankton and micro-nekton biomass (log (X+1) mg WW • m-3)
in the south-central Bering Sea. (a) integrated mean temperature
(ºC; 0–150 m) and zooplankton biomass collected with Norpac net;
(b) integrated mean temperature (ºC; 0–100 m) and zooplankton
biomass collected with bongo net; (c) integrated mean temperature
(ºC; 0–100 m) and micro-nekton biomass collected with bongo net.
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Zooplankton
Copepods

Amphipods

y = -0.190 x + 2.067
r = -0.28, p < 0.05

Euphausiids
r = -0.04, p > 0.5

y = -0.143 x + 2.903
r = -0.39, p < 0.01

Decapod larvae

Biomass (log (X+1) mg WW • m-3)

r = -0.08, p > 0.5

Hydrozoans

y = -0.245 x + 2.566
r = -0.27, p < 0.05

Polychaetes

r = +0.01, p > 0.5

Ostracods
r = +0.14, p = 0.3

Chaetognaths

r = -0.18, p = 0.19

Appendicularians
r = -0.07, p > 0.5

Gastropods

r = +0.06, p > 0.5

Micro-nekton
Myctophids

r = +0.11, p = 0.46

Other fishes

r = +0.24, p = 0.1

Cephalopods

r = -0.24, p = 0.08

Integrated mean temperature (ºC)
Fig. 6. Relationship between integrated mean temperature (ºC; 0–100 m) and each category of zooplankton biomass and micro-nekton (log
(X+1) mg WW • m-3) collected with a bongo net in the central Bering Sea during the summers of 2007–2009 and 2011–2014.
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(2012) reported that the emergence of the hyperiid Themisto libellula coincides with the beginning of a series of cold
years. Biomass of copepods, amphipods, and hydrozoans
in this study was significantly lower in the summer of warm
years. Relationships between temperature and biomass of
the above three taxonomic categories in this study coincided
with results of previous studies in the eastern and western
Bering Sea. Biomass of copepods, amphipods and hydrozoans in the central Bering Sea may have been influenced by
temperature, similar to that seen in the eastern Bering Sea
(Coyle et al. 2008, 2011). Correlations of other zooplankton
categories were either slightly negative (euphausiids, decapod larvae, ostracods chaetognaths and appendicularians),
or positive (polychaetes and gastropods) and cannot be explained by temperature alone.
Abundance of myctophids (Symbolophorus evermanni, Hygophum reinhardtii, and Myctophum orientale) in the
Kuroshio region showed a positive correlation with average
SST (Watanabe and Kawaguchi 2003). Myctophids and other fish biomass in the micro-nekton in this study indicated,
similarly, a positive correlation with temperature, contrary
to that of zooplankton. The results of Watanabe and Kawaguchi (2003) show variation over a long-term period (1957–
1994) in the Kuroshio region, which reflects variation in
myctophid abundance. Positive correlation of myctophids
and other fish biomass with temperature may suggest that a
similar phenomenon had occurred in the central Bering Sea.
The biomass of zooplankton and micro-nekton are influenced not only by physical parameters but also by animals at higher trophic levels such as anadromous salmon,
non-salmonid fishes, and birds (Baduini et al. 2001; Davis
et al. 2009; Coyle et al. 2011). Shiomoto et al. (1997) reported that year-to-year variation in pink salmon abundance
plays a large part in controlling the summer biomass of macrozooplankton and phytoplankton in the central subarctic
North Pacific. Kaga et al. (2013) reported that analysis of
stomach contents of chum salmon indicated non-crustacean
zooplankton (appendicularians, chaetognaths, hydrozoans,
polychaetes and pteropods) were consumed at a higher frequency when pink salmon were more abundant. Tadokoro
et al. (1996) reported that chum salmon changed their dominant diet from gelatinous zooplankton in 1991, when pink
salmon were abundant, to a diet of crustaceans in 1992,
when pink salmon were less abundant. Although pink salmon abundance during summer in this area might be expected
to control zooplankton biomass, we did not catch many pink
salmon in the survey area because they had already moved
to coastal areas for spawning (e.g., Morita et al. 2011; Sato
et al. 2012, 2014, 2015). However, regular variation in zooplankton such as that reported by Shiomoto et al. (1997) was
not seen in this study. Based on our data, the “top-downˮ
effects of zooplankton and micro-nekton biomass cannot be
discussed.
Although the precise mechanisms behind the variation
in zooplankton and micro-nekton biomass are still unclear,
we think that temperature is one of many important factors

influencing the quality and quantity of zooplankton and micro-nekton biomass in the central Bering Sea. Variation in
the many categories of zooplankton and cephalopods indicate a trend toward negative correlations with temperature,
whereas micro-nekton (except for cephalopods) indicate a
trend toward positive correlations with temperature. We
believe that these results will be helpful in understanding
the growth and survival of Pacific salmon as well as other
fishes. Therefore, it is necessary to continue to study the
abundance of zooplankton, micro-nekton, and salmon in the
central Bering Sea.
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Abstract: Diet and foraging behavior of chum salmon (Oncorhynchus keta) on age-0 walleye pollock (Gadus
chalcogrammus) are highlighted as an integral part of their bycatch in U.S. groundfish fisheries in the eastern
Bering Sea. Annual bycatch exploitation rates on regional stock groups (western Alaska, Russia, Gulf of Alaska,
and Japan) of chum salmon were estimated to be low (< 1.5%) and covaried with bycatch numbers, indicating
that factors other than stock abundance are responsible for changes in their bycatch numbers over time. Stock
structure and spatial distribution patterns of chum salmon indicate that their bycatch primarily stems from the
movement of large chum salmon from the Bering Sea basin and the Gulf of Alaska onto the eastern Bering Sea
shelf. Age-0 walleye pollock increased significantly in surface trawl catch data and in the diet of chum salmon
during a period of increased bycatch (2004 to 2006). Chum salmon bycatch is positively correlated with surface
trawl catch data of age-0 walleye pollock on the eastern Bering Sea shelf (r = 0.83, p < 0.01) and particularly in
ecoregions where bycatch occurs (r = 0.91, p < 0.001). The close association between chum salmon bycatch,
their diet, and surface trawl catch of age-0 walleye pollock highlights the importance of foraging behavior of chum
salmon (particularly on age-0 walleye pollock) to their bycatch in eastern Bering Sea groundfish fisheries.
Keywords: Chum salmon, distribution, diet, bycatch, eastern Bering Sea, groundfish fisheries, walleye pollock

INTRODUCTION

chum salmon in the Bering Sea basin during the summer
and fall (Urawa et al. 2009). North American chum salmon
(including stocks from western Alaska) primarily rear in the
Gulf of Alaska during their immature life-history stage, but
occur in the Bering Sea bycatch (Wilmot et al. 1998; Seeb
et al. 2004; Marvin et al. 2011). Bycatch of chum salmon
primarily occurs during late summer and fall and is largely
absent in winter fisheries (Stram and Ianelli 2009), which
is consistent with the seasonal migratory patterns of Asian
chum salmon in the Bering Sea (Fredin et al. 1977; Urawa et
al. 2001, 2009; Urawa 2004).
Chum salmon have the largest biomass of all Pacific
salmon species in the North Pacific Ocean (Eggers 2009).
Although the number of pink salmon harvested each year
exceeds that of chum salmon (NPAFC 2016), the presence of
multiple cohorts or ages of chum salmon in the ocean (pink
salmon are from a single cohort) and the larger average size
of chum salmon results in a larger biomass of chum salmon
than pink salmon in the North Pacific Ocean. Chum salmon are primarily harvested in salmon commercial fisheries

Incidental capture (bycatch) of chum salmon (Oncorhynchus keta) is an important management issue in eastern
Bering Sea groundfish fisheries, particularly for the walleye pollock (Gadus chalcogrammus; hereafter referred to
as pollock) trawl fisheries. Chum salmon are an important
economic and cultural resource in Alaska and they are classified as a prohibited species (cannot be retained) in U.S.
groundfish fisheries. The number of chum salmon captured
as bycatch in U.S. groundfish fisheries in the eastern Bering Sea has varied significantly over time, ranging from a
high of 700,000 in 2005 to a low of 13,000 in 2010 (Fig. 1).
Although chum salmon from all areas of the North Pacific
contribute to bycatch in the eastern Bering Sea, a large portion of the bycatch originates from Japan and Russia due to
the extensive use of the Bering Sea by Asian chum salmon
stocks (Fredin et al. 1977; Myers et al. 2007; Sato et al. 2009;
Urawa et al. 2009). Japanese and Russian stocks of immature and maturing chum salmon are the dominant stocks of
All correspondence should be addressed to J. Murphy.
e-mail: jim.murphy@noaa.gov
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Aleutian Islands Groundfish Fishery Management Plan in
2011 (NMFS 2010). The North Pacific Fisheries Management Council is currently developing a consolidated bycatch
management plan for both Chinook and chum salmon (NPFMC 2015). The pollock fishing industry has also taken an
active role in developing measures to limit salmon bycatch
through trawl design modifications (salmon excluders) and
rolling hot-spot closures to adaptively direct fishing effort
to minimize bycatch (Haflinger and Gruver 2009). Bycatch
hot-spots are locations where bycatch rates (the number of
bycatch species relative to target species) are higher than average.
Due to the complex, dynamic, and polarizing nature
of bycatch, many sources of information and perceptions
impact approaches used to address bycatch. Research directed at improving bycatch predictability, and our understanding of the factors that contribute to changes in bycatch
over time are expected to help stabilize decisions related to
bycatch and bycatch control (Murphy 1995; Witherell et
al. 2002; Stram and Ianelli 2009, 2015; Ianelli et al. 2010;
Ianelli and Stram 2014). In the following paper, we estimate bycatch exploitation rates on regional stock groups
of chum salmon, connect bycatch patterns of chum salmon
in the eastern Bering Sea to broad-scale patterns of chum
salmon distribution, size, and diets from surface trawl research survey data in the Bering Sea, and highlight the importance of foraging behavior of chum salmon on age-0
pollock to their bycatch in U.S. groundfish fisheries in the
eastern Bering Sea.

Fig. 1. Total bycatch of chum (non-Chinook) salmon in Bering SeaAleutian Islands (BSAI) groundfish fisheries (1992 to 2012).

that operate in terminal regions (average annual harvest of
approximately 95 million fish, 325,000 t (metric ton), since
2000), but chum salmon also support culturally significant
subsistence fisheries (approximately 1 million fish annually
since 2000) and sport fisheries (approximately 300,000 fish
annually since 2000; NPAFC 2016). Over 50% of the chum
salmon harvest in the North Pacific from 1974 to 2014 were
Japanese chum salmon (NPAFC 2016), primarily due to the
success of their hatchery program.
Bycatch controls have played an important role in shaping the management and regulation of groundfish fisheries,
particularly pollock fisheries, in the eastern Bering Sea. The
eastern Bering Sea pollock fishery is one of the largest fisheries in the world with an average annual harvest of approximately 1.2 million t (Ianelli et al. 2014). Pollock are harvested during winter and summer fishing seasons for fillet,
surimi, and roe products (Fissel et al. 2014). Groundfish
fisheries were principally developed by foreign fleets during
the 1950s. Salmon bycatch controls applied to the foreign
fleet included observer programs, prohibiting the retention
of salmon, time and area closures, and Chinook salmon bycatch caps (Nelson et al. 1981; Witherell and Pautzke 1997).
The Magnuson-Stevens Fishery Conservation and Management Act in 1976 allowed for greater domestic control over
groundfish resources in the eastern Bering Sea and groundfish were harvested through joint venture fisheries (foreign
and domestic); by 1990, groundfish resources in the Bering
Sea were harvested entirely by a domestic fishing fleet (Guttormsen et al. 1992). Salmon have retained their prohibited
species status in domestic fisheries and bycatch is monitored
by the North Pacific Fisheries Observer Program (Queirolo
et al. 1995; AFSC 2012). Salmon bycatch controls placed
on domestic pollock fisheries have included time and area
closures (chum and Chinook salmon savings areas) in 2005
(Witherell and Pautzke 1997), and bycatch caps placed on
Chinook salmon as part of Amendment 91 to the Bering Sea

MATERIALS AND METHODS
Bycatch Impact
Bycatch exploitation rates, the ratio of the return year
adult equivalent (AEQ) bycatch to the terminal run size of
chum salmon, were used to estimate the impact of bycatch
on chum salmon (Table 1). AEQ models discount bycatch
numbers by the natural mortality that is expected to occur
prior to returning to terminal fishing or spawning regions.
Terminal run size consists of the harvest of mature chum
salmon harvested in terminal regions and the number of
chum salmon that spawn in natal rivers. Total run can differ
from terminal run sizes when interception or bycatch occur
in non-terminal regions. Estimates of AEQ bycatch are only
included for the Bering Sea Aleutian Islands (BSAI) pollock
fishery, but this fishery represents 98% of the total bycatch
of chum salmon in U.S. groundfish fisheries in the eastern
Bering Sea (NMFS 2015) and therefore provides a reasonable approximation to total AEQ bycatch of chum salmon in
eastern Bering Sea groundfish fisheries. Bycatch exploitation rates were estimated for four regional aggregate stock
groups: Japan, Russia, western Alaska, and the Gulf of Alaska (including stocks from British Columbia and the Pacific
Northwest). Aggregate stock groups were used to simplify
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Table 1. Return year adult equivalent (AEQ) bycatch of chum salmon and bycatch impacts (exploitation rates) of the eastern Bering Sea
pollock fishery on four regional stock groups of chum salmon (western AK, Gulf of Alaska, Japan, and Russia), 1994 to 2009. Exploitation
rates are based on the ratio of return year AEQ bycatch to terminal run size.
Year

AEQ bycatch
(000's)

Western Alaska

Gulf of Alaska

Japan

Russia

1994

153.01

0.38%

0.07%

0.08%

0.20%

1995

55.27

0.08%

0.03%

0.02%

0.07%

1996

61.76

0.14%

0.03%

0.02%

0.10%

1997

68.87

0.26%

0.04%

0.03%

0.13%

1998

76.28

0.28%

0.03%

0.04%

0.12%

1999

55.15

0.24%

0.03%

0.03%

0.09%

2000

61.04

0.56%

0.03%

0.04%

0.08%

2001

61.20

0.28%

0.04%

0.03%

0.09%

2002

79.85

0.27%

0.04%

0.04%

0.11%

2003

163.51

0.50%

0.08%

0.07%

0.28%

2004

376.59

1.19%

0.21%

0.16%

0.64%

2005

677.13

1.31%

0.62%

0.26%

0.88%

2006

502.39

0.91%

0.30%

0.18%

0.52%

2007

178.62

0.43%

0.12%

0.07%

0.19%

2008

53.96

0.14%

0.04%

0.03%

0.05%

2009

42.36

0.12%

0.03%

0.02%

0.03%

Average

166.69

0.44%

0.11%

0.07%

0.22%

were used to test for differences in average exploitation rate
by stock group, and covariance between exploitation rate
and bycatch, respectively. Significance tests were also completed on first differenced data to adjust for time series autocorrelation. Correlations were considered significant for
p-values < 0.05.

the analysis and minimize sampling and genetic assignment
errors when estimating AEQ bycatch. Methods used to estimate return year AEQ bycatch estimates are described and
included in the Environmental Assessment of Chum Salmon Bycatch (NPFMC 2012, 2015). Adult returns and AEQ
bycatch for southwest Alaska (Alaska Peninsula) were not
included in this analysis as they account for less than 2%
of the bycatch (Kondzela et al. 2012) and harvests in this
region are mixed stock in nature (Seeb and Crane 1999) and
therefore do not reflect terminal runs to this region.
Terminal run sizes of the four regional stock groups
of chum salmon were constructed from data summarized
in Eggers (2009), the Environmental Assessment of Chum
Salmon Bycatch (NPFMC 2012), and chum salmon harvest
statistics (NPAFC 2016). Terminal run sizes of western
Alaska chum salmon (includes the coastal western Alaska
and the upper/mid-Yukon genetic stock groups, 1994 to
2009) were provided by the Alaska Department of Fish and
Game and summarized in the Environmental Assessment
of Chum Salmon Bycatch (NPFMC 2012). Terminal run
size for chum salmon originating from Japan, Russia, and
the Gulf of Alaska from 1994 to 2005 (Eggers 2009), were
extended to 2009 with the relationship between terminal run
size and harvest statistics from the North Pacific Anadromous Fish Commission (NPAFC; Fig. 2). Non-parametric
Mann-Whitney-Wilcoxon tests and Pearson product-moment correlations implemented in R (R Core Team 2013)

CHUM SALMON DISTRIBUTION
Available catch and effort data (2002 to 2012) from fall
(August–October) Bering-Aleutian Salmon International
Surveys (BASIS; NPAFC 2001) were used to construct a
multi-year summary of immature and maturing chum salmon
distribution in the Bering Sea (chum salmon that have spent
at least one winter in marine habitats). Data from the U.S.
BASIS survey in 2006 were used to describe chum salmon
distribution in the southern Bering Sea region within a single year. Data from the R/V TINRO surveys from 2002 to
2004 were used to describe chum salmon distributions within
the Russian exclusive economic zone (EEZ). Data from the
R/V Kaiyo maru surveys during 2002 and 2003 and U.S. survey vessels from 2002 to 2012 were used to describe chum
salmon distribution within the U.S. EEZ and international
waters of the Bering Sea. Trawl catch and effort data (catch
per km2) were adjusted by the area swept fishing power coefficients estimated for U.S., Russian, and Japanese surface
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40,000

within each of four sectors of the circular search radius offset
by 45° (Johnston et al. 2001). A regularized spline is an interpolation method that estimates values using a mathematical
function that minimizes overall surface curvature, resulting
in a smooth surface that passes through the input data points
(Johnston et al. 2001).
Bycatch distribution maps of chum salmon were constructed for the summer (July–October, B-season) fishery
during 1991 to 2003 and 2004 to 2006. Chum salmon bycatch and fishing effort data were provided by the North
Pacific Observer Program (AFSC 2012). Bycatch densities (bycatch per hour of trawling) were estimated by dividing non-parametric kernel density prediction surfaces
(search radius of 20 km) of bycatch numbers and effort
(trawl hours) within ArcGIS (Johnston et al. 2001), and
overlaid onto ecoregions of the eastern Bering Sea Shelf
(Ortiz et al. 2012; Baker and Hollowed 2014) and chum
salmon savings areas (Witherell et al. 2002). Kernel density estimation is a data smoothing approach where the density of a random variable is estimated within a given search
radius. A larger search radius produces a smoother density
prediction surface.

A
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Chum Salmon Size
Length-frequency distributions were used to describe
size distributions of chum salmon from surface trawl surveys in the Bering Sea and bycatch in U.S. groundfish fisheries. Juvenile chum salmon (chum salmon that have entered
marine habitats during the year of sampling) were excluded and separated from older ages of chum salmon based on
length (all juveniles were assumed to have fork lengths less
than 30 cm). Juveniles were not considered in this analysis
as they are known and expected to reach peak abundances in
coastal habitats near primary chum salmon producing river
systems and fishing power calibrations between the national BASIS surveys were only completed on the immature/
maturing life-history stage of chum salmon (Murphy et al.
2003). Size distributions of chum salmon captured during
fall (August–October) BASIS surveys were summarized
within three regions of the Bering Sea: the Russian EEZ
(R/V TINRO surveys during 2002–2004), deep-water habitats of the Bering Sea basin (U.S. basin; R/V Kaiyo maru
survey in 2003 and U.S. BASIS surveys, 2002–2012), and
the eastern Bering Sea shelf (U.S. BASIS surveys 2002 to
2012). Length-frequency distributions were adjusted by the
subsample (typically 50 fish at each station) fractions from
BASIS surveys by

20,000

C

80,000
70,000
60,000
y = 1.0678x + 592.15
R² = 0.9982

50,000
40,000
30,000
30,000

50,000

70,000
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Harvest (000’s)
Fig. 2. Relationships between harvest and terminal run size for
stock groups of chum salmon originating from the Gulf of Alaska
(A), Russia (B), and Japan (C) from 1991 to 2005.

𝐿𝐿𝐿𝐿𝑙𝑙𝑙𝑙,𝑖𝑖𝑖𝑖
,
� 𝜃𝜃𝜃𝜃𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖
where L'l is the estimated number of individual fish within
the length interval l, Ll,i is the number of lengths measured
at station i in length interval l, and θi is the subsample fraction at station i. L'l is expressed as a proportion of the total
𝐿𝐿𝐿𝐿′𝑙𝑙𝑙𝑙 =

trawl gear during a fishing power experiment conducted in
2002 (Murphy et al. 2003). The distribution of chum salmon
in the Bering Sea was estimated with a neighborhood regularized spline curve fitting routine implemented in ArcGIS
and modeled using a smoothing parameter of 0.001 and a
minimum and maximum neighborhood of 5 and 10 points
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s
Fig. 3. Distribution of immature/maturing (non-juvenile) chum salmon within the Bering Sea from Bering-Aleutian Salmon International
Surveys (BASIS) during the fall (August to October), 2002 to 2012. Shaded contours indicate chum salmon catch-per-unit-effort (CPUE: catch
per km2); points indicate surface trawl locations.

distribution of chum salmon with a catch-weighted stomach content index (SCI) as

or sum of L'l. Size distributions of chum salmon captured
as bycatch in eastern Bering Sea groundfish fisheries were
summarized with annual (2003 to 2006) and multi-year
(1991 to 2006) data provided by the North Pacific Observer Program (AFSC 2012). Length corrections for bycatch
subsample fractions were not used in this analysis as sampled lengths were believed to provide a reasonable approximation of bycatch lengths due to the limited size variation
of bycatch.

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑗𝑗𝑗𝑗 =

∑𝑛𝑛𝑛𝑛 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗,𝑖𝑖𝑖𝑖,𝑛𝑛𝑛𝑛

� ∑ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗,𝑖𝑖𝑖𝑖,𝑛𝑛𝑛𝑛
𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖

× 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖 ,,

where the stomach content index (ratio of prey (Prey)
weight to predator (Pred) weight) for the jth prey species
is estimated by pooling n stomachs at the ith station and
multiplying by the catch (Ci) at a given station. Diet composition is expressed as the proportion of SCICj to total
SCIC. Multi-year summaries (2003 to 2012) of immature
and maturing chum salmon diets were based on average
annual diet proportion within the northern Bering Sea shelf
(north of 60˚N) and southern Bering Sea shelf regions. Annual summaries of chum salmon diet were estimated for
the two primary ecoregions of the eastern Bering Sea shelf
where bycatch occurs (South Outer and the Alaska Peninsula ecoregion) (Ortiz et al. 2012; Baker and Hollowed
2014). BASIS stations within the Alaska Peninsula region
were restricted to deep-water locations (> 50 m) for consistency with the deeper shelf habitats where the pollock
fishery and bycatch occurs.

Chum Salmon Diet
Chum salmon diet data have been collected during
U.S. BASIS surface trawl surveys on the eastern Bering
Sea shelf since 2003. When within-station length variation was large, a random subsample of 10 chum salmon
were selected for diet analysis from each 10-cm length bin,
otherwise a random sample of 10 chum salmon were selected from each station. Stomach contents of chum salmon were combined, weighed to the nearest gram, and prey
were sorted to the lowest possible taxonomic level. Prey
groups were either weighed separated or visually assigned
a volumetric proportion to estimate the contribution of
each taxonomic prey group (by weight) to the diet of chum
salmon at each station. Content weights were scaled to the
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Fig. 4. Distribution of immature/maturing (non-juvenile) chum salmon in the eastern Bering Sea from the U.S. Bering-Aleutian Salmon
International Survey (BASIS) during the fall (August to October), 2006. Shaded contours indicate chum salmon catch-per-unit-effort (CPUE:
catch per km2); points indicate surface trawl locations. Depth contours in the eastern Bering Sea are included at 50-m intervals.

RESULTS

Surface trawl catch-per-unit-effort (CPUE) of age-0
pollock (000’s·km-2) was summarized for all station locations within the eastern Bering Sea shelf and within ecoregions of the surface trawl survey where bycatch occurs
(South Outer and Alaska Peninsula ecoregions). Stations
within the Alaska Peninsula ecoregion were restricted to
locations deeper than 50 m for consistency with the deeper
shelf habitats where the pollock fishery and bycatch occur.
Pearson product moment correlation analysis was used to
evaluate the co-variation between chum salmon bycatch
and age-0 pollock densities. Significance tests were also
completed on first differenced data to adjust for time series
autocorrelation. Correlations were considered significant
with p-values < 0.05.

Bycatch Impact
Annual bycatch impact (exploitation rate) on the aggregate stock groups of chum salmon were all below 1.5% and
highly correlated (p < .0001) with return year adult equivalent (AEQ) bycatch over time (Table 1). Average bycatch
impacts were significantly higher (p < 0.05) on chum salmon originating from western Alaska (0.44%) and Russia
(0.22%) than stocks from the Gulf of Alaska (0.11%), and
Japan (0.07%); the average impact on western Alaska chum
salmon stocks was significantly (p < 0.05) higher than other
chum salmon stock groups.
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Fig. 5. Distribution of chum salmon bycatch during the B-season (July to October) of the eastern Bering Sea pollock fishery (pelagic trawl),
1991 to 2003. Shaded contours indicate the number of chum salmon captured as bycatch per hour of trawling. Numbered spatial strata are
eastern Bering Sea ecoregions of the eastern Bering Sea shelf. The chum salmon savings area (thick black polygon) spans both the Alaska
Peninsula (1) and South Outer (4) ecoregions with a border outlined in black that follows latitude and longitude coordinates. Grey lines are
depth contours at 50-m intervals.

Chum Salmon Distribution

grid was extended off the shelf in 2006 and provided the
opportunity to examine the distribution of chum salmon on
and off the shelf (Fig. 4). Patchiness in the spatial distribution of chum salmon is more evident in the catch distribution
from a single year. Still, the relatively coarse sampling grid
(approximately 30 nautical miles) limits the ability of U.S.
BASIS surveys to precisely map chum salmon distributions.
The highest densities of chum salmon in the southern region
of the eastern Bering Sea shelf were present along the shelf
break and in patches or hot-spots of chum salmon farther
inshore in the Middle Domain of the shelf (between 50 and
100 m).
Chum salmon were primarily captured as bycatch in
the Outer Domain (100 to 150 m) of the eastern Bering Sea
shelf; but significant numbers of chum salmon were also
captured along the Alaska Peninsula (Figs. 4, 5). Bycatchper-unit-effort (catch per hour trawled) was highest in the

Chum salmon were distributed throughout the Bering
Sea and North Pacific during August–October. Immature/
maturing (non-juvenile) life-history stages of chum salmon
primarily occurred in offshore habitats of the Bering Sea basin and reached higher densities in the Bering Sea than locations south of the Aleutian Islands (Fig. 3). Within the Bering Sea, chum salmon tended to have a western distribution
in the Russian EEZ and an eastern distribution just north of
the Aleutian Islands and adjacent to the eastern Bering Sea
shelf during August–October. The highest densities of chum
salmon on the eastern Bering Sea shelf occurred in deep-water habitats (150 to 200 m) of the southern shelf region and
just south of the Bering Sea Strait (where Russia and Alaska
are the closest). The U.S. BASIS surveys were primarily
restricted to locations on the shelf; however, the U.S. survey
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Fig. 6. Distribution of chum salmon bycatch during the B-season (July to October) of the eastern Bering Sea pollock fishery (pelagic trawl)
2004 to 2006. Shaded contours indicate the number of chum salmon captured as bycatch per hour of trawling. Numbered spatial strata are
eastern Bering Sea ecoregions of the eastern Bering Sea shelf. The chum salmon savings area (thick black polygon) spans both the Alaska
Peninsula (1) and South Outer (4) ecoregions with a border outlined in black that follows latitude and longitude coordinates. Grey lines are
depth contours at 50-m intervals.

South Outer (Region 4) and the Alaska Peninsula (Region
1) ecoregions. Chum salmon bycatch was spread more
broadly across the fishery in the southern Bering Sea and
within the chum salmon savings area prior to 2004 (Fig. 5).
Peak bycatch locations of chum salmon shifted during 2004
to 2006, with much of the bycatch occurring close to the
shelf break (200 m) and outside of the chum salmon saving
area (Fig. 6).

August–October, consistent with the 0.1 age class of chum
salmon (European age designation: freshwater.marine ages).
The proportion of age-0.2 chum salmon (approximately 40
to 55 cm) was higher in the central Bering Sea basin than the
Russian EEZ, and chum salmon typically reach their largest average size on the eastern Bering Sea shelf, with most
falling within the 55- to 65-cm size range (consistent with
age-0.3 chum salmon).
Length-frequency data of chum salmon captured as bycatch are relatively stable over time (Fig. 8), were similar to
the size distributions of chum salmon captured during surface trawl surveys on the shelf (BASIS surveys), and were
consistent with the size range expected for age-0.3 chum
salmon. Surface trawl surveys tended to have a slightly
higher proportion of 0.1 and 0.2 chum salmon than present
in the bycatch. (Fig. 7).

Chum Salmon Size
Length-frequency distributions of chum salmon from
BASIS research surveys varied by region in the Bering Sea
due to differences in the age structure of chum salmon by region (Fig. 7). Most of the chum salmon captured within the
Russian EEZ were within the 30- to 40-cm size range during
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Chum Salmon Diet
The diet of chum salmon varied by region and over time
in the eastern Bering Sea shelf (Table 2, Fig. 9). The Arctic
hyperiid amphipod, Themisto libellula, was the most important prey species of chum salmon in the northern Bering Sea
shelf (31%). The subarctic hyperiid amphipod, Themisto
pacifica; was the primary species utilized by chum salmon
in the southern Bering Sea shelf. T. libellula was present in
the diet of chum salmon in the southern Bering Sea shelf,
but only above the cold pool when it extends into the southern shelf. Jellyfish (Scyphozoa) were consumed in a higher
proportion in the northern Bering Sea shelf (32% by weight)
than the southern shelf (14%). However, the low nutritional
value of jellyfish does not allow a direct comparison of nutritional value of jellyfish to other prey species. Oikopleurans
were more important in the diet of chum salmon in the northern Bering Sea shelf (12%) than the southern shelf (2%) and
reflects the abundance of the Arctic oikopleuran, Oikopleura
vanhoeffeni, in the northern Bering Sea shelf. The pteropod
species, Limacina helicina, and its predator, Clione limacina, were an important component of chum salmon diets in
the southern Bering Sea shelf (8%), particularly in deeper
shelf habitats. Age-0 pollock were, on average, the largest
contributor to the diet of chum salmon in the southern shelf
(32%). Age-0 pollock were present in chum salmon diets in
the northern Bering Sea (8%) when age-0 pollock distributions extend northward during warm years.
The importance of age-0 pollock in the diet of chum
salmon in the southern Bering Sea stems from the large contribution of age-0 pollock in their diet from 2004 to 2006
(Table 2). Age-0 pollock comprised over 90% of chum
salmon diet during this period, but have been largely absent
from the diet from 2007 to 2012 when pteropods, jellyfish,
and euphausiids were the most important prey items of chum
salmon in the southern Bering Sea. Ecosystem and fishery
dynamics during 2004–2006 are particularly important to
bycatch as these years resulted in the highest bycatch levels
of chum salmon in eastern Bering Sea groundfish fisheries
(Fig. 1).
Surface trawl catches of age-0 pollock also increased
during the 2004–2006 time period (Table 3, Fig. 10), and
the increase in age-0 pollock abundance is believed to be
the primary reason why age-0 pollock became such a large
component of the diet of chum salmon. Catches of age-0
pollock for the entire survey peaked at 84,000 • km-2 in 2004,
but reached a peak of approximately 197,000 • km-2 in 2005
within ecoregions where most of the bycatch occurs (South
Outer and Alaska Peninsula). Although surface trawl catches of age-0 pollock dropped in 2006 (age-0 pollock catch
dropped to 11,000 • km-2 for the entire survey and 21,000
• km-2 in bycatch ecoregions), chum salmon diets were still
predominately age-0 pollock.
Significant and positive relationships were present between the surface trawl catch of age-0 pollock and the number of chum salmon captured as bycatch in eastern Bering

0.14
EEZ

0.12

Basin

Proportion

0.1

EBS Shelf

0.08
0.06
0.04
0.02
0

20

30

40
50
60
70
Fork Length (cm)

80

90

Fig. 7. Length-frequency distributions of immature/maturing (nonjuvenile) chum salmon captured during late summer/fall surveys
(August–October) of the Bering-Aleutian Salmon International
Survey (BASIS) trawl surveys in the Russian exclusive economic
zone (EEZ), deep-water habitats of the Bering Sea basin (Basin),
and U.S. surveys on the eastern Bering Sea shelf (EBS Shelf)
(2002 to 2012).
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Table 2. Prey composition in chum salmon stomach contents by weight in the South Outer shelf and Alaska Peninsula (> 50-m) ecoregions of
the eastern Bering Sea shelf during fall (August to October) Bering Aleutian Salmon International Surveys, 2003–2007 and 2009–2012.
Prey Group

2003

2004

2005

2006

2007

2009

2010

2011

2012

Pollock

34%

91%

91%

93%

0%

0%

10%

0%

1%

Pteropod

55%

7%

5%

1%

20%

14%

26%

45%

16%

Jellyfish

2%

0%

1%

1%

24%

64%

0%

0%

1%

Euphausiid

0%

1%

1%

3%

5%

1%

35%

2%

63%

Oikopleura

0%

0%

0%

0%

19%

0%

0%

1%

0%

Shrimp/Crab

3%

0%

1%

1%

9%

7%

1%

6%

1%

Fish

6%

0%

0%

1%

5%

3%

22%

11%

14%

Amphipod

0%

0%

0%

1%

9%

2%

5%

18%

2%

Other

1%

1%

1%

0%

8%

8%

0%

18%

2%

Sea groundfish fisheries (Table 3, Fig. 11). The proportion
of age-0 pollock in the diet of chum salmon in the southern
Bering Sea was significantly correlated with catches of age0 pollock for the entire survey (r = 0.77, p < 0.05) and the
South Outer and Alaska Peninsula ecoregions (r = 0.76, p <
0.05). Age-0 pollock catches for the entire U.S. BASIS survey were significantly correlated with the number of chum
salmon captured as bycatch (r = 0.83, p = 0.002) and the
correlation increases when BASIS data were selected within the ecoregions where bycatch occurs (South Outer and
Alaska Peninsula ecoregions; r = 0.91, p < 0.0001). First
differenced data (previous year data subtracted from current)
of age-0 pollock catches and bycatch remained significantly
correlated for the entire shelf (r = 0.65, p = 0.042) and with-

Pteropod
Other

2008

in ecoregions where bycatch occurs (r = 0.84, p = 0.002).
The strength of these correlations highlights the importance
of foraging patterns of chum salmon (particularly on age-0
pollock) to the formation of bycatch hot-spots and changes
in bycatch levels of chum salmon over time.
DISCUSSION
A broad spatial and ecological context of chum salmon
is needed to gain insight into the dynamic processes that impact bycatch levels, to estimate bycatch impacts, and to evaluate bycatch assessments. The population structure of chum
salmon (size/age/stock) is complex and requires information
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Fig. 9. Regional differences in chum salmon diets in the northern Bering Sea shelf (60°N to 65°N) and the southern Bering Sea shelf
(< 60°N) during fall (August to October) Bering-Aleutian Salmon International Survey surface trawl operations in the eastern Bering Sea,
2003 to 2012.
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at multiple space/time scales to describe migratory patterns
of chum salmon. Prey fields, water temperature, and ocean
currents are an integral part of the dynamic migration and
distribution patterns of salmon in the North Pacific Ocean
and Bering Sea (Murphy 1994; Welch et al. 1995; Aydin et
al. 2000; Azumaya and Ishida 2004; Azumaya et al. 2007;
Myers et al. 2007; Nagasawa and Azumaya 2009). The
BASIS was a large-scale surface trawl survey developed by
member nations of the NPAFC designed to improve our understanding of the role of salmon in Bering Sea ecosystems
(NPAFC 2001). U.S. BASIS surveys have occurred during
the fall (August to October) and primarily in the eastern Bering Sea, consistent with the period when chum salmon bycatch occurs in eastern Bering Sea groundfish fisheries (July
to October, peak in August and September). Research data
collected during the BASIS surveys allow us to examine bycatch within the context of the large-scale marine ecology of
chum salmon in the Bering Sea (Murphy and Farley 2012).
The impact of bycatch on chum salmon is best described
by stock-specific exploitation rates on terminal run sizes of
chum salmon and requires that bycatch numbers be converted to stock-specific adult equivalent (AEQ) estimates of bycatch. Multiple sources of information in addition to bycatch
numbers of chum salmon are needed to estimate bycatch
exploitation rates, including: natural mortality rates, maturation rates, and terminal run abundances of chum salmon,
as well as age and stock composition of bycatch (Witherell
et al. 2002; Ianelli and Stram 2014). Bycatch exploitation
rates on regional stock aggregates or groups (western Alaska, Russia, Gulf of Alaska, and Japan) of chum salmon were
estimated to be low (< 1.5%), highest for western Alaska
chum salmon, and varied with bycatch levels. Although
western Alaska chum salmon stocks appeared to have the

Age-0 pollock CPUE (000’s/km2)

250

Eastern Bering
Sea shelf

200

South Outer and
AK Penninsula
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Fig. 10. Annual variation in age-0 pollock catch-per-unit-effort
(CPUE; catch per km2) during fall (August to October) BeringAleutian Salmon International Survey surface trawl operations on
the eastern Bering Sea shelf and within the South Outer and Alaska
Peninsula (> 50-m) ecoregions of the eastern Bering Sea shelf,
2002 to 2012.

largest bycatch impact (average annual exploitation rate of
0.44%), uncertainty associated with bycatch stock composition estimates and/or terminal run estimates for western
Alaska chum salmon could be contributing to the larger average annual exploitation rates for this stock group. For example, 50% to 70% of the chum salmon in Area-M or Alaska Peninsula salmon fisheries originate from western Alaska

Table 3. Chum salmon bycatch numbers in Bering Sea Aleutian Island (BSAI) groundfish fisheries in the eastern Bering Sea and age-0
pollock catch-per-unit-effort (CPUE, catch per km2) during surface trawl (BASIS) surveys on the eastern Bering Sea shelf and within the South
Outer and Alaska Peninsula (> 50-m) ecoregions of the eastern Bering Sea shelf, 2002 to 2012.
Year

BSAI chum salmon
bycatch (000’s)

Eastern Bering Sea age-0
pollock (000’s/km2)

South Outer and Alaska
Peninsula age-0 pollock
(000’s/km2)

2002

80.79

15.77

45.21

2003

187.04

42.00

68.02

2004

449.51

83.76

132.62

2005

708.36

71.32

197.01

2006

322.87

10.95

20.63

2007

87.71

4.01

2.08

2008

16.36

16.36

9.72

2009

46.97

0.06

0.02

2010

14.20

0.62

3.82

2011

192.49

2.15

8.31

2012

24.01

1.67

2.84
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BSAI Chum Salmon Bycatch (000's)

800

(Seeb and Crane 1999), therefore terminal run estimates for
western Alaska chum salmon are not equivalent to total run
estimates and introduce an upward bias in bycatch impacts
on western Alaska chum salmon. Information on the stock
and age structure of chum salmon captured in the Area-M or
Alaska Peninsula salmon fisheries will be required to accurately evaluate the bycatch impact on western Alaska chum
salmon in eastern Bering Sea groundfish fisheries. Bycatch
impacts on individual stocks are not directly comparable to
the aggregate stock groups unless their bycatch is proportional to their abundance within the aggregate stock group.
Ultimately, bycatch impact covaries with bycatch numbers
for all stock groups of chum salmon, indicating that stock
abundance is not the primary driver of changes observed in
bycatch numbers over time.
Size and age of chum salmon are equally as important
as stock origin when considering the population structure
of chum salmon in the Bering Sea. The increase in age of
chum salmon from the Russian EEZ to the eastern Bering
Sea shelf is believed to primarily reflect the dispersal pattern of Asian chum salmon, with chum salmon progressively
increasing in age with distance from their origin. Similar
dispersal patterns could be present in chum salmon stocks
originating from the Gulf of Alaska; however improved integration of size and age of chum salmon with stock origin
will be needed before migratory patterns of chum salmon
can be adequately described. Age structure is more evident
in the size of chum salmon from the entire Bering Sea than
within a single region due to the age-structured distribution
of chum salmon in the Bering Sea. The size of chum salmon
on the eastern Bering Sea shelf indicates that the dominant
age of chum salmon on the eastern Bering Sea shelf is 0.3,
and is consistent with scale ages of chum salmon captured
as bycatch (Patton et al. 1998). However, surface trawl
catches tend to include a higher proportion of 0.1 and 0.2
chum salmon than is present in the bycatch, which may reflect a shallower vertical distribution of these younger ages
of chum salmon and increased availability of these ages to
surface trawl surveys. Limited variability in the size/age
of chum salmon captured as bycatch indicates that there is
less concern over matching bycatch samples to the spatial
and temporal scales of bycatch for size and age data than for
stock composition.
Movement patterns of chum salmon introduce an important spatial component to the stock structure of chum
salmon in the southern Bering Sea shelf. The 2006 spatial
distribution of chum salmon in the southern Bering Sea shelf
is believed to support on-shelf movement of chum salmon
and the passage of chum salmon through the fishery and onto
the shelf. Groundfish fisheries and bycatch generally occur
within the Outer Domain of the eastern Bering Sea (100 to
150 m). Bycatch of chum salmon in the groundfish fishery
occurred in two pulses in 2006 (Marvin et al. 2011): the
first pulse occurred prior to the BASIS survey in 2006 (late
June–early July) and the second pulse occurred during the
BASIS survey (August). Chum salmon that were distribut-
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Fig. 11. Relationships between age-0 pollock catch-per-uniteffort (CPUE: 000’s/km2) and chum salmon bycatch in Bering Sea
Aleutian Island (BSAI) groundfish fisheries, 2002 to 2012. Age-0
pollock CPUE data are from fall (August to October) BeringAleutian Salmon International Survey surface trawl operations on
the eastern Bering Sea shelf (A) and within the South Outer and
Alaska Peninsula (> 50-m) ecoregions of the eastern Bering Sea
shelf (B).
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ed in the Middle Domain (50 to 100 m) during the BASIS
survey are likely part of the first pulse of chum salmon bycatch. Chum salmon that were distributed in the Outer Domain during BASIS surveys are believed to have contributed
to bycatch during the second pulse (August). This general
movement pattern of chum salmon is consistent with shelf
currents, which typically flow to the north and northwest on
the shelf (Stabeno et al. 1999). Although chum salmon are
captured as bycatch in the northern Bering Sea shelf (North
Outer ecoregion), most of the chum salmon are captured
in the southern Bering Sea shelf (South Outer and Alaska
Peninsula ecoregions). Stock mixtures of chum salmon in
the southern Bering Sea support movement of chum salmon
from the Bering Sea basin (predominantly Asian origin) and
the Gulf of Alaska via the Alaska Coastal Current onto the
southern Bering Sea shelf (Seeb et al. 2004). This is evident
in chum salmon stock mixtures from U.S. BASIS surveys
(McCraney et al. 2010). Chum salmon stock mixtures in the
northern Bering Sea shelf (83% Asian origin) were similar
to mixtures in the Bering Sea basin (81% Asian) during 2006
and 2007. However, only 49% of the chum salmon on the
southern shelf were of Asian origin. The increase in North
American chum salmon on the southern shelf is believed
to reflect the movement/transport of chum salmon onto the
southern Bering Sea shelf from the Gulf of Alaska, which
has a higher proportion of North American chum salmon
stocks. Bycatch hot-spots that form from the movement of
chum salmon from the Bering Sea basin onto the shelf are
expected to have a higher proportion of Asian-origin chum
salmon than hot-spots that form through the movement of
chum salmon from the Gulf of Alaska onto the eastern Bering Sea shelf.
The location of chum salmon bycatch shifted during
the period of increased bycatch (2004 to 2006), and may
have important implications for stock mixtures present in
the bycatch. Prior to 2004, much of the bycatch occurred
throughout the fishing areas of the southern shelf and along
the Alaska Peninsula and provided the basis for the chum
salmon savings area (Witherell et al. 2002). The location
of peak bycatch shifted northwest along the shelf break and
outside of the savings area in 2004 to 2006. Due to the
closer proximity of bycatch to the basin and the association
of bycatch with age-0 pollock during 2004 to 2006, it is believed that bycatch during this period principally stemmed
from increased on-shelf movement of chum salmon from
the Bering Sea basin to forage on age-0 pollock. It is unclear why there was not an increase in Asian-origin chum
salmon in the bycatch with the shift in bycatch location
(Marvin et al. 2011; Kondzela et al. 2012). However, this
likely reflects limitations in the genetic analysis and tissue
collections during this period. Due to the limited number of
genetic tissues collected from the bycatch in 2005, spatial
stratification of bycatch samples to correct for bycatch location was not completed (Guyon et al. 2010). Recognizing
potential complications with genetic tissue collections of
the bycatch, the North Pacific Fishery Management Coun-

cil recommended that genetic samples be collected proportionally to bycatch and this strategy has been in place since
2011 (NMFS 2010).
Chum salmon exhibit a high degree of plasticity in their
diet, which tends to reflect the availability of prey species
over time and space (Davis et al. 2000, 2009). This is evident in diet differences between the northern and southern
Bering Sea shelf regions. The diet of chum salmon in the
northern Bering Sea primarily consisted of Arctic prey species such as T. libellula and O. vanhoeffeni; these species
were minimally present in the diets of chum salmon in the
southern Bering Sea shelf. Zooplankton communities are
different in the northern and southern shelf regions largely
due to the persistence of winter sea ice in the northern Bering Sea, which maintains an ecosystem that is more similar
to other high Arctic ecosystems like the Chukchi Sea than
the southern Bering Sea (Stabeno et al. 2012; Pinchuk et
al. 2013). Chum salmon diets in the southern Bering Sea
shelf were variable over time with a significant shift to age0 pollock during the years of high bycatch (> 90% of the
diet of chum salmon was age-0 pollock in 2004 to 2006).
Although surface trawl catches of age-0 pollock declined
in 2006, the diet of chum salmon was still predominantly
age-0 pollock. This may reflect a change in the vertical
distribution of age-0 pollock (deeper distribution) in response to cooler conditions (Parker-Stetter et al. 2013) in
2006, making them less available to surface trawl gear, but
still available as chum salmon prey. Even with potential
shifts in the vertical distribution of age-0 pollock, significant correlations are present between surface trawl catch
rates of age-0 pollock, chum salmon diet, and their bycatch,
supporting the importance of foraging behavior of chum
salmon on age-0 pollock to their bycatch in U.S. groundfish
fisheries in the eastern Bering Sea.
CONCLUSION
The efficiency of bycatch management and avoidance
strategies used to limit bycatch of chum salmon will improve with a greater understanding of the underlying ecological processes that determine bycatch levels of chum salmon over time. Movement of large immature chum salmon
(rather than selective bycatch) onto the eastern Bering Sea
shelf is believed to contribute to the large size and older ages
of chum salmon in the bycatch than is typically present in
the Bering Sea. Movement of chum salmon from the Gulf
of Alaska as well as the Bering Sea basin onto the southern Bering Sea shelf introduces an important and potentially
complex spatial component to the population structure of
chum salmon in this region. The close association between
chum salmon bycatch, diet, and catch of age-0 pollock highlights the importance of foraging behavior of chum salmon
(particularly on age-0 pollock) to changes observed in bycatch levels of chum salmon in U.S. groundfish fisheries in
the eastern Bering Sea over time.
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Abstract: In order to examine the Earth’s magnetic intensity and inclination during homing migration of chum
salmon (Oncorhynchus keta) and to present tracking data consistent with the geomagnetic imprinting hypothesis
that salmon migrate homeward using the Earth’s magnetic intensity or inclination, archival tagging operations
were carried out in the Bering Sea in 2012 and 2013. DST magnetic tags were attached to the bodies of chum
salmon on board a research ship. The tags recorded temperature, depth, magnetic intensity and inclination,
compass heading, and tilt of the fish. Two tagged chum salmon were subsequently recovered near the coast
of Hokkaido, Japan, in 2012 and 2013, respectively. The estimated homing route of the 2012 fish was linear
from the release site to the coast of Hokkaido, Japan. The 2013 fish reached the coast of Hokkaido by way of
the east coast of Kamchatka, Russia. These estimated homing routes were not consistent with the great circle
route. The estimated homing migration routes were consistent with the isoline of magnetic intensity rather than
magnetic inclination. For the tag recovered in 2012, the homing migration route was approximately along the
isoline of magnetic intensity at the recovery site. Therefore, we conclude that this study supports the geomagnetic
imprinting hypothesis that magnetic intensity plays an important role in the homing migration of chum salmon in
the open sea.
Keywords: chum salmon, magnetic intensity and inclination, homing migration, archival tag

INTRODUCTION

summer of their fourth/fifth year, they return to their natal
rivers in Hokkaido, Japan.
Studies of chum salmon using archival tags have determined the characteristics of swimming patterns and ambient environmental conditions during homing migrations
(Wada and Ueno 1999; Tanaka et al. 2000; Walker et al.
2000; Friedland et al. 2001; Ishida et al. 2001; Azumaya and
Ishida 2005). These studies showed that diel vertical movements were pronounced in the open ocean. Chum salmon
remained near the surface at night, but they showed shortterm vertical movements lasting < 1 hour during the day.
However, archival tagging operations that record the magnetic field to which homing chum salmon are exposed have
not been carried out.
Several animals are known to determine their geographic position using information in the Earth’s magnetic field
(Lohman et al. 2007; Putman et al. 2014). Quinn (1980) and

Chum salmon (Oncorhynchus keta) of Japanese origin
remain in the North Pacific Ocean and the Bering Sea for
1–7 yr before returning to spawn in their natal rivers. Urawa
(2000, 2004) constructed a model of the ocean life of Japanese chum salmon using genetic stock identification methods. They indicated that in spring Japanese chum salmon
released in Hokkaido spend three months at the coast of
the Okhotsk Sea and remain in the Okhotsk Sea until late
fall. At ocean age-2 they migrate eastward from the western North Pacific Ocean to the central North Pacific Ocean
during winter and spring, and enter the Bering Sea the following summer. In the autumn they move into the Gulf of
Alaska in the eastern North Pacific to spend the winter. They
repeat the Bering Sea to the eastern North Pacific Ocean migration 3–4 times. When they are ready to mature in the
All correspondence should be addressed to T. Azumaya.
e-mail: azumaya@fra.affrc.go.jp
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ward from oceanic habitats by comparing properties of the
Earth’s magnetic field at their immediate location to those
on which they were imprinted as juveniles entering the
ocean. Bracis and Anderson (2012), Putman et al. (2013),
and Putman et al. (2014), using a migration model or statistics, showed that salmon used the Earth’s magnetic intensity to find their way back to their birthplace after migrating
across thousands of miles of open sea. However, it has
not yet been confirmed that salmon experience the Earth’s
magnetic fields during homing migration. Thus, the aims
of the present study were to investigate the possible role of
magnetic orientation during the oceanic migration of maturing chum salmon. We conducted archival tagging operations that could record the magnetic field in the Bering
Sea and examined features of magnetic intensity that chum
salmon experienced during homing migration. We present
tracking data that is consistent with the geomagnetic imprinting hypothesis.

Fig. 1. Release (black circles) and recovery sites (black triangles)
and great circle route for Fish 608 (gray) and Fish 669 (black).

MATERIALS AND METHODS

Quinn and Brannon (1982) showed that juvenile sockeye
salmon (O. nerka) in tanks oriented along the axis of their
natal lake changed direction in response to induced magnetic
fields. The responses to induced fields only occurred at night
or in covered tanks, but not during the day with tanks open
to the sky. They indicated that sockeye salmon can use the
Earth’s magnetic field to determine compass direction and
suggested that juvenile salmon imprint on the magnetic field
before heading to sea. Quinn (1984) proposed that oceanic
migrating salmon have a ‘magnetic map sense’ based on the
inclination and declination of the Earth’s magnetic field. To
investigate the role of magnetic compass orientation in oceanic migrating chum salmon, Yano et al. (1997) fitted chum
salmon with a tag that generated an artificial magnetic field.
He then modified the geomagnetic field around the heads
of fish and observed their orientation and swimming speed.
Their results suggested that the orientation of the tracked
chum salmon was not significantly affected by a modified
magnetic field.
According to the geomagnetic imprinting hypothesis
(Lohmann et al. 2008; Bracis and Anderson 2012), the
difference between the imprinted geomagnetic value and
that at a salmon’s ocean location can potentially guide its
homeward migration such that salmon navigate home-

DST magnetic tags (Star-Oddi, Gardabaer, Iceland)
were attached to the bodies of chum salmon on board the
research vessel Hokko maru in 2012 and 2013. The chum
salmon carrying tag 608 (hereafter Fish 608) was caught
in 2012 by hook and line, and after twelve tagged chum
salmon were released in the central Bering Sea (56°28'N,
179°54'E; Fig. 1). At tagging, the fork length of Fish 608
was measured as 650 mm. Fish 608 was recovered along
the coast of Hokkaido, Japan (44°40'N, 142°52'E) 74 days
after release in 2012 (Table 1). The chum salmon carrying
tag 669 (hereafter Fish 669) was caught in 2013 by surface
trawl, and after six tagged chum salmon were released in
the central Bering Sea (54°01’N, 175°05’E; Fig. 1). At
tagging, the fork length of Fish 669 was measured as 613
mm. Fish 669 was recovered along the coast of Hokkaido, Japan (43°59’, 144°52’E) 76 days after release in 2013
(Table 1).
The DST was 15 mm in diameter, 46 mm in length, and
19 g (12 g) in air (water). The housing material was alumina
(ceramic). The tags measured and recorded magnetic field
strength, tilt of the fish, compass heading, temperature and
pressure (depth) every 60 minutes for Fish 608 and every 10

Table 1. Release and recapture information for two chum salmon tagged with archival tags in the Bering Sea and recovered in Hokkaido,
Japan. Days at liberty: days between release and recovery. Distance: shortest distance between release and recovery sites. Age was
determined from scales (Ito and Ishida 1998). FL = fork length.
Fish
No.

Release
Date

Location

Region

Recapture
FL
Age
(mm)

Date

Location

Region

FL
(mm)

Days at Distance
liberty
(km)

Sex

Swimming
speed (m/s)

608

July 30 56°28’N,
2012
179°54’E

Bering Sea

650

-

Oct 11 44°40’N,
2012 142°52’E

Oumu coast

605

74

2,875

male

0.462

669

July 26 54°01’N,
2013
175°05’E

Bering Sea

613

4

Oct 9
2013

Shari coast

635

76

2,439

female

0.376

43°59’N,
144°52’E
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Day
Fig. 2. Time-space diagram of water temperatures. Shades of blue indicate temperatures < 10°C, yellow and red indicate temperatures
> 10°C. The thin contour line interval is1°C and the thick contour interval is 5°C. The black lines represent swimming depth. The X-axis
represents days after release. The Y-axis represents depth. The upper panel displays data for Fish 608 and the lower panel displays data for
Fish 669.

RESULTS AND DISCUSSION

minutes for Fish 669. Temperature readings had a resolution
of 0.1°C, depth had a resolution of 0.08 m, and tilt had a
resolution of 0.2°. Compass resolution was 1° and magnetic
intensity resolution was 30 nT.
The homing route was estimated using temperature and
magnetic field data collected and stored in the tag; daily
SST data were available from NOAA (www.esrl.noaa.gov/
psd/data/gridded/) and the magnetic field data were provided by the Enhanced Magnetic Model (www.ngdc.noaa.gov/
geomag/EMM/). Daily SST and magnetic field data were
provided for 0.25° X 0.25° grid. The grid positions, where
daily mean temperature, magnetic inclination and intensity
at less than a depth of 5 m recovered from the tag were
compared with the daily SST and magnetic field data, respectively, to identify the possible homing migration route.
To investigate whether the homing migration route depended on the magnetic fields, we calculated the distance between the latitude of each of the estimated homing migration
positions and that of the isoline of magnetic intensity or inclination. The same method was performed for all estimated
homing migration positions. The mean of these calculated
distances was defined as the meridional distance between the
migration route and the isoline. If the meridional distance is
shorter, the estimated homing route will be near the isoline
of magnetic intensity or inclination.

Shortest (great circle route) distance and periods between release and recovery sites for Fish 608 and Fish 669
were 2,875 km and 2,439 km, and 74 days and 76 days,
respectively (Fig. 1; Table 1). The horizontal velocities
calculated from the positions of release and recovery were
Table 2. Statistics gathered from archived tags placed on two
maturing chum salmon released in the Bering Sea and recovered
in Hokkaido, Japan. Min = minimum value, Max = maximum value,
and SD = standard deviation.
Temp.
(°C)

Depth
(m)

Compass
Heading
(degree)

Inclination
(degree)

Intensity
(nT)

Fish 608
Min

1.27

0.83

3

36

Mean

9.65

28.82

237.7

63.19

46765
51106

Max

19.77

173.51

360

84

55496

SD

3.61

21.13

60.31

5.95

1091.36

Fish 669
Min

237

0.07

0.77

0

-83

48560

Mean

10.24

17.06

22.6

60.13

51509

Max

16.55

276.93

360

89

56617

SD

3.05

34.13

113.06

25.47

756.69
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Inclination

Intensity
Fish 608

Fish 669

Fig. 3. Time series of raw data from archival tags (black lines) and 25-hour running means (white lines). The X-axis represents days after
release. The upper panel is the magnetic inclination (degree) and the lower panel is the magnetic intensity (nT). Left panel displays data for
Fish 608 and the right panel displays data for Fish 669.

0.46 m/s and 0.38 m/s, respectively. These velocities were
similar to the values of 0.359–0.475 m/s in Azumaya and
Ishida (2005). Pronounced oscillatory diving was observed
and chum salmon dived under the thermocline during the
day (Fig. 2). The chum salmon seem to dive deeper in areas with relatively high sea surface temperatures, e.g., the
western North Pacific and the Okhotsk Sea. These behaviors were also similar to those in previous studies (Wada
and Ueno 1999; Walker et al. 2000; Azumaya and Ishida
2005).
The mean magnetic inclination during the homing migration for Fish 608 and Fish 669 was 63.2° and 60.1°, respectively, and the mean magnetic intensity for Fish 608 and Fish
669 was 51106 nT and 51509 nT, respectively (Table 2). The
SD of magnetic inclination of Fish 608 (SD = 6°) was smaller
than that of Fish 669 (SD = 25°; Table 2). Magnetic inclination of Fish 608 was almost constant, but that of Fish 669
fluctuated (Fig. 3). However, the magnetic inclination of Fish
608 had a decreasing trend (y = -0.0041x + 66.77; y: inclination, x: day). On the other hand, SD of magnetic intensity
of Fish 608 (SD = 1091 nT) was larger than that of Fish 669
(SD = 757 nT; Table 2). The magnetic intensity of Fish 608
fluctuated and that of Fish 669 was almost constant (Fig. 3).
The mean compass heading vector of Fish 608 was
237.7° and that of Fish 669 was 22.6° (Fig. 4; Table 2).
Around the Kuril Islands, the compass heading vector of
Fish 608 abruptly changed from southwest to northwest on

Fish 608

N

W

Fish 669

E

S

50th day after release. The mean compass heading vector of
Fish 608 was southwestward from the central Bering Sea to
the coast of Hokkaido. Although the mean compass heading
vector of Fish 669 was not evident from the Bering Sea to
the coast of Hokkaido, Fish 669 eventually reached the coast
of Hokkaido. Thus, we calibrated the vector of the compass

(a) Fish 608

(b) Fish 669

N

W

E

Fig. 5. Horizontal distributions of the homing routes (dots) of Fish 608
(a) and Fish 669 (b) from the Bering Sea to the coast of Hokkaido
Japan, the great circle route (black line) and the isolines of the magnetic
inclination (blue and light blue lines) and intensity (red and green
lines). Arrows indicate the compass heading vector. Blue and red
lines indicate the isolines of the magnetic inclination and intensity at the
recovery site, respectively. Light blue and green lines indicate isolines
of the mean experienced magnetic inclination and intensity, respectively.

S

Fig. 4. Frequency of compass headings (gray bars). Black lines indicate
the mean direction. Left graph displays data for Fish 608 and the right
graph diaplays data for Fish 669.
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The meridional distances between the estimated homing
route and various isolines of magnetic intensity are shown in
Figs. 6, 7. The meridional distance from the isoline of magnetic inclination of 65° was the shortest of the various inclinations (Fig. 6) for Fish 608 and Fish 669. The mean experienced magnetic inclination of Fish 608 (solid star) and Fish
669 (open star) did not agree with this value. On the other
hand, the meridional distances from the isoline of 51000 nT
for Fish 608 and 51500 nT for Fish 669 were the shortest,
respectively (Fig. 7). These values corresponded to the value of mean experienced magnetic intensity (solid and open
stars). For both Fish 608 and Fish 669, the distance from the
isolines of magnetic intensity was shorter than those of the
magnetic inclination.
The horizontal distribution of isolines of the mean experienced magnetic inclination (light blue line) and intensity
(green line) by chum salmon are shown in Figs. 5(a), (b).
The estimated homing route (dots) showed good agreement
with the isolines of the mean magnetic intensity rather than
the mean magnetic inclination. Thus, these results indicate
that chum salmon migrated toward their natal river along
the isoline of the magnetic intensity rather than the magnetic
inclination.
According to the geomagnetic imprinting hypothesis,
salmon navigate homeward by comparing the geomagnetic
fields in the ocean with the imprinted ones. Thus, assuming
that the recovery site is near their natal river, it is speculated
that salmon migrate along the isoline of the magnetic intensity or the inclination of the recovery sites (Bracis and Anderson 2012; Putman et al. 2013). Our results suggest that
the estimated homing route for Fish 608 was along the isoline of magnetic intensity (red line; 50540 nT) on the recov-

Distance (km)

Distance (km)

heading from data recovered from the tags of Fish 608 and
Fish 669 in our laboratory. The RMS (root mean square)
of the compass heading for Fish 608 was 14.68° and that
for Fish 669 was 23.09°, respectively. The RMS for Fish
669 pointing northward was more than 50°. This indicates
that the value of the compass heading of Fish 669 includes
inconsistent errors.
Figure 5 shows the estimated homing routes (dots) for
Fish 608 and Fish 669 with the compass heading vector.
The estimated homing route of Fish 608 was a direct linear movement from the release site to the coast of Hokkaido (Fig. 5(a)). The compass heading vector changed from
southwestward in the Bering Sea to west-southwestward in
the western North Pacific. Around the Kuril Islands, the
compass heading vector of Fish 608 abruptly changed from
southwestward to northwestward as previously mentioned.
On the other hand, Fish 669 reached the east coast of Kamchatka from the central Bering Sea and moved southward.
After that, it moved into the Okhotsk Sea (Fig. 5(b)). However, the compass heading for Fish 669 did not correspond
to the estimated homing route because the value of the heading compass of Fish 669 includes error. Velocities of the
currents by FRA-ROMS (http://fm.dc.affrc.go.jp/fra-roms/
index.html) in the areas from the Bering Sea to the North
Pacific Ocean and the Okhotsk Sea were considerably slower than the swimming speed of salmon. Furthermore, directions of the currents were not consistent with the compass
heading for Fish 669. Both estimated homing routes of Fish
608 and 669 were not consistent with the great circle route.
This suggests that chum salmon did not select the route that
was the minimum distance from the Bering Sea to the coast
of Hokkaido.

Fish 669
Fish 608

Fish 669

Fish 669
Fish 608

Fish 608

Fish 669

Intensity (nT)

Inclination (degree)

Fig. 6. Meridional distance between the estimated homing route
and various isolines of magnetic inclination. The X axis is the
magnetic inclination (degree) and the Y axis is distance (km). Dots
are for Fish 608 and crosses are for Fish 669. Solid and open stars
indicate the mean experienced magnetic inclination for Fish 608
and Fish 669, respectively. Solid and open triangles indicate the
magnetic inclination at the recovery site for Fish 608 and Fish 669,
respectively.

Fig. 7. Meridional distance between the estimated homing route
and various isolines of magnetic intensity. The X axis is the
magnetic intensity (nT) and the Y axis is distance (km). Dots are
for Fish 608 and crosses are for Fish 669. Solid and open stars
indicate the mean experienced magnetic intensity for Fish 608
and Fish 669, respectively. Solid and open triangles indicate the
magnetic intensity at the recovery site for Fish 608 and Fish 669,
respectively.
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ery site and meridional distance between estimated homing
route and the isoline of the magnetic intensity (50540 nT;
solid triangle) was relatively short (Fig. 7). However, the
estimated homing route was not consistent with the isoline
of magnetic inclination (blue line; 58.5°) on the recovery
site (Fig. 5(a)) and meridional distance between estimated
homing route and the isoline of the magnetic inclination
(58.5°; solid triangle) was relatively long (Fig. 6). It is noted that value of the isoline of magnetic intensity (50540 nT)
on the recovery site was near the mean experienced magnetic intensity (51106 nT). This result indicates that salmon migrated homeward using the magnetic intensity at the
natal river. On the other hand, the estimated homing route
for Fish 669 was not consistent with the isoline of magnetic
intensity (red line; 49643 nT) or the isoline of magnetic inclination (blue line; 58.1°) on the recovery site. Meridional
distances between estimated homing route and the isoline of
the magnetic inclination (58.1°; open triangle) and magnetic intensity (49643 nT; open triangle) on the recovery site
were also relatively long as shown in Figs. 6 and 7. However, the estimated homing route for Fish 669 was along the
isoline of mean experienced magnetic intensity (green line)
and meridional distance between estimated homing route
and the isoline of the mean experienced magnetic intensity (51509 nT; open star) was relatively short as previously
mentioned (Fig. 7). From this result, it is suggested that the
recovery site of Fish 669 was not near its natal river. Chum
salmon may not use the magnetic inclination for the homing
route in the open sea. However, chum salmon may use it to
search for their natal river because their natal river is located around an intersection point of the isolines of magnetic
inclination and intensity. Therefore, these results support
the geomagnetic imprinting hypothesis.
Although areas of positive SST anomalies in 2012 differed from those in 2013 in the western North Pacific, chum
salmon crossed the areas of these positive SST anomalies.
Chum salmon migrated homeward along the lines of magnetic intensity both in 2012 and 2013. Thus, the homeward
migration route the tagged chum salmon took did not appear to be influenced by the varying SSTs that they swam
through. However, in considering their vertical migration,
chum salmon have a tendency to dive deeper in areas with
relatively high SST (Fig. 2). In addition, Putman et al.
(2013) showed that the homing route of sockeye salmon in
coastal areas was affected by SST.
In conclusion, we examined the magnetic intensity and
inclination experienced during homeward migration of Japanese chum salmon using archival tags to verify the geomagnetic imprinting hypothesis. The tagged chum salmon
were released in the central Bering Sea and two tags were
recovered along the coast of Hokkaido, Japan. One estimated homing route was linear from the release site to the coast
of Japan. The fish using the other homing route reached the
coast of Hokkaido by way of the east coast of Kamchatka.
These estimated homing routes were not consistent with
the great circle route. The present study supports the geo-

magnetic imprinting hypothesis. We found that magnetic
intensity plays an important role in the homing migration
of chum salmon in the open sea. Although chum salmon
did not use magnetic inclination for finding a homing route
in the open sea, chum salmon may use it to search for their
natal rivers.
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including chum salmon (Oncorhynchus keta) in northern Japanese waters, inferred from archaeological evidence. N. Pac. Anadr. Fish Comm. Bull. 6: 243–258. doi:10.23849/npafcb6/243.258.
Abstract: Fish remains found at archaeological sites in Kushiro (Hokkaido) and Satohama (Miyagi) in northern
Japan are reviewed to infer future climate-related changes in fish species composition including chum salmon
(Oncorhynchus keta) in northern Japanese waters. Published seawater temperature ranges of contemporary
fish distribution are also examined. Marine fish assemblages, including chum salmon found in Kushiro and
Satohama, contained 12–16 and 13–17 species, respectively. Sharks, Japanese sardine, Pacific herring, fat
greenling, and Japanese sea bass were common at both sites. Pacific cod and rainbow smelt were detected only
in Kushiro, and bartail flathead and threadsail filefish, only in Satohama. Based on contemporary temperature
ranges of fishes from Kushiro, mean seawater temperature (MST) is estimated to have declined from 16.3ºC
in the early Jomon period (7,000–4,500 yr BP) through 15.8ºC in the final Jomon period (3,000–2,400 yr BP)
to 15.1ºC in the Satsumon and Ainu periods (700–200 yr BP). Similarly, the data from Satohama suggest that
MST decreased from 16.9ºC in the early Jomon period (7,000–4,500 yr BP) through 16.6ºC in the middle Jomon
period (4,500–3,500 yr BP) to 16.1ºC in the final Jomon period (3,000–2,400 yr BP). Chum salmon were found
in a period when MST was lower than 16.3ºC in Kushiro and 16.1ºC in Satohama. According to the most current
IPCC (Intergovernmental Panel for Climate Change) report, the mean and maximum global SSTs are projected
to increase by 1.25–2.10ºC, respectively, by 2060. Based on such information, the mean and maximum MSTs
in 2060 are projected to be 15.5–15.7ºC in Kushiro, and 15.8–16.0ºC in Satohama, suggesting that the presentday fish species composition in northern Japanese waters is likely to be similar to that of the final Jomon period.
Therefore, our results suggest that chum salmon will remain in both Kushiro and Satohama under mean and
maximum projected global SST increase scenarios.
Keywords: chum salmon, archaeological remains, Jomon period, climate change

INTRODUCTION

Azumaya et al. 2007; Kaeriyama 2008; Ishida et al. 2009;
Abdul-Aziz et al. 2011).
Chum salmon returns have decreased in northern Japan
since the early 2000s. In particular, their returns declined
from > 70 million fish in 2004 to < 50 million fish in 2010 and
were recorded as 43 million fish in 2012 (Saito et al. 2015).
The cause of this decline is not clear but may include changes
in ocean conditions such as sea surface temperature (SST)
affecting the survival of juveniles during their first marine
period after release (Saito et al. 2010). On the other hand,
warm- and temperate-water species, such as common dolphinfish (Coryphaena hippurus), ocean sunfish (Mola mola),

Chum salmon (Oncorhynchus keta) have the widest
natural geographic distribution among all Pacific salmon
species (Salo 1991). Their Asian spawning populations are
found from Japan and Korea to the Arctic coast of Russia
and west to the Lena River. The North American populations occur from Monterey, California to the Arctic coast
and east to the Mackenzie River, Canada. Because Japan
is located at the southern limit of chum salmon distribution,
the species has been and will be affected by global climate
change (Yotsuyanagi 1983; Ishida et al. 2001; Yamada 2005;
All correspondence should be addressed to Y. Ishida.
e-mail: ishiday@fra.affrc.go.jp
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Fig. 1. Map of Japan indicating archaeological sites (large closed circles) in Kushiro (Hokkaido) and Satohama (Tohoku).

appear from Hokkaido. In contrast, Kaeriyama (2008) predicted that chum salmon will disappear from Japan by 2100
using the SRES-A1B (Special Report on Emission Scenarios
- a balance across all sources) scenario of the IPCC (Intergovernmental Panel for Climate Change; Parry et al. 2007).
The first purpose of this paper is to examine the data
on archaeological remains of marine fishes, including chum
salmon, from Hokkaido south to Tohoku, and relate any observed variation in this archaeological evidence to what is
known about long-term fluctuations in SST when the remains
were created. The second purpose is to predict climate-related changes in fish species composition in northern Japanese waters, using the recent IPCC projections (Kirtman et
al. 2013). Our study concludes with a discussion of possible
adaptive measures for hatchery programs for chum salmon
and for fisheries management for other fishes in this region.

and Japanese amberjack (Seriola quinqueradiata), have been
reported frequently in subarctic waters of Hokkaido. Notably, the catch of Japanese amberjack has increased since the
late 1990s to > 12,000 mt in 2013 (Hoshino 2009; Marinenet
Hokkaido). Based on these facts, it is important to determine how chum salmon and other fish species will respond to
projected climate changes in order to design future hatchery
programs for chum salmon and fisheries management procedures for many other species in northern Japan.
There are two conventional approaches to forecast the
effects of global warming on the geographical distribution of
Pacific salmon (Ishida et al. 2009). The first approach is associated with their present distribution and preferred SSTs in
the North Pacific Ocean. These preferred SSTs can then be
combined with predicted future SSTs from global simulation
models (Welch et al. 1998a, b; Kaeriyama 2008; Abdul-Aziz
et al. 2011). The second approach is to look back in time
to salmonid remains found at archaeological sites and determine how they are related to historical climate changes
(Chatters et al. 1995; Ishida et al. 2001, 2009).
Ishida et al. (2001, 2009) suggested that, if global warming estimates are similar to the warmer conditions that may
have occurred 5,000–6,000 years ago, the southern limit of
Japanese chum salmon distribution will move northward and
their production will decrease, although they will not dis-

MATERIALS AND METHODS
Fish remains, principally bones, were found at three archaeological sites in Kushiro (Hokkaido) and at one site in
Satohama (Miyagi, Honshu) in northern Japan (Fig. 1). The
species and the historical periods of deposition are summarized in Tables 1 and 2 (Ishida et al. 2001, 2009). These re244
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Table 1. Fish remains found at archeological sites in Kushiro, and contemporary seawater temperature (ST, ºC) related to fish distribution.
‘+++’ , ‘++’ , and ‘+’ indicate the high, moderate, and low frequencies of occurrence of fish remains, respectively. When fish remains could
not be identified to species, seawater temperature ranges of closely related species, which occur in the same location, were used. Source of
information is provided in the references.
Site

East Kushiro
shell midden

Nusamai No. 3
shell midden

Nusamai No. 2
shell midden

Chronology

Early Jomon

Final Jomon

Satsumon and
Ainu

Year BP

7,000–4,500

3,000–2,400

700–200

East Kushiro
shell midden
(Kaneko 1968)

Nusamai No. 3
shell midden
(Kaneko 1999)

Nusamai No. 2
shell midden
(Kaneko 1999)

Species

English
common
name

Lamna ditropis

Salmon shark

+

+

Squalidae1

Piked dogfish

+

+

+

6–12 (Nakano and Nagasawa 1996)

Clupeidae2

Pacific herring &
sardine

+++

++

++

0–30 (Shimo et al. 2000)

Osmerus mordax

Rainbow smelt

+++

++

7–119

Oncorhynchus sp.3

Chum salmon

++

++

1–13 (Shimo et al. 2000)

Gadus macrocephalus

Pacific cod

+++

+++

0–12 (Shimo et al. 2000)

Scorpaenidae4

Japanese rockfish

+++

+++

8–28 (Shimo et al. 2000)

Hexagrammos otakii

Fat greenling

++

+++

12–19 (Shimo et al. 2000)

Lateolabrax japonicus

Japanese seabass

++

++

++

7–30 (Shimo et al. 2000)

Seriola quinqueradiata

Japanese
amberjack

++

+

+

12–29 (Shimo et al. 2000)

Thunnus sp.5

Pacific bluefin tuna

+

+

Xiphias gladius

Swordfish

+

++

Mugil cephalus

Flathead grey
mullet

+

+

Paralichtyidae6

Bastard halibut

+++

+++

+++

8–23 (Shimo et al. 2000)

Pleuronectidae7

Barfin flounder

+++

+++

+++

10–20 (Shimo et al. 2000)

Tetraodontidae8

Japanese
pufferfish

+

+

9–16 (Nakano and Nagasawa 1996)

13–20 (Itoh et al 2003)
+

Piked dogfish (Squalus acanthias)
Pacific herring (Clupea pallasii) and Japanese sardine (Sardinops melanostictus)
3
Chum salmon (Oncorhynchus keta)
4
Japanese rockfish (Sebastes inermis)
5
Pacific bluefin tuna (Thunnus orientalis)
6
Bastard halibut (Paralichthys olivaceus)
7
Barfin flounder (Verasper moseri)
8
Japanese pufferfish (Takifugu rubripes)
9
www.fishexp.hro.or.jp/cont/marine/o7u1kr00000007kt-att/o7u1kr00000007px.pdf (accessed 2015/01/23)
10
http://kokushi.job.affrc.go.jp/H25/H25_23.html (accessed 2015/01/23)
2
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7–2810
10–30 (Shimo et al. 2000)

+

1

ST related to fish distribution
(Reference)

11–27 (Shimo et al. 2000)
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Table 2. Fish remains found at archeological sites in Satohama, and contemporary seawater temperature (ST, ºC) related to fish distribution.
Numbers indicate the frequency of occurrence of fish remains; ‘+’ indicates that fish remains were found in small numbers and the source of
these data is THM: Tohoku History Museum (1987). When fish remains could not be identified to species, seawater temperature ranges of
closely related species, which occur in the same location, were used.
Site

Satohama

Satohama

Satohama

Chronology

Early Jomon

Middle Jomon

Final Jomon

Year BP

1

2

Species

English common
name

Chondrichthyes1

Sharks

Clupeidae2

Pacific herring &
sardine

Engraulis japonicus

Japanese anchovy

Conger myriaster

Whitespotted
conger

Oncorhynchus sp.3

Chum salmon

Hemiramphus sajori

Japanese
halfbeak

Mugil cephalus

Flathead grey
mullet

Lateolabrax japonicus

Japanese seabass

Seriola quinqueradiata

4,500–3,500

3,000–2,400

Middle Jomon
(THM 1987)

Final Jomon
(THM 1987)

ST related to fish distribution
(Reference)

+

+

+

12

5

24

0–30 (Shimo et al. 2000)

1

8–31 (Shimo et al. 2000)

4

7–29 (Shimo et al. 2000)

+

1–13 (Shimo et al. 2000)

2

2

11

2

9–16 (Nakano and Nagasawa 1996)

5–26 (Shimo et al. 2000)

+

10–30 (Shimo et al. 2000)

10

3

Japanese
amberjack

3

4

Trachurus japonicus

Japanese jack
mackerel

9

2

Pagrus major

Red seabream

8

3

Acanthopagrus schlegelii

Blackhead
seabream

Halichoeres poecilopterus

Multicolorfin
rainbowfish

Scomber sp.4

Chub mackerel

1

Thunnus sp.5

Pacific bluefin
tuna

+

Scorpaena onaria

Western
scorpionfish

12

6

2
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Hexagrammos otakii

Fat greenling

12

4

8

12–19 (Shimo et al. 2000)

Platycephalus indicus

Bartail flathead

2

Pleuronectidae6

Barfin flounder

2

Stephanolepis cirrhifer

Threadsail filefish

Tetraodontidae7

Japanese
pufferfish

8

1

10–30 (Shimo et al. 2000)
13–258

+

4–25 (Shimo et al. 2000)
13–20 (Itoh et al 2003)

16–26 (Shimo et al. 2000)
2

12

1–21 (Shimo et al. 2000)
10–22 (Shimo et al. 2000)

2

Pacific herring (Clupea pallasii) and Japanese sardine (Sardinops
melanostictus)

13–27 (Shimo et al. 2000)
8–28 (Shimo et al. 2000)

1
10

7–30 (Shimo et al. 2000)
12–29 (Shimo et al. 2000)

2

Salmon shark (Lamna ditropis) and Piked dogfish (Squalus
acanthias)

Chum salmon (Oncorhynchus keta)
Chub mackerel (Scomber japonicus)
5
Pacific bluefin tuna (Thunnus orientalis)
3

7,000–4,500
Early Jomon
(THM 1987)

+

4

11–27 (Shimo et al. 2000)

Barfin flounder (Verasper moseri)
Japanese pufferfish (Takifugu rubripes)
8
www.ifarc.metro.tokyo.jp/27,1047,55,227.html (accessed 2015/01/23)
6
7

9

http://eol.org/pages/225499/details#habitat (accessed 2015/01/23)

4

246

Future climate-related changes in marine fishes including chum salmon

water temperature ranges from the literature (e.g., Nakano
and Nagasawa 1996; Shimo et al. 2000; Itoh et al. 2003)
and web sites (Tables 1, 2). When fish remains could not be
identified to species, seawater temperature ranges of closely
related species, which occur in the same location, were used.
Based on these temperature ranges, mean seawater temperature (MST) was estimated by site and period (Fig. 2). MST
was calculated based on the weighted score, zero or one, allocated to all fish species, regardless of the abundance of
remains using a method similar to that used by Yamashiro
(1999) for shellfish fossils in Kushiro. The species were
weighted, one if present, zero if absent, within a temperature
range. Detailed calculations are shown in Appendix Tables
1-a, 1-b, 1-c, 2-a, 2-b, and 2-c. To evaluate the sensitivity
of MST values, the effects on MST of removing each taxon
from the analysis were examined and the standard deviations
of MST values are indicated in Fig. 3.
Data on SSTs in the western North Pacific Ocean off
Kushiro and off Tohoku near Satohama were provided by
the Japan Meteorological Agency (2015). Sea surface temperatures have changed at a rate of 0.99ºC per 100 yr off

mains are grouped according to the following archaeological
periods: the early Jomon period (7,000–4,500 yr BP), the
final Jomon period (3,000–2,400 yr BP), and the Satsumon
and Ainu periods (700–200 yr BP) in Kushiro; and the early
Jomon period (7,000–4,500 yr BP), the middle Jomon period (4,500–3,500 yr BP), and the final Jomon period (3,000–
2,400 yr BP) in Satohama. The chronology of these Jomon
periods is based on Matsui (1996). Salmonid remains have
been recorded in both archaeological locations (Tables 1,
2), although it is very difficult to identify salmonid remains
at the species level. In Japan, three species of anadromous
salmonids, chum salmon, pink salmon (O. gorbuscha) and
masu salmon (O. masou), are known to occur. Based on the
contemporary abundance and distribution of these species, it
is reasonable to assume that the salmonid remains recorded
from northern Japan are exclusively chum salmon because
this species was the most abundant among the three species
(e.g., 92% and 8% in catch weight for chum and the other
two salmon, respectively, in 1891; Matsui 1985, 2010).
All of the marine fish taxa found at the sites are still
present so it was possible to determine contemporary sea20

10

5

5

20

0

5

10

15

20

25

0

30

20

Final Jomon in Kushiro MST=15.8ºC

15

10

5

5

20

0

5

10

15

20

25

0

30

20

Satsumon & Ainu in Kushiro MST=15.1ºC

15

10

5

5
0

5

10

15

20

25

0

30

Seawater Temperature (ºC)

Fig. 2

5

10

15

20

25

30

Middle Jomon in Satohama MST=16.6ºC

0

5

10

15

20

25

30

Final Jomon in Satohama MST=16.1ºC

15

10

0

0

15

10

0

Early Jomon in Satohama MST=16.9 ºC

15

10

0

Frequency

20

Early Jomon in Kushiro MST=16.3ºC

15

NPAFC Bulletin No. 6

0

5

10

15

20

25

30

Seawater Temperature (ºC)

Fig. 2. Mean seawater temperature (MST) estimated from contemporary seawater temperature ranges of fish taxa found at archaeological
sites in Kushiro and Satohama during different periods (MST is shown at the top of each graph). Vertical columns indicate standard deviations
of MST values.
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Fig. 3. Changes in mean seawater temperature (MST) based on marine fish remains found at archeological sites in Kushiro and Satohama
(this paper), and sea surface temperature (SST) based on shellfish fossils found in Kushiro wetland (Yamashiro 1999).

Kushiro (data from 1908–2014) and 0.62ºC per 100 yr off
Tohoku (data from 1911–2014), respectively. Therefore,
a 0.54ºC (= 0.99ºC x 55 years/100 yr) change in SST off
Kushiro and a 0.34ºC (= 0.62ºC x 55years/100 yr) change in
SST off Tohoku from 1950 to 2005 were used in this study,
in which the year 1950 is a baseline based on radiocarbon
dating. Forecasts in this study were based on a mean global change in SST from 2005 to 2060 (1.25ºC) and a maximum global change (2.10ºC), depending upon the scenario
(Kirtman et al. 2013). Considering the regional differences
in SST changes off Kushiro and off Tohoku, the mean and
maximum global changes in SST off Tohoku were calculated
as 0.78ºC (= 1.25ºC x 0.62ºC/0.99ºC) and 1.32ºC (= 2.10ºC
x 0.62ºC/0.99ºC). These SST changes were converted to
MST using the following relations: MST = SST x (16.3ºC
- 15.1ºC)/5.0ºC +15.1ºC off Kushiro, and MST = SST x
(16.9ºC - 15.5ºC)/5.0ºC +15.5ºC off Tohoku, respectively,
based on the relationship between SST and MST from the
early Jomon period to the present.

ic herring (Clupea pallasii)), fat greenling (Hexagrammos
otakii), and Japanese sea bass (Lateolabrax japonicus) were
commonly found in both Kushiro and Satohama. Pacific
cod (Gadus macrocephalus) and rainbow smelt (Osmerus
mordax) were detected only in Kushiro, and bartail flathead
(Platycephalus indicus) and threadsail filefish (Stephanolepis cirrhifer) only in Satohama. Chum salmon were found
in all the three periods in Kushiro, but only found in the final
Jomon period in Satohama.
Mean Seawater Temperature (MST) Estimated by Archaeological Sites and Historical Periods
Based on the fish species composition data from Kushiro, MST is estimated to have declined from 16.3ºC in the early Jomon period through 15.8ºC in the final Jomon period to
15.1ºC in the Satsumon and Ainu periods (Fig. 2). Similarly,
temperatures derived from the fish remains data from Satohama suggest that MST decreased from 16.9ºC in the early
Jomon period through 16.6ºC in the middle Jomon period to
16.1ºC in the final Jomon period (Fig. 2). The fish remains
data suggest that both sites have cooled during recent millennia. Chum salmon were found in a period when MST was
16.3ºC or less in Kushiro and 16.1ºC or less in Satohama.

RESULTS
Marine Fish Remains and Their Relation to Seawater
Temperature Ranges

Mean Seawater Temperature (MST) and Fish Composition off Northern Japan Following a Projected Global
Climate Change

The numbers of species of marine fish, including chum
salmon, recorded at the archaeological sites in Kushiro and
Satohama are 12–16 and 13–17, respectively (Tables 1, 2).
Sharks (Lamna ditropis and Squalus acanthias), clupeids
(Japanese sardine (Sardinops melanostictus) and Pacif-

Past changes in MST based on marine fish remains in
this study and SST changes based on shellfish fossil remains
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DISCUSSION

(Yamashiro 1999) are shown in Fig. 3. Since MSTs are estimated as 16.3ºC and 15.1ºC in Kushiro and 16.9ºC and
15.5ºC in Satohama in the early Jomon period and in 1950,
respectively (Fig. 3), a 1.2ºC (= 16.3ºC - 15.1ºC) and a 1.4ºC
(= 16.9ºC - 15.5ºC) change in MST in each location correspond to a 5.0ºC change in SST in Kushiro in the same period. In addition, SST increased 0.54ºC = 0.99ºC x 55yr/100
yr off Kushiro and 0.34ºC = 0.62ºC x 55yr/100 yr off Tohoku
from 1950 to 2005, respectively, based on the Japan Meteorological Agency (2015) data. The mean global SST increase
has been projected to be about 1.25ºC from 2005 to 2060
(Kirtman et al. 2013). Therefore, MST in Kushiro is estimated as 15.5ºC = 15.1ºC + (0.54ºC +1.25ºC) x 1.2ºC/5.0ºC
in 2060. Similarly, MST in Satohama is estimated as 15.8ºC
= 15.5ºC + (0.34ºC +1.25ºC x 0.62ºC/0.99ºC) x 1.4ºC/5.0ºC
in 2060, assuming a weak mean global SST increase in Satohama as 0.78ºC = 1.25ºC x 0.62ºC/0.99ºC compared with
1.25ºC in Kushiro (Fig. 4). Alternatively, if we use the maximum global SST increase (2.10ºC, Kirtman et al. 2013), the
corresponding MSTs are 15.7ºC in Kushiro and 16.0ºC in
Satohama.
Based on such information, chum salmon will remain
both in Kushiro and Satohama in 2060 under the mean and
maximum global SST increase scenarios. The present-day
fish species composition in northern Japan is likely to look
more like the fish community of the final Jomon period.
Therefore, chum salmon production may decline in this region, whereas production of other fish species, especially
temperate-water fish, will remain in good condition in northern Japan.

Archaeological Sites and Salmon Remains
Two archaeological sites used in this study are thought
to have maintained fish remains in good condition for a long
period because both sites have the following unique geographical characteristics: the three sites in Kushiro are located on high ground (i.e., about 20 m above sea level) and thus
were protected from tsunami and other natural disasters in
the past. The site in Satohama is only four m above sea level
but was also protected from the recent 2011 Tohoku Great
Earthquake and Tsunami because it was located on an inland
sea (A. Yamada, unpublished data). Also, Crockford (1997)
pointed out that fish bones in middens containing shells are
better preserved because the calcium carbonate keeps destructive acidity low. This suggests that the present study is
based on reliable archaeological evidence.
Salmonid remains were not as abundant compared with
the remains of most other fish species (Tables 1, 2). Previously, among archaeologists, there were divided opinions concerning the importance of salmonid remains (Matsui 1996).
Since the mid-1970s, however, small salmonid remains have
been collected using fine mesh sieves, which has resulted in
an increased number of articles reporting the presence of salmonid remains at archaeological sites (Matsui 1996). Therefore, even if the salmonid remains are not as abundant, their
occurrence is regarded as important in characterizing the past
marine environment. In other words, the present results are
thought to be reasonable, even if the salmonid remains are
less abundant than those of other fish species.
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Fig. 4. Observed
and Satohama. Changes from 2005 to 2060 are based on the mean global SST increase scenario (Kirtman et al. 2013).
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Changes in Fish Species Composition

cated in Fig. 3, therefore the results may be reasonable based
on the available data. Based on the long-term SST data,
mean SSTs over the whole year, winter, spring, summer
and autumn are 9.2ºC, 3.1ºC, 6.3ºC, 16.7ºC, and 10.7ºC off
Kushiro and 13.5ºC, 7.4ºC, 11.0ºC, 20.8ºC, and 14.9ºC off
Tohoku, respectively (based on Japan Meteorological Agency (2015) data). MSTs in our study locations are higher than
the annual mean SSTs but lower than summer mean SSTs
suggesting that the taxonomic composition was dominated
by fish at the northern extent of their range. Fish species
recorded in these locations are currently caught mainly from
spring to autumn (Hokkaido Government 2015; Miyako City
2015). According to Aida (2007), fishing was conducted in
Satohama all year ‘round but peaked from spring to autumn
during the Jomon periods. As reported earlier (Watanabe
1973; Toizumi 2014), fish species found in both locations
contained not only Japanese seabass caught in inner bays,
but also Pacific bluefin tuna and Japanese amberjack caught
in the open sea or accidentally caught in inner bays, which
implies that fishing was likely conducted over a wide area.
However, the major fishing grounds were perhaps located
near the archaeological sites because there is no evidence
for the use of highly mobile fishing vessels during the Jomon periods, although there is a report on the use of dugout
canoes and paddles (Watanabe 1973). Therefore, MSTs estimated in this study are thought to correlate with the mean
SSTs during the fishing season and on the fishing grounds
near the archaeological sites.

This study has revealed that marine fish remains at archaeological sites in Kushiro and Satohama consisted of
12–16 and 13–17 species including chum salmon, respectively (Tables 1, 2). Considering the long historical time
from the early Jomon period to the present, the fish species
found in both locations are quite stable. Both Japanese sea
bass and blackhead sea bream utilize habits in inner parts of
bays, red sea bream occur outside of bays, while tuna and
Japanese amberjack are distributed in the open sea (Watanabe 1973). Because the people of the early Jomon period
are thought to have caught both small (e.g., Japanese sardine, Pacific herring, and fat greenling) and large fish (e.g.,
Japanese amberjack and Pacific bluefin tuna), it is certain
that fishing techniques including angling, netting, and
spearfishing using harpoons were established during these
periods (Toizumi 2014). People of the early Jomon period
are also known to have utilized different marine resources
seasonally near their residential sites (Aida 2007). Thus
the recorded changes in the taxonomic composition of fish
remains are likely due to changes in fish species living in
or migrating to these sites. Trade during the Jomon periods
involved raw materials such as mineral bitumen and hard
shale that were transported from the Japan Sea side to Satohama (Aida 2007). Salmonid products were perhaps traded
only locally in the river basins because salmonid remains
are not found south of Tohoku (e.g., west of Tokyo Bay in
central Honshu). Many marine fish products were found in
Kushiro and Satohama, implying that there was no need to
bring salmonid products from other locations. Therefore,
salmonid remains found in Kushiro and Satohama are very
likely to have been caught near these locations.

Comparison with Other Studies and Uncertainty in the
Projections
Using an assumption that SSTs around Japan will increase by 1.0, 1.4, and 2.9°C, respectively, in 30, 50, and
100 years, Kuwahara et al. (2006) predicted a possible
impact of the future climate change on the following four
groups of marine organisms: (1) mass-caught species including chum salmon, (2) coastal and stationary species
such as bastard halibut and red seabream, (3) cultured species, and (4) seaweeds. One of their implications is that
mass-caught species may not be substantially affected,
although the fishing grounds, fishing seasons, and catches
are predicted to change slightly, because such species have
generally strong swimming ability and are capable of responding quickly to changes in seawater temperature. But,
the authors did not speculate about a change in distribution
of chum salmon in northern Japan. Using the SRES-A1B
scenario of the IPCC, Kaeriyama (2008) predicted a reduction in chum salmon distribution in the North Pacific and
noted the possibility that the species will disappear from
Hokkaido by 2100. However, the present study indicates
that chum salmon will remain both in Kushiro and Satohama in 2060 under the mean and maximum global SST
increase scenarios.
The present study is based on the near-term climate
change projections of the IPCC (Kirtman et al. 2013). The

Interpretation of Mean Seawater Temperature (MST)
Estimated MSTs based on fish remains in this study are
different from SSTs based on shellfish fossils in other studies
(Matsushima 1988; Yamashiro 1999). The former can be
considered as an index of fishing ground conditions because
the fishes found are mobile or migrating species, while the
latter may be regarded as an index of the local environmental
conditions because the shellfish found are almost exclusively sedentary. Therefore, MST was changing more slowly
than SST because MST reflected SST at fishing grounds.
The weighted scores, one if present or zero if absent, were
allocated to all fish species, regardless of the abundance of
remains, because it is difficult to infer fish abundance based
on the abundance of fish remains. Also, species such as stenothermal or eurythermal fish were treated equally because
both fish species reflect the marine environment. It is very
difficult to indicate whether this method is sufficiently sensitive for the intended purpose because predicted changes in
mean MST are relatively small and there is huge variability
around the MST values in Fig. 2. However the decreasing
trends in MST were observed in two different locations indi250
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projected global SST changes vary under different scenarios and may be different from the regional SST changes.
Because polar and tropical regions are expected to warm
the most and least, respectively, we assumed that the SST
changes in the present study area were likely similar to
the projected global SST changes. Therefore, we used
the mean and maximum projected global SSTs to cover
the variation. We also considered the regional differences between Kushiro and Tohoku to reduce the uncertainty
in the future projection. Furthermore, there is an uncertainty in SST change caused by possible large volcanic
eruptions which could erase the projected SST increase for
many years to a decade (Kirtman et al. 2013). Therefore, our
prediction may be highly possible compared with previous
studies (Kuwahara et al. 2006; Kaeriyama 2008), although
some uncertainties still exist in the predictions of future fluctuation in SST.
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for the chum salmon hatchery program in Japan as a reaction to projected future climate changes (Ishida et al. 2009):
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The present study suggests that chum salmon will remain
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measures should be taken in both regions, especially in Tohoku. Also as a result of possible future climate change,
chum salmon production might decrease, but the production
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Appendix Table 1-a. Seawater temperature (ST, ºC) related to fish remains, and mean seawater temperature (MST, ºC) at East Kushiro shell midden in Kushiro during the early Jomon
period (7,000–4,500 yr BP). Frequency of occurence (FO) of fish remains where ‘+++’ , ‘++’ , and ‘+’ indicates high, moderate, and low frequencies, respectively. When fish remains could
not be identified to species, seawater temperature ranges of closely related species, which occur in the same location, were used. Data sources cited in Table 1.
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Appendix Table 1-b. Seawater temperature (ST, ºC) related to fish remains, and mean seawater temperature (MST, ºC) at Nusamai No. 3 shell midden in Kushiro during the final Jomon
period (3,000–2,400 yr BP). Frequency of occurence (FO) of fish remains where ‘+++’ , ‘++’ , and ‘+’ indicates high, moderate, and low frequencies, respectively. When fish remains could
not be identified to species, seawater temperature ranges of closely related species, which occur in the same location, were used. Data sources cited in Table 1.
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Appendix Table 1-c. Seawater temperature (ST, ºC) related to fish remains, and mean seawater temperature (MST, ºC) at Nusamai No. 2 shell midden in Kushiro during the Satsumon and
Ainu periods (700–200 yr BP). Frequency of occurence (FO) of fish remains where ‘+++’ , ‘++’ , and ‘+’ indicates high, moderate, and low frequencies, respectively. When fish remains could
not be identified to species, seawater temperature ranges of closely related species, which occur in the same location, were used. Data sources cited in Table 1.
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Appendix Table 2-a. Seawater temperature (ST, ºC) related to fish remains, and mean seawater temperature (MST, ºC) at archeological sites in Satohama during the early Jomon period
(7,000–4,500 yr BP). Frequency of occurrence (FO) of fish remains where ‘+’ indicates that remains were found in small numbers. When fish remains could not be identified to species,
seawater temperature ranges of closely related species, which occur in the same location, were used. Data sources cited in Table 2.
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Appendix Table 2-b. Seawater temperature (ST, ºC) related to fish remains, and mean seawater temperature (MST, ºC) at archeological sites in Satohama during the middle Jomon period
(4,500–3,500 yr BP). Frequency of occurrence (FO) of fish remains where ‘+’ indicates that remains were found in small numbers. When fish remains could not be identified to species,
seawater temperature ranges of closely related species, which occur in the same location, were used. Data sources cited in Table 2.
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1

1
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Salmon shark (Lamna ditropis) and Piked dogfish (Squalus acanthias)
Pacific herring (Clupea pallasii) and Japanese sardine (Sardinops melanostictus)
3
Chum salmon (Oncorhynchus keta)
4
Chub mackerel (Scomber japonicus)
5
Pacific bluefin tuna (Thunnus orientalis)
6
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7
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1

0

Frequency at ST and total

Tetraodontidae7

Stephanolepis cirrhifer Threadsail filefish

Pleuronectidae6

8

Fat greenling

Hexagrammos otakii

Platycephalus indicus Bartail flathead

Western scorpionfish 2

Pacific bluefin tuna

+

Scorpaena onaria

5

Multicolorfin
rainbowfish
Chub mackerel

Blackhead seabream 2

Acanthopagrus
schlegelii
Halichoeres
poecilopterus
Scomber sp.4

Pagrus major

Japanese jack
mackerel
Red seabream

1

8

Trachurus japonicus

Seriola quinqueradiata Japanese amberjack

Lateolabrax japonicus Japanese seabass

+

1
4
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2
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Chondrichthyes1
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1

1
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1

1

1
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1

1

1

1

1

1

1

1

1
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1

1

1

1

1

1

1

1

8

1

1

1

1

1

1

1

1

8

1

1

1

1

1

1

1

1

9

1

1

1

1

1

1

1

1

1

7
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1

1

1

1

1

1

7

1
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1

1

1

1

1
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1
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1
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1

1
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1
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1

1
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Appendix Table 2-c. Seawater temperature (ST, ºC) related to fish remains, and mean seawater temperature (MST, ºC) at archeological sites in Satohama during the final Jomon period
(3,000–2,400 yr BP). Frequency of occurrence (FO) of fish remains where ‘+’ indicates that remains were found in small numbers. When fish remains could not be identified to species,
seawater temperature ranges of closely related species, which occur in the same location, were used. Data sources cited in Table 2.
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Abstract: A comparative analysis of the trophic structure and interactions between Pacific salmon (Oncorhynchus
spp.) and epipelagic communities in the western Bering Sea and Pacific waters off the Kuril Islands was conducted
using the Ecopath modeling approach. In recent decades, the nekton communities in the Bering Sea and western
North Pacific Ocean have changed greatly. For each region, we built two models describing the trophic structure
of communities (1) in a period of relatively low salmon biomass and high biomass of other nekton species (walleye
pollock, Theragra chalcogramma, and/or Pacific sardine, Sardinops melanostictus) characteristic of the 1980s and
early 1990s, and (2) in a period of high salmon biomass and greatly decreased biomass of walleye pollock and/or
sardine characteristic of the 2000s. To evaluate possible changes in trophic flows, we also examined hypothetical
scenarios in which Pacific salmon biomass was multiplied by 1.5 relative to their highest level in the 2000s.
Despite drastic changes in the biomass of several abundant species, the overall trophic structure of epipelagic
nekton communities in both the western Bering Sea and Pacific waters off the Kuril Islands has not changed
appreciably during the last 30 years. Between the 1980s and 2000s, Pacific salmon biomass increased greatly
in the western Bering Sea and Pacific waters off the Kuril Islands resulting in increased food consumption. The
increase in total food consumption appears to be associated with decreases in their diet composition from groups
occupying relatively high trophic levels (e.g., amphipods and squids) and a rise in prey groups occupying relatively
low trophic levels (e.g., euphausiids, copepods, and pteropods). As a result of this diet shift, the estimated trophic
level of Pacific salmon in the food web declined between the 1980s and 2000s. In the simulation with salmon
biomass expanded 1.5 times relative to the 2000s estimate, the abundance of forage species was sufficient
to maintain higher salmon consumption. The ability of Pacific salmon to access a variety of prey species at a
variety of trophic levels appears to give them the capacity to satisfy their food requirements even during periods
of extremely high biomass.
Keywords: Pacific salmon, trophic structure, model, Ecopath, Bering Sea, western North Pacific

INTRODUCTION

These large changes in the biomass of dominant fish likely
have had profound impacts on associated food webs including trophic linkages to commercially important fish such as
Pacific salmon.
Changes in Pacific salmon abundance temporally coincided with large-scale climate trends in the North Pacific Ocean as indicated by climate indices and regime shifts
(Beamish and Bouillon 1993; Hollowed et al. 2002, 2013;
Mantua and Hare 2002; Kaeriyama 2004; Klyashtorin and

Over the past three decades, Pacific salmon (Oncorhynchus spp.) abundance in the North Pacific Ocean has greatly
increased. At the same time, there have been wide fluctuations in abundance of other dominant pelagic fish such as
walleye pollock (Theragra chalcogramma) and Pacific sardine (Sardinops melanostictus) (Naumenko 2001; Belyaev
2003; Shuntov et al. 2003; Zverkova 2003; Ivanov 2013).
All correspondence should be addressed to A. Zavolokin.
e-mail: azavolokin@npfc.int
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Lyubushin 2005; Ruggerone et al. 2010). Overall salmon
production tended to decrease after the climate shift in 1947
and increased after the climate shift in 1977 (Hare and Mantua 2000; Irvine and Fukuwaka 2011).
Several hypotheses have been proposed to explain the
increase in the carrying capacity of the North Pacific Ocean
by Pacific salmon under changing climatic conditions. They
are based on understanding of a limited salmon food supply
in their offshore feeding areas, intense competition for food,
especially with the high abundance of pink salmon (O. gorbuscha) and Japanese hatchery chum salmon (O. keta), alteration of trophic webs, and auto-regulation of populations
through the dynamics of mortality, growth rate, and age at
maturity e.g. (Gritsenko et al. 2000; Gritsenko and Klovach
2002; Helle et al. 2007; Johnson and Schindler 2009; Kaeriyama et al. 2009; Irvine and Akenhead 2013). However,
these hypotheses are not supported by factual data on food
consumption by Pacific salmon, zooplankton standing crop,
and productivity.
Studies conducted by TINRO-Center in the Bering Sea,
Okhotsk Sea, and western North Pacific Ocean (Kuznetsova
2005; Chuchukalo 2006; Naydenko 2007, 2010; Shuntov
and Temnykh 2008a, 2011; Shuntov et al. 2010) suggest
that the trophic role of Pacific salmon in marine and oceanic pelagic communities has been relatively low in years
of both low and high abundance. During the last 30 years,
their average share of total food consumption by nekton (all
non-planktonic stages of fish and squid species) was estimated to be 1–5% in the western Bering Sea, 0.5–1.0% in
the Okhotsk Sea, and < 1% in the Pacific waters off the Kuril Islands (Shuntov and Temnykh 2011). However, these
studies do not take into account production rates of plankton and nekton. Rather, they focus mostly on the species
occupying middle trophic levels—zooplankton, fish and
squids.
Ecosystem modeling using the Ecopath model has been
used extensively to examine and contrast marine ecosystems
in many regions of the world’s oceans including the Russian
far-eastern seas (Aydin et al. 2002; Radchenko 2011, 2015).
Despite limitations related to incomplete biomass and diet
data for all components of marine ecosystems (especially
those at lower trophic levels), models provide an opportunity to study the marine trophic structure and energy flow.
As a complement to prior field studies that targeted Pacific
salmon using simple block models (e.g., Naydenko 2010),
ecosystem modeling using the Ecopath approach includes
estimations of production rates and trophic links among all
groups or species in order to provide a deeper understanding
of pelagic trophic webs.
Ecopath is a balance model of ecosystem trophic
structure that has been widely acknowledged as a methodology for compiling and processing data on trophic relationships in marine ecosystems (Polovina 1985; Christensen and Pauly 1992; Pauly et al. 2000). Its advantage
over the block model is the ability to use a large amount
of data and to assimilate it into a single logical architec-

ture. It quantifies the dominant trophic links and focuses
on the pathways of dominant mass transfer, sorting them
by importance to assess the function of the ecosystem as a
whole. Progressive model possibilities include a better capability to visualize results, to compare and interpret data,
and to take advantage of higher calculation speeds. As
this work emphasizes Pacific salmon, Ecopath was used
to construct a mass-balance model of marine ecosystems.
This modeling system focuses on dynamics of large vertebrates and does not require detailed data on species occupying lower trophic levels (Christensen and Walters 2004;
Preikshot 2007).
In this research, we consider Pacific salmon as a group
of ecologically similar species to emphasize their importance as one of the core elements of pelagic fish communities. We did not consider individual trends of species and/or
regional groups. Such an approach adequately reflects the
mixed nature of Pacific salmon aggregations in deep-water
regions of the Bering Sea and the subarctic Pacific Ocean,
i.e., areas of migration and foraging for numerous regional
stocks. In this particular pelagic fish community, pink and
chum salmon (species with similar feeding habits; Johnson
and Schindler 2009) comprise the largest proportion of the
biomass and total abundance. Sockeye salmon (O. nerka),
another largely planktivorous fish, comprise the third largest biomass (Shuntov and Temnykh 2008a; Ruggerone et
al. 2010).
The goal of this study was to compare the trophic structure of epipelagic communities under different Pacific salmon production regimes in both the western Bering Sea and
the western North Pacific Ocean, and to determine whether
the ecosystem is capable of supporting even higher populations of salmon than were previously observed.
MATERIALS AND METHODS
An Ecopath mass balance model was developed to construct a trophic structure of pelagic ecosystems of the western Bering Sea and western North Pacific Ocean. An Ecopath model is built by solving a set of linear equations that
quantify the biomass and energy moving in and out of each
compartment (functional group) in a modeled food web.
The master Ecopath equation is, for each functional group
(i) with predators (j):
,
where B = biomass, P/B = production/biomass ratio, IM
and EM = immigration and emigration, Q/B = consumption/biomass ratio, DС = full proportional diet matrix, С =
fisheries catch + discards, and EE = ecotrophic efficiency.
Any six of the seven parameters are input for each species group in the Ecopath model. The seventh, unknown
parameter can then be calculated. Typically, EE, the
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ecotrophic efficiency of a group, is left unknown due to
the difficulty of deriving empirical measurements of this
parameter (Christensen et al. 2008). EE is the fraction of
a species group’s production that is consumed by other
functional groups. The estimation of EE is the primary
diagnostic tool for data calibration in Ecopath. Estimates
of biomass, consumption and production for modelled species groups often lead to configurations in which species
are being preyed upon more than they are being produced
(EE > 1.0), which is impossible under the mass-balance
assumption. In the cases of mesopelagic fish in the Bering
Sea model and forage fish in the Kuril Islands model, EE
was set to 0.95 in order to allow production by these prey
species to satisfy consumption by predator groups (Essington 2007).
Models have been developed to emulate pelagic ecosystems in the western Bering Sea and western North Pacific
Ocean in “typical” years with an emphasis on upper trophic
level species. For the Bering Sea, data from 1986 was used
to represent the period of relative abundance of walleye pollock and relatively low Pacific salmon biomass. Conversely,
2006 was chosen to represent the period of low biomass of
walleye pollock and high Pacific salmon biomass. In the
North Pacific Ocean, analogous models were developed for
1991 and 2009. In 1991, there was a relatively high abundance of Pacific sardine combined with low abundance of
Pacific salmon, whereas Pacific sardine biomass was relatively low and abundance of Pacific salmon was relatively
high in 2009. To analyze food web changes and the status
of forage resources for Pacific salmon, we modeled a hypothetical scenario, in which Pacific salmon biomasses were
entered as 50% greater than those used in the 2006 model
for the Bering Sea and the 2009 model for the western North
Pacific.
Ecosystem models were developed to emulate the marine
habitats that provide important Pacific salmon foraging areas.
In the Bering Sea, the modeled area included the Commander
Basin, the western part of Aleutian Basin, and the Navarin
Region (Fig. 1). The western North Pacific Ocean model included Pacific waters off the Kuril Islands within the Russian
EEZ excluding coastal waters to 12 nautical miles offshore.
The spatial extent of the model was adjusted to Pacific salmon habitat in summer and fall. The vertical extent of the models was 0–50 m depth that is close to the extent of the surface
water mass in warm seasons (Rostov et al. 2003). Because
the model emphasized Pacific salmon habitat, we ignored the
fact that some part of production of species performing diel
vertical migrations originates outside of the modeled system.
The modeled spring/summer period reflects the duration of
salmon occurrence in the studied areas.
We considered Pacific salmon as a single functional group. In the modeled habitats, most of Pacific salmon
biomass consisted of three species: pink, chum and sockeye. In fact, the percentages of pink, chum, sockeye, coho
(O. kisutch) and Chinook (O. tshawytscha) comprised 16%,
57%, 24%, 1%, and 2% in the western Bering Sea in 2006.
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In western North Pacific Ocean, dominance of the first three
species is even more pronounced: in 2009, the share of pink,
chum, sockeye, coho and Chinook was about 59%, 35%, 5%,
1% and < 0.1%. While diets of dominant salmon species
had some species-specific peculiarities, they fed similarly in
these regions consuming mainly zooplankton (euphausiids,
amphipods, copepods, and pteropods) and small-sized nekton and therefore can be considered as one group with similar features (Zavolokin et al. 2007).
The high percentage of dominant salmon species with
similar diet habits implies that modelling these three species
as a single function group is acceptable for evaluating the
role of salmon in the epipelagic trophic structure.
Input model parameters are presented in Appendix Tables 1–8. Data used for fish, squid, and plankton biomasses
were collected in integrated surveys of TINRO-Center in the
Bering Sea (R/V Babaevsk, 11 September–12 October 1986,
and R/V TINRO, 24 August–23 September 2006) and in the
western North Pacific Ocean (R/V Professor Kaganovsky and
R/V Professor Levanidov, 18 June–10 August 1991, and R/V
Professor Kaganovsky, 2–25 June 2009). TINRO-Center’s
archival information was also used for describing biomass
dynamics of walleye pollock and Pacific salmon in the western Bering Sea. It is based on the data from pelagic surveys
in summer and fall (from June to October) in 1986–1995 and
2002–2010. During the surveys, trawl tows in the epipelagic layer (0–200 m) were conducted over 24-h periods. The
vertical spread of the trawl varied from about 30 to 60 m,
depending on the type of trawl. The trawl was usually towed
for one hour at about 3.0–4.6 kn. For the western North Pacific Ocean, data on commercial catches of Pacific salmon in
the Okhotsk Sea area (www.npafc.org) and Russian catches
of Pacific sardine off the Kuril Islands (Zhigalin and Belyaev
1999) were used as indices of their biomass in the studied
domain.

Fig. 1. Map of areas (striped) used to model the trophic structure
of epipelagic communities in the western Bering Sea and western
North Pacific Ocean.
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Biomass, kg/km2

rived from the summary research book on the Kuroshio
Current ecosystem by Belyaev (2003). Parameters for
daggertooth Anotopterus pharao and sharks were based on
field research data in Balanov and Radchenko (1998) and
Chuchukalo (2006).
Parameters were adjusted to account for particular features of the study area and the seasonal abundance dynamic
of different species. In particular, to estimate average biomass of adult Pacific salmon taking into account its seasonal
changes, we used archived data accumulated in other surveys conducted in the western Bering Sea and western North
Pacific Ocean in summer and fall. Juvenile Pacific salmon
and Pacific saury Cololabis saira biomass estimates were
halved because they spend half the time there compared to
other species in the Bering Sea.

Fig. 2. Changes in biomass (kg/km2) of walleye pollock and Pacific
salmon in the upper epipelagic layer of the western Bering Sea in
summer and fall, 1980s–2000s.

Data on whale biomass in the Bering Sea were from a
literature review on marine mammal abundance by Kuzin
(2003). Taking into account that the modeled area was restricted mainly by deep-water basins, we totaled the abundance estimations of Dall’s porpoise Phocoenoides dalli,
orca Orcinus orca, and sperm whale Physeter macrocephalus, (toothed whales) and humpback whale Megaptera
novaeangliae, fin whale Balaenoptera physalus, and minke
whale Balaenoptera acutorostrata, (baleen whales). In the
western North Pacific Ocean, whale biomass was estimated from data in Vladimirov (1994) with corrections made
by Shuntov (2016). Estimations of seabird biomass were
based on data presented in summary papers by Shuntov
(1988, 1998), Smirnov and Velizhanin (1986), and Artyukhin (1991).
Data on fish diet rations were collected in integrated surveys in the Bering Sea in 1986 and 2006, and in the
western North Pacific Ocean in 1991 and 2009. For each
functional group in the model, parameters were calculated
as a weighted average value of included species, taking into
account their biomass ratio within the group. For example,
pink, chum and sockeye adults and juveniles are similar to
each other in diet composition and feeding rates and are
much more abundant than coho, Chinook and cherry salmon. Therefore, the three latter species contributed less to the
estimated functional group diet ration.
Feeding spectra and consumption rates of whales and
seabirds in the Bering Sea were based on parameters used
by Aydin et al. (2002), who compared the eastern and
western Bering Sea ecosystems using an Ecopath model.
We also used parameters from Aydin et al. (2002) for our
model parameter estimates for zooplankton feeding as well
as their P/B-coefficients, which were based on earlier zooplankton publications (Beklemishev 1954; Sheader and
Evans 1975; Andreeva 1977; Kozhevnikov 1979; Pavlyutin 1987; Raimont 1988; Pogodin 1990; Ponomareva
1990; Dulepova 1993, 2002). Whale diet data were de-

Trophic level

1986

Trophic level

2006

Fig. 3. Models of the trophic webs of the upper epipelagic layer
in the western Bering Sea (deep-water basins and the Navarin
region) in 1986 and 2006. Hereafter, box heights are proportional
to the eighth root of the biomass (t/km2); the width of each predator/
prey flow is proportional to the eighth root of the volume of the flow
(t/km2/year/2).
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in 2006 in comparison to that in 1986. This decline was
caused by a decrease in walleye pollock biomass. Food consumption by walleye pollock in the deep-water basin and the
Navarin region fell from 17.7 to 0.5 t/km2 (Table 1) due to
the reduction of its biomass in these areas. As adult salmon abundance increased from the 1980s to the 2000s, the
amount of food that they consumed increased from 0.4 to
3.6 t/km2. Food consumption by squid, mesopelagic fish,
and juvenile salmon also rose by 1.8 t/km2. However, this
compensated for only one-third of the reduction in total food
consumption by nekton that resulted from the decrease in
walleye pollock abundance.
The role of jellyfish as a consumer of food resources
in epipelagic ecosystems has remained minor despite a notable increase in food consumption by this group, from 2.7
to 3.9 t/km2, as a result of an increase in their biomass. Our
results refute the suggestion that they could cause a food
shortage for pelagic fish and particularly for Pacific salmon
as concluded by Karpenko et al. (2013). Jellyfish biomass in
the western Bering Sea is much smaller in comparison with
other regions of the world’s oceans suffering from adverse
impacts of jellyfish blooms (Uye and Ueta 2004; Lynam et
al. 2006; Brodeur et al. 2008; Zavolokin 2011), although in
the eastern Bering Sea jellyfish may play significant role in
the marine ecosystem (Decker et al. 2014).
Biomass of the “other pelagic fish” group was similar
in both 1986 and 2006 but its composition differed greatly. In 1986, Pacific herring Clupea pallasii comprised the
main part of the group. In 2006, herring biomass was low
and saury that migrated to the southwestern Bering Sea from

Western Bering Sea
Compiling the models, we proceed from the concept that
the trophic structure of nekton communities in the western
Bering Sea epipelagic layer experienced drastic changes between the early 1980s and the 2000s. According to collected
background information, walleye pollock was the main consumer of forage resources during the period of its relatively
higher abundance in the 1980s (Shuntov et al. 1993). During
that period, walleye pollock consumed up to 85% of the food
taken by all nekton species (Naydenko 2007). In the 1990s
and 2000s, walleye pollock abundance decreased dramatically while the abundance of other nekton species such as
Pacific salmon and squids increased (Shuntov and Temnykh
2008b).
Data from summer and fall integrated surveys show that
walleye pollock biomass in deep-water regions was high
(5–15 t/km2) in 1986–1989 and then decreased (Fig. 2). In
1990–2000s, it usually did not exceed 1 t/km2 excluding a
few years (2003 and 2008), when probably large numbers
of walleye pollock migrated from the eastern to the western
part of the Bering Sea.
From the 1980s to 2000s, Pacific salmon biomass gradually increased and peaked in the mid-2000s. High salmon
biomass in the western Bering Sea is related to the growing
biomass pool of immature fish (Irvine et al. 2009; Shuntov
and Temnykh 2011), which originate from other regions and
migrate to the Bering Sea in summer and fall (Groot and
Margolis 1991). At the same time, the abundance of local
salmon stocks in the western Bering Sea has also increased
(Shuntov and Temnykh 2011). In the 2000s, Pacific salmon
became one of the main food consumers in the epipelagic
zone.
As mentioned above, the highest estimated biomasses
of walleye pollock and Pacific salmon occurred in 1986 and
2006, respectively. These years were chosen to contrast the
fish communities’ composition to analyze changes in trophic
flows in the western Bering Sea. Fig. 3 shows the food web
model outputs for the upper epipelagic layer in the western
Bering Sea (deep basin and the adjacent Navarin region) in
1986 and 2006. These models support the theory that the
vast majority of the transportation of matter and energy
occurs at low and medium trophic levels. Taking this into
account, changes in biomass and consumption of walleye
pollock and Pacific salmon look small relative to the total
transport of matter through the food web.
According to both models, the largest trophic flow links
phytoplankton to copepods, which are the most important
functional group of zooplankton (Fig. 3). In addition, consumption of phytoplankton by euphausiids and consumption
of copepods by chaetognaths were also pathways with relatively large matter transport.
In summer and fall, food consumption by all squid and
fish species decreased by 13 t/km2 (from 24 to 11 t/km2)

Table 1. Food consumption (t/km2) by nekton and zooplankton in
the western Bering Sea in summer and fall of 1986 and 2006. d =
difference between consumption in 2006 and 1986; p < 0.0005.
Species/group

1986

2006

d

Toothed whales

0.072

0.072

+

Baleen whales

0.565

0.293

-0.272

+

+

+

0.001

0.002

0.001

Daggertooth
Sharks

17.705

0.531

-17.174

Adult salmon

Walleye pollock

0.353

3.613

3.260

Juvenile salmon

0.157

0.543

0.385

Cephalopods

1.616

2.561

0.945

Mesopelagic fish

2.227

2.734

0.507

Other forage fish

2.044

1.267

-0.776

Jellyfish

2.670

3.878

1.208

Chaetognaths

64.200

58.716

-5.484

Amphipods

23.877

14.466

-9.411

Euphausiids

83.461

67.974

-15.487

309.160

265.655

-43.505

16.125

8.250

-7.875

Copepods
Other zooplankton
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the Pacific Ocean predominated. Three-spined stickleback
Gasterosteus aculeatus and juvenile Atka mackerel Pleurogrammus monopterygius were sub-dominant species in the
“other pelagic fish” group in both 1986 and 2006.
The highest quality of parameter data for biomass,
production rates, feeding spectra, and consumption rates
was for the medium and high trophic level species groups.
Figure 4 shows trophic flows linking zooplankton and micronekton with adult Pacific salmon. In 1986, amphipods,
squids, euphausiids, and juvenile walleye pollock were the
largest food fluxes. In 2006, euphausiids as well as other
zooplankton (pteropods and decapod larvae), mesopelagic fish, amphipods, and squids comprised the main prey of
adult salmon. From 1986 to 2006, consumption of all these
prey groups increased markedly: euphausiids by 1.1 t/km2
over half a year (summer and fall), mesopelagic fish by 0.7,
pteropods and decapod larvae by 0.3, jellyfish by 0.3, amphipods by 0.3, copepods by 0.2, and other groups by 0.5 t/
km2 for half a year.
Figure 4 shows that Pacific salmon can prey on a wide
variety of forage species at the second to third trophic levels. Almost all groups of epipelagic micronekton and macroplankton from these trophic levels can occur in their diet
rations. Due to high feeding plasticity (Shuntov and Tem-

Table 2. Possible changes in salmon diets (%) to balance the
model with an increase in salmon biomass (x 1.5) relative to its
level in 2006 in the western Bering Sea. d = difference in salmon
diets in 2006 and in the modeled scenario.
Prey

Scenario 1

Scenario 2

2006

x 1.5

d

2006

5

14

9

5

5

0

Euphausiids

33

33

0

33

41

8

Amphipods

10

10

0

10

10

0

Chaetognaths

4

4

0

4

4

0

Jellyfish

8

8

0

8

8

0

Other zooplankton

9

9

0

9

9

0

Juvenile walleye
pollock

1

1

0

1

1

0

Mesopelagic fish

19

12

-7

19

12

-7

Other forage fish

4

2

-2

4

3

-1

Cephalopods

7

7

0

7

7

0

Copepods

x 1.5

d

nykh 2008a, 2011), Pacific salmon food demand can be accommodated by changing the percentages of different prey
items in their diet. Trophic flow charts for 1986 and 2006
reflect that an increase in salmon consumption of lower trophic level prey (copepods, euphausiids, and other zooplankton) resulted in a decline in the apparent trophic level of
Pacific salmon. Given the high biomass of copepods and
euphausiids, which were able to support highly abundant
populations of walleye pollock in the past, a large reserve of
forage resources may be available for Pacific salmon.
From 1986 to 2006, Pacific salmon biomass in the western Bering Sea increased 14-fold1, up to 400,000 t. Given
such a potential for increase, we examined whether larger
increases in Pacific salmon abundance would affect the trophic structure of epipelagic communities. To explore this
question, we multiplied Pacific salmon biomass in 2006 by
50% (added 200,000 t) and tried to balance the model by
varying the salmon diet matrix.
Table 2 illustrates two scenarios of possible changes in
the Pacific salmon diet to balance the energetic structure of
the model. In the first scenario, the model was balanced by
increasing the portion of copepods in the diet composition by
9% and decreasing small mesopelagic (by 7%) and epipelagic
(by 2%) fish. Raising the portion of copepods in the salmon
diet from 5% to 14% is within the observed natural variability
in the occurrence of this zooplankton group in salmon stomachs. For example, average percentage of copepods in pink

Trophic level

1986

Trophic level

2006

Fig. 4. Trophic flows directed at adult salmon (age-1 and older) in
the western Bering Sea in 1986 and 2006.

Pacific salmon biomass in 1980s was likely underestimated due to sampling not only in the surface layer but also in deeper
waters. However, this underestimation was likely negligible because Pacific salmon commercial catches on the Russian coasts,
which reflect their abundance level in nearby waters, were notably smaller in the 1980s than in the 2000s.

1
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and chum salmon diets in the western Bering Sea in the 2000s
reached 29% and 18%, respectively (Zavolokin 2014).
In the first scenario, the consumption of copepods increased 4 times, from 0.18 to 0.74 t/km2. Consumption of
copepods, amphipods, chaetognaths, jellyfish, other zooplankton, and squid also became higher than in 2006. The
ecotrophic efficiency of copepods rose from 0.88 to 0.89,
which implies that a large portion of their production (more
than 10%) was not used by predators.
In the second scenario, the portion of copepods in the
Pacific salmon diet was fixed at the previous level, and the
model was balanced by changing euphausiid consumption.
The decline in euphausiid consumption due to the decrease
in walleye pollock from the 1980s to the 2000s may be compensated by increased Pacific salmon food demand. In our
model-balancing exercise, the percentage of euphausiids in
the salmon diet ration was raised from 33% to 41% (Table
2). Similar occurrences of euphausiids in diet rations of pink,
chum and sockeye salmon were observed in the Bering Sea in
the 1990s and 2000s (Efimkin et al. 2004; Volkov et al. 2007).
In the second scenario, the consumption of euphausiids
by Pacific salmon increased by 1.1 t/km2 (from 1.18 to 2.24).
Consumption of amphipods, other zooplankton, jellyfish,
and squids also became higher, by 0.19, 0.17, 0.15, and 0.12
t/km2, respectively.
In an alternate scenario, the model could also have been
balanced by changing the percentage of squid, amphipods,
or pteropods in Pacific salmon diet. A high percentage of
these groups (up to 50%) has been observed in salmon diets
in the Bering Sea (Efimkin 2006). In addition, Pacific salmon could potentially access chaetognath production, which
had relatively low ecotrophic efficiency in both the 1986 and
2006 models.
It is important to note that the model was balanced only
by adjusting the diet composition of Pacific salmon and not
by altering the feeding rate. If the daily ration of individual Pacific salmon decreased, changes in their food spectra could be even smaller. Our results indicate that forage
resources will support Pacific salmon food demands in the
western Bering Sea even if their biomass increased one and
a half times.
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sardine portion of the total food consumption by nekton
comprised 40–70% for a whole year (Ivanov 1998; Belyaev 2003; Ivanov 2005; Chuchukalo 2006) and probably
no less than 80% in waters off the Kuril Islands in summer
months during periods of high abundance.
In the early 1990s, Pacific sardine abundance sharply
decreased (Belyaev 2003). Accordingly, its portion of total food consumption by nekton fell. In 1991–1995, it was
about 10% of all food consumed, and by the 2000s it comprised < 1% (Naydenko 2002; Chuchukalo 2006; Naydenko
and Khoruzhiy 2014).
In contrast, use of pelagic prey resources by Pacific
salmon in Pacific waters off the Kuril Islands increased from
the 1990s to the 2000s. Although their portion of the food
consumption by all nekton species in the upper epipelagic
layer was about 3% in the early 1990s, it reached 9–10% by
the mid-1990s, and in the 2000s it increased again to 21%
(Naydenko 2002; Naydenko and Khoruzhiy 2014).
Figure 5 shows changes in Russian catches of Pacific
sardine off the Kuril Islands (Zhigalin and Belyaev 1999)
and the Russian catch of Pacific salmon in the Okhotsk
Sea area (www.npafc.org), which were used as indices of
their biomass in the domain studied. From the mid-1970s
to 1980s, Russian catches of Pacific sardine gradually increased and reached 394,000–418,000 t in the late 1980s.
It then sharply declined and the Russian fishery for Pacific
sardine was shut down by the mid-1990s. Russian catches
of Pacific salmon in the Okhotsk Sea basin have gradually increased over the last decades: from 24,000–48,000 to
295,000–376,000 t from the early 1970s to the 2010s.
As discussed in the methods section, integrated pelagic
surveys in the upper epipelagic layer in the western North
Pacific Ocean began in 1991, so 1991 and 2009 were chosen
as contrast years to model pelagic food webs. In 1991, Pacific sardine biomass was relatively high while Pacific salmon biomass was relatively lower than in the 2000s. In 2009,
the Russian catch of Pacific salmon in the Okhotsk Sea area
reached its historically highest level (380,000 t) while Pacific sardine biomass was negligible.

A similar understanding of nekton communities’ alternation due to fluctuations in abundance in dominant species over the last three decades was developed by TINRO
for the epipelagic zone of the western North Pacific Ocean.
In the 1980s, Pacific sardine and walleye pollock were the
main consumers of forage resources in the Pacific waters
off the Kuril Islands, accounting for approximately 70% of
the total annual consumption by all fish and squid species
in the epipelagic zone (Ivanov 1998; Chuchukalo 2006).
While walleye pollock inhabit the narrow shelf zone off
the Kuril Islands, Pacific sardine was the dominant species
in offshore waters in summer and fall (Ivanov 2005). The

Catch, th. t

Western North Pacific Ocean

Fig. 5. Russian catch of sardines in Pacific waters off the Kuril
Islands and Pacific salmon in the Okhotsk Sea basin.
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Copepods consumed more in 2009 than in 1991 (Table 3).
In the contrast, food consumption by euphausiids and amphipods notably decreased (by 38 and 33.2 t/km2, respectively).
There was an increase in food consumption by both toothed and
baleen whales, the abundance of which rose over the three last
decades (Vladimirov 2000). However, these changes are small
relative to the scale of trophic flows at lower trophic levels.
Total food consumption by all fish and squid in the Pacific waters off the Kuril Islands (about 10 t/km2) was similar
to the low level of consumption in the western Bering Sea
in the 2000s. In 2006, it was about 11 t/km2, while in 1986
it was much higher (24 t/km2) due to the high abundance of
walleye pollock. However, Pacific sardine biomass had already decreased in the western North Pacific Ocean by 1991.
In the mid-1980s, when Pacific sardine were more abundant
than in 1991, overall food consumption by nekton was likely
much greater.
Similar to the Bering Sea model, more reliable information on biomass, production rates, feeding spectra, and consumption rates was available for the model compartments
occupying medium and high trophic levels. This allowed us
to examine this part of food web in detail. Figure 7 shows
trophic flows going through the Pacific salmon functional
group in 1991 and 2009. Pacific salmon biomass in these
two years differed two-fold.

Trophic level

1991

Trophic level

2009

Table 3. Food consumption (t/km2) by nekton and zooplankton in
the Pacific waters off the Kuril Islands in summer and fall of 1991
and 2009. d = difference between consumption in 2009 and 1991;
p < 0.0005.

Fig. 6. Models of the trophic webs of the upper epipelagic layer in
Pacific waters off the Kuril Islands in 1991 and 2009.

As in the western Bering Sea, no structural changes
occurred in the epipelagic food web despite fluctuations in
nekton abundance in the Pacific waters off the Kuril Islands (Fig. 6). Major trophic flows linked plankton groups
occupying the first three trophic levels both in 1991 and
in 2009. The most intensive flow linked phytoplankton to
copepods. Phytoplankton consumption by euphausiids and
consumption of copepods by chaetognaths were also remarkable.
The total food consumption by all fish and squid species
in summer and fall did not change greatly between 1991 and
2009 (Table 3). Food consumption by Pacific sardine decreased from 0.74 to 0.02 t/km2. Food intake by squid and
mesopelagic fish also decreased (in aggregate, from 4.46 to
3.61 t/km2). On the other hand, there was an increase in
food consumption by Pacific salmon (from 1.13 to 2.42 t/
km2) and the saury + Japanese anchovy (Engraulis japonicus) group (from 2.62 to 3.17 t/km2). In 1991, Japanese
anchovy contributed about 60% to the group biomass while
Pacific saury comprised about 80% in 2009.

Species/group

1991

2009

d

Toothed whales

0.363

0.452

0.089

Baleen whales

0.410

0.513

0.103

Daggertooth + Lancetfish

0.007

0.002

-0.005

Sharks

0.002

0.007

0.004

Pacific salmon

1.125

2.415

1.290

Sardine

0.737

0.023

-0.714

Saury + Anchovy

2.617

3.167

0.550

Pomfret + Ribbonfish

0.209

0.149

-0.061

Cephalopods

2.493

2.116

-0.377

Mesopelagic fish

1.962

1.495

-0.468

Other forage fish

0.435

0.623

0.189

Jellyfish

1.860

2.070

0.210

Chaetognaths

63.780

63.780

+

Amphipods

45.640

12.460

-33.180

Euphausiids

90.270

52.275

-37.995

360.643

447.496

86.853

8.625

15.375

6.750

Copepods
Other zooplankton
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In 1991, Pacific salmon, as a group, preyed mostly on
amphipods and euphausiids. Copepods, jellyfish, other zooplankton, squid, and mesopelagic fish were other prevalent
groups in the Pacific salmon diet ration. In 2009, the portion
of amphipods in the salmon diet fell, whereas that of copepods, chaetognaths, and jellyfish rose. Total consumption of
most prey species groups increased: copepods by 0.5 t/km2,
euphausiids by 0.3, jellyfish by 0.3, cephalopods by 0.1, mesopelagic fish by 0.06, and other zooplankton by 0.02 t/km2.
Modeled changes indicate that, similar to the pattern
in the Bering Sea, Pacific salmon movement down the food
web, from trophic level 3.7 to 3.6, followed an increase in
their biomass.
In 2009, the average salmon biomass for summer and
fall in Pacific waters off the Kuril Islands increased two-fold
relative to 1991, reaching 300,000 t. According to catch
statistics (Fig. 5), the Pacific salmon biomass estimate in
2009 was at an historic high. To analyze possible changes in
trophic structure of epipelagic communities, Pacific salmon
biomass in the model was multiplied by 1.5.
A 50% increase in Pacific salmon biomass should not
affect significantly the trophic structure of the epipelagic
communities of the Pacific waters off the Kuril Islands. The
increase in consumption above production would occur only
for three groups of small-sized forage nekton: squid, mesopelagic fish, and forage fish. Table 4 shows two possible
scenarios of changes in the salmon diet to balance the model.
In the first scenario, the model was balanced by increasing
the portion of copepods in the Pacific salmon diet by 5% and
decreasing that of squid, mesopelagic fish, and forage fish.
This change is within the range of natural variability of this
group (Naydenko and Kuznetsova 2002).

NPAFC Bulletin No. 6

Table 4. Possible changes in salmon diets (%) to balance the
model with an increase in salmon biomass (x 1.5) relative to
its level in 2009 in the Pacific waters off the Kuril Islands. d =
difference in salmon diets in 2009 and in the modeled scenario.
Prey

Scenario 1

Scenario 2

2009

x 1.5

d

2009

x 1.5

d

Copepods

26

31

5

26

26

0

Euphausiids

21

21

0

21

26

5

Amphipods

6

6

0

6

6

0

12

12

0

12

12

0

17.8

17.8

0

17.8

17.8

0

5

5

0

5

5

0

Saury + Anchovy

0.2

0.2

0

0.2

0.2

0

Mesopelagic fish

5

3

-2

5

3

-2

Other forage fish

1

0

-1

1

0

-1

Cephalopods

6

4

-2

6

4

-2

Chaetognaths
Jellyfish
Other zooplankton

In the first scenario, the largest increase in overall consumption by Pacific salmon was for copepods (from 0.6 to
1.1 t/km2). In addition, there was an increase in consumption of euphausiids (by 0.25 t/km2), jellyfish (by 0.22 t/km2),
and chaetognaths (by 0.15 t/km2).
In the second scenario, we did not change the portion of
copepods in the salmon diet ration. The model was balanced
by increasing the portion of euphausiids by 5% and decreasing the portions of cephalopods, mesopelagic fish, and forage fish (Table 4). The percentage of euphausiids increased
to 26% and remained at that level for Pacific salmon diets in
this region (Naydenko and Kuznetsova 2002; Chuchukalo
2006). Consumption of euphausiids increased from 0.5 to
0.9 t/km2, and the consumption of copepods, jellyfish, and
chaetognaths also rose (by 0.3, 0.2, and 0.2 t/km2, respectively).
Increased consumption of copepods and euphausiids in
both modeled scenarios is not excessive as the ecotrophic
efficiency of copepods and euphausiids only increased from
0.60 to 0.61 and from 0.76 to 0.80, indicating a large portion
of excess production for these groups in the model.

Trophic level

1991

Trophic level

2009
CONCLUSIONS
Our model suggests that the observed changes in biomass of important commercial species in the western Bering
Sea and Pacific waters off the Kuril Islands caused relatively
minor shifts in the distribution of energy within the trophic
webs of these systems. Consequently, the food web structure of epipelagic nekton communities in the western Bering
Sea and Pacific waters off the Kuril Islands generally did
not change. Major trophic flows persisted within low and

Fig. 7. Trophic flows directed at adult salmon (age-1 and older) in
Pacific waters off the Kuril Islands in 1991 and 2009.
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medium trophic levels, irrespective of nekton biomass. As
a consequence, Pacific salmon, the biomass of which is relatively low in comparison with other nekton species, played a
minor role in marine ecosystems in the 1980s–2000s.
From the 1980s to 2000s, salmon biomass increased
greatly in the western Bering Sea and Pacific waters off the
Kuril Islands in warm seasons. This caused an increase in
their total food consumption and changes in their diet rations
with a shift from prey organisms occupying relatively high
trophic levels (amphipods, squid) to an increase in the percentage of prey from relatively low trophic levels (euphausiids, copepods, pteropods). As a result, the average estimated
trophic level of Pacific salmon in the modeled food webs
declined. Modeled scenarios of potential further increases
in Pacific salmon biomass reveal that the available forage resources could satisfy the expanded energetic demands. Pacific salmon can prey on a wide variety of food items from
the second to the third trophic levels to satisfy their energetic
demands on prey species even during periods of extremely
high biomass. How such changes would affect individual
species of Pacific salmon remains a topic for future investigation.

Christensen, V., and D. Pauly. 1992. ECOPATH II–a software for balancing steady-state ecosystem models and
calculating network characteristics. Ecol. Model. 61:
169–185.
Christensen, V., and C.J. Walters. 2004. Ecopath with Ecosim: methods, capabilities and limitations. Ecol. Model. 172: 109–139.
Christensen, V., C.J. Walters, D. Pauly, and R. Forrest. 2008.
Ecopath with Ecosim version 6. User Guide. Lenfest
Ocean Futures Project. 235 pp.
Chuchukalo, V.I. 2006. Feeding and feeding relationships
of nekton and nektobenthos in the far-eastern seas.
TINRO-Center. Vladivostok. 484 pp. (In Russian).
Decker, M.B., K. Cieciel, A. Zavolokin, R. Lauth, R.D. Brodeur, and K.O. Coyle. 2014. Population fluctuations of
jellyfish in the Bering Sea and their ecological role in
this productive shelf ecosystem. In Jellyfish Blooms.
Edited by K.A. Pitt and C.H. Lucas. Springer, New
York. pp. 153–183.
Dulepova, E.P. 1993. Plankton communities in the epipelagic layer of the western Bering Sea: Composition,
productivity and seasonal dynamics. Ekol. Morya. 44:
8–15. (In Russian).
Dulepova, E.P. 2002. Comparative bioproductivity of the
macro-ecosystems of the far-eastern seas. TINRO-Center, Vladivostok. 273 pp. (In Russian).
Efimkin, A.Ya. 2006. Feeding behavior and relationships of
common fish species of the Bering Sea epipelagic layer.
Ph.D. thesis, TINRO-Center, Vladivostok. 173 pp. (In
Russian).
Efimkin, A.Ya., A.F. Volkov, and N.A. Kuznetsova. 2004.
Pacific salmon feeding in the Bering Sea in autumn
2003 and summer 2004. Izv. TINRO 139: 370–387. (In
Russian with English abstract).
Essington, T.E. 2007. Evaluating the sensitivity of a trophic
mass-balance model (ECOPATH) to imprecise data inputs. Can. J. Fish. Aquat. Sci. 64: 628–637.
Gritsenko, O.F., and N.V. Klovach. 2002. Self-regulation
of Japan chum salmon abundance. N. Pac. Anadr. Fish
Comm. Tech. Rep. 4: 45–47. (Available at www.npafc.
org).
Gritsenko, O.F., M.A. Bogdanov, V.M. Stygar, and L.S.
Kovnat. 2000. Aquatic biological resources of the
northern Kuril Islands. VNIRO, Moscow. 163 pp. (In
Russian).
Groot, C., and L. Margolis (Editors). 1991. Pacific salmon
life histories. Univ. British Columbia Press, Vancouver.
564 pp.
Hare, S.R., and N.J. Mantua. 2000. Empirical evidence for
North Pacific regime shifts in 1977 and 1989. Prog.
Oceanogr. 47(2-4): 103–145.
Helle, J.H., E.C. Martinson, D.M. Eggers, and O. Gritsenko.
2007. Influence of salmon abundance and ocean conditions on body size of Pacific salmon. N. Pac. Anadr.
Fish Comm. Bull. 4: 289–298. (Available at www.
npafc.org).

REFERENCES
Andreeva, V.V. 1977. Biological characteristics of common
copepod species in the northern Sea of Japan. Ph.D.
thesis, Int. Biol. Southern Seas of the UkSSR Academy
of Sciences. 23 pp. (In Russian).
Artyukhin, Yu.B. 1991. Breeding avifauna of the Commander Islands (current status and dynamics, conservation and management prospects). Ph.D. thesis, Moscow
State University, Moscow. 163 pp. (In Russian).
Aydin, K.Y., V.V. Lapko, V.I. Radchenko, and P.A. Livingston. 2002. A comparison of the eastern Bering and
western Bering Sea shelf and slope ecosystems through
the use of mass-balance food web models. NOAA Tech.
Memo. NMFS-AFSC-130. 78 pp.
Balanov, A.A., and V.I. Radchenko. 1998. New data on
the feeding and consumption behaviors of Anotopterus
pharao. J. Ichthyol. 38(6): 447–453.
Beamish, R.J., and D.R. Bouillon. 1993. Pacific salmon
production trends in relation to climate. Can. J. Fish.
Aquat. Sci. 50: 1002–1016.
Beklemishev, K.V. 1954. Feeding of some mass species of
the plankton copepods in far-eastern seas. Zool. Zh. 33
(6): 1210–1230. (In Russian).
Belyaev, V.A. 2003. Ecosystem of the Kuroshio Current
area and its dynamics. Khabarovsk: Khabarov. Knizh.
Izd. 2003. 382 pp. (In Russian).
Brodeur, R.D., M.B. Decker, L. Ciannelli, J.E. Purcell, N.A.
Bond, P.J. Stabeno, E. Acuna, and G.L. Hunt. 2008.
Rise and fall of jellyfish in the eastern Bering Sea in
relation to climate regime shifts. Prog. Oceanogr. 77:
103–111.
268

Changes in an epipelagic community in the Bering Sea and North Pacific Ocean

Hollowed, A.B., S.R. Hare, and W.S. Wooster. 2002. Pacific Basin climate variability and patterns of northeast
Pacific marine fish production. Prog. Oceanogr. 49:
257–282.
Hollowed, A.B., M. Barange, R.J. Beamish, K. Brander,
K. Cochrane, K. Drinkwater, M.G.G. Foreman, J.A.
Hare, J. Holt, S-I. Ito, S. Kim, J.R. King, H. Loeng,
B.R. MacKenzie, F.J. Mueter, T.A. Okey, M.A. Peck,
V.I. Radchenko, J.C. Rice, M.J. Schirripa, A. Yatsu,
and Y. Yamanaka. 2013. Projected impacts of climate
change on marine fish and fisheries. ICES J. Mar. Sci.
70: 1023–1037.
Irvine, J.R., and S.A. Akenhead. 2013. Understanding
smolt survival trends in sockeye salmon. Mar. Coast.
Fish. 5: 303–328.
Irvine, J.R., and M. Fukuwaka. 2011. Pacific salmon abundance trends and climate change. ICES J. Mar. Sci.
68(6): 1122–1130.
Irvine, J.R., M. Fukuwaka, T. Kaga, J.H. Park, K.B. Seong,
S. Kang, V. Karpenko, N. Klovach, H. Bartlett, and
E. Volk. 2009. Pacific salmon status and abundance
trends. N. Pac. Anadr. Fish Comm. Doc. 1199. Rev. 1.
153 pp. (Available at www.npafc.org).
Ivanov, A.N. 2005. Composition and structure of nekton
community of epipelagic layer of the subarctic front
in the northwestern Pacific Ocean. Ph.D. thesis, TINRO-Center, Vladivostok. 24 pp. (in Russian).
Ivanov, O.A. 1998. Epipelagic community of fishes and
squids in the Kuril Island area of the Pacific Ocean in
1986–1995. Izv. TINRO. 124: 3–54. (In Russian).
Ivanov, O.A. 2013. Nekton of far-eastern seas and adjacent
Pacific waters of Russia: dynamics of species and spatial structure, resources. Ph.D. thesis, TINRO-Center,
Vladivostok. 476 pp. (In Russian).
Johnson, S.P., and D.E. Schindler. 2009. Trophic ecology of Pacific salmon (Oncorhynchus spp.) in the ocean:
a synthesis of stable isotope research. Ecol. Res. 24:
855–863.
Kaeriyama, M. 2004. Evaluation of carrying capacity of
Pacific salmon in the North Pacific Ocean for ecosystem-based sustainable conservation management. N.
Pac. Anadr. Fish Comm. Tech. Rep. 5: 1–4. (Available
at www.npafc.org).
Kaeriyama, M., H. Seo, and H. Kudo. 2009. Trends in run
size and carrying capacity of Pacific salmon in the north
Pacific Ocean. N. Pac. Anadr. Fish Comm. Bull. 5:
293–302. (Available at npafc.org).
Karpenko, V.I., L.D. Andrievskaya, and M.V. Koval. 2013.
Feeding and growth of Pacific salmon in marine waters. KamchatNIRO Publishing, Petropavlovsk-Kamchatsky. 304 pp.
Klyashtorin, L.B., and A.A. Lyubushin. 2005. Cyclic climate changes and fish productivity. VNIRO Publishing, Moscow. 235 pp. (In Russian).
Kozhevnikov, B.P. 1979. Abundance dynamics, general biology features and production of Oithona similis Claus

NPAFC Bulletin No. 6

(Copepoda, Cyclopoida) in the northern Japan Sea. Ph.D.
thesis, TINRO-Center, Vladivostok. 25 pp. (In Russian).
Kuzin, A.E. 2003. Marine mammals of the Bering Sea
(retrospective analysis of hunting and abundance). Izv.
TINRO. 134: 46–100.
Kuznetsova, N.A. 2005. Feeding and trophic relations of nekton in the epipelagic layer of the northern Okhotsk Sea.
TINRO Publishing, Vladivostok. 236 pp. (In Russian).
Lynam, C.P., M.J. Gibbons, B.E. Axelsen, C.A.J. Sparks, J.
Coetzee, B.G. Heywood, A.S. Brierley. 2006. Jellyfish
overtake fish in a heavily fished ecosystem. Curr. Biol.
16: 492–493.
Mantua, N.J., and S.R. Hare. 2002. The Pacific decadal
oscillation. J. Oceanogr. 58: 35–44.
Naumenko, N.I., 2001. Biology and fisheries on marine
herring of the far-eastern seas. Petropavlovsk-Kamchatsky Publishing. 330 pp. (In Russian).
Naydenko, S.V. 2002. Trophic structure of nekton in the
epipelagial of the south Kuril region in summer, 1991–
1995. Izv. TINRO 130: 618–652. (In Russian).
Naydenko, S.V. 2007. Implication of Pacific salmon in
trophic structure in upper pelagic layer in the western
Bering Sea in summer and autumn of 2002–2006. Izv.
TINRO 151: 214–239. (In Russian).
Naydenko, S.V. 2010. Feeding habits of the Pacific salmon,
their trophic status and role in North Pacific marine ecosystem. In Salmon: biology, nutrition and consumption.
Series: Fish, fishing and fisheries. Edited by P. Lacopo
and M. Riemma. pp. 61–111.
Naydenko, S.V., and A.A. Khoruzhiy. 2014. Food supply
for nekton in the epipelagic layer of Pacific waters at
Kuril Islands in the summer seasons of 2000s. Izv. TINRO. 176: 240–260. (In Russian).
Naydenko, S.V., and N.A. Kuznetsova. 2002. Trophic relationships of Pacific salmon in the epipelagic zone off
south Kuril Islands. Izv. TINRO. 130: 570–594. (In
Russian).
Pauly, D., V. Christensen, and C.J. Walters. 2000. Ecopath,
Ecosim and Ecospace as tools for evaluating ecosystem
impact of fisheries. ICES J. Mar. Sci. 57: 697–706.
Pavlyutin, A.P. 1987. About trophic role of detritus. Trudy
ZIN. Leningrad. 155: 136–141. (In Russian).
Pogodin, A.G., 1990. The main features of biology of Euphausia pacifica (Euphausia: Crustacea) in conditions
of the northern Sea of Japan. Inst. Mar. Biol. Far-Eastern Branch Russ. Acad. Sci., Vladivostok. 20 pp. (In
Russian).
Polovina, J.J. 1985. An approach to estimating an ecosystem box model. U. S. Fish Bull. 83: 457–460.
Ponomareva, L.A. 1990. Biology of euphausiids of the world
ocean. Nauka Publ. House, Moscow. 210 pp. (In Russian).
Preikshot, D. 2007. The influence of geographic scale, climate and trophic dynamics upon north Pacific oceanic
ecosystem models. PhD thesis, Univ. British Columbia,
Resource Management and Environmental Studies and
Fisheries Centre, Vancouver. 208 pp.
269

Zavolokin et al.

NPAFC Bulletin No. 6

Radchenko, V.I. 2011. The ECOPATH model–a promising tool for comparative studying of functioning of the
Bering Sea and Sea of Okhotsk ecosystems. Proc. First
Open international conference on advanced assessment
methods of changing in geophysics, ecosystems and
technological processes in study and natural resources development of the Subarctic Okhotomorie. Yuzhno-Sakhalinsk. pp. 70–81. (In Russian).
Radchenko, V.I. 2015. Characterization of the Sea of Okhotsk ecosystem based on ecosystem modelling. Trudy
VNIRO. 155: 79–111. (In Russian).
Raimont, J.E.G. 1988. Plankton productivity in the oceans.
II. Zooplankton. Agropromizdat Publ. House, Moscow. 355 pp. (In Russian).
Rostov, I.D., G.I. Yurasov, N.I. Rudyh, V.V. Moroz, E.V.
Dmitrieva, V.I. Rostov, A.A. Nabiullin, F.F. Khrapchenkov, and V.M. Bunin. 2003. Oceanographic atlas of
the Bering Sea, Okhotsk Sea and Japan/East Sea. V.I.
Il’ichev Pacific Oceanological Institute, FEB RAS.
Vladivostok. (Available at http://pacificinfo.ru/data/
cdrom/2/start_english.htm).
Ruggerone, G.T., R.M. Peterman, B. Dorner, and K.W.
Myers. 2010. Magnitude and trends in abundance of
hatchery and wild pink salmon, chum salmon, and sockeye salmon in the north Pacific ocean. Mar. Coast. Fish.
2: 306–328.
Sheader, M., and F. Evans. 1975. Feeding and gut structure
of Parathemisto gaudichaudi (Guerin) (Amphipoda,
Hyperiidea). J. Mar. Biol. Assoc. U.K. 33(3): 641–657.
Shuntov, V.P. 1988. Abundance and distribution of marine
birds in the eastern part of the Far Eastern Russian EEZ
in fall. 1. Marine birds in the western Bering Sea. Zool.
Zh. 67(10): 1538–1548. (In Russian).
Shuntov, V.P. 1998. Birds of the Russian far eastern seas.
V. 1. TINRO-Center, Vladivostok. 423 pp. (in Russian).
Shuntov, V.P. 2016. Biology of far-east seas of Russia. V.
2. TINRO-Center, Vladivostok. 604 pp. (In Russian).
Shuntov, V.P., and O.S. Temnykh. 2008a. Pacific salmon
in marine and oceanic ecosystems. V.1. TINRO-Center,
Vladivostok. 481 pp. (In Russian).
Shuntov, V.P., and O.S. Temnykh. 2008b. Long-term dynamics of biota in the Bering Sea macroecosystems and
its determinant factors. Communication 1. Retrospective analysis and review of conceptions for patterns in
dynamics of the Bering Sea populations and communities. Izv. TINRO. 155: 3–32. (In Russian).
Shuntov, V.P., and O.S. Temnykh. 2011. Pacific salmon in
marine and oceanic ecosystems. V.2. TINRO-Center,
Vladivostok. 473 pp. (In Russian).
Shuntov, V.P., A.F. Volkov, O.S. Temnykh, and E.P. Dulepova. 1993. Walleye pollock in the far-eastern seas

ecosystems. TINRO-Center, Vladivostok. 426 pp. (In
Russian).
Shuntov, V.P., L.N. Bocharov, E.P. Dulepova, A.F. Volkov,
O.S. Temnykh, I.V. Volvenko, I.V. Melnikov, and V.A.
Nadtochy. 2003. Results of monitoring and ecosystem
research of biological resources of the far east seas of
Russia. Izv. TINRO. 132: 3–26 (In Russian).
Shuntov, V.P., O.S. Temnykh, S.V. Naydenko, A.V. Zavolokin, N.T. Dolganova, A.F. Volkov, and I.V. Volvenko. 2010. To the substantiation of carrying capacity of
far-eastern seas and subarctic Pacific for Pacific salmon
pasturing. Report 4. Effect of density-dependent interactions on Pacific salmon food supply and role of the
salmon in consumption of nekton’s forage base. Izv.
TINRO 161: 25–52. (In Russian).
Smirnov, G.P., and A.G. Velizhanin. 1986. Seabird colonies
in the Chukotka National Area. Bull. MOIP, Biol. Dept.
91(3): 29–35. (In Russian).
Uye, S., and Y. Ueta. 2004. Recent increase of jellyfish populations and their nuisance to fisheries in the Inland Sea
of Japan. Bull. Japan Soc. Fish. Oceanogr. 68: 9–19.
Vladimirov, V.A. 2000. Problems in conservation of endangered bowhead and gray whale populations in the
Sea of Okhotsk. In Marine mammals of the Holarctic.
Archangelsk. pp. 82–86. (In Russian).
Vladimirov, V.L. 1994. Recent distribution and abundance
levels of whales in Russian far-eastern seas. Russ. J.
Mar. Biol. 20: 1–9.
Volkov, A.F., A.Ya. Efimkin, and N.A. Kuznetsova. 2007.
Results of studies on Pacific salmon feeding in 2002–
2006 according to BASIS program. Izv. TINRO. 151:
365–402 (In Russian).
Zavolokin, A.V. 2011. Jellyfish of the far eastern seas of
Russia. 3. Biomass and abundance. Russ. J. Mar. Biol.
37(7): 579–593.
Zavolokin, A.V. 2014. Food supply of Pacific salmon
during marine and ocean life stages. Ph.D. thesis, TINRO-Center, Vladivostok. 354 pp. (In Russian).
Zavolokin, A.V., A. Ya. Efimkin, A.M. Slabinskiy, and N.S.
Kosenok. 2007. Food supply and trophic relationships
of Pacific salmon (Oncorhynchus spp.) and Atka mackerel (Pleurogrammus monopterygius) in the western Bering Sea in fall 2002–2004. N. Pac. Anadr. Fish Comm.
Bull. 4: 127–131. (Available at www.npafc.org).
Zhigalin, A.Yu., and V.A. Belyaev. 1999. Distribution of
the far-east sardine and Russian fishery in the Pacific
waters and Okhotsk Sea during 1974–1993. Bull. Japan
Soc. Fish. Oceanogr. 63(4): 215–220.
Zverkova, L.M. 2003. Walleye pollock. Biology, status of
stocks. TINRO-Center, Vladivostok. 247 pp. (In Russian).

270

Changes in an epipelagic community in the Bering Sea and North Pacific Ocean

NPAFC Bulletin No. 6

Appendix Table 1. Ecopath input parameters describing the 19 functional groups in the 1986 western Bering Sea ecosystem model.
Biomass (B) is in t/km2, Production/Biomass (P/B) and Consumption/Biomass (Q/B) are rates (1/year); Ecotrophic Efficiency (EE) is a
proportion.
Species/group

B

P/B

Q/B

Toothed whales

0.0173

0.01

4.15

Baleen whales

0.0646

0.01

8.75

Seabirds

0.0010

0.4

43.5

Daggertooth

0.00001

0.25

2.5

Sharks

0.0004

0.2

2

Pollock

3.5410

1.2

5

Adult salmon

0.0775

0.9

4.55

Juvenile salmon

0.0172

3

9.15

Cephalopods

0.3020

1.6

5.35

0.475

1.75

Mesopelagic fish
Forage fish

0.3144

1.25

6.5

Jellyfish

1.7800

0.75

1.5

3

6

Chaetognaths

10.7000

Amphipods

3.4110

1.75

7

Euphausiids

9.8190

1.55

8.5

23.6000

4.75

13.1

Other zooplankton

2.1500

2.5

7.5

Phytoplankton

3.0000

Detritus

0.1000

Copepods

271

117

EE

0.95

–
–
–
–
–
–

15. Amphipods

16. Euphausiids

17. Copepods

18. Phytoplankton

19. Detritus

0.241

10. Mesopelagic fish

14. Chaetognaths

0.313

9. Cephalopods

–

0.048

8. Juvenile salmon

13. Other zooplankton

0.096

7. Adult salmon

–

0.301

6. Pollock

–

–

5. Sharks

12. Jellyfish

–

11. Forage fish

–

4. Daggertooth

0.001

2. Baleen whales

3. Seabirds

–

1

1. Toothed whales

Prey

272
–

–

0.281

0.260

0.073

–

–

–

–

0.177

0.104

–

–

0.104

–

–

–

–

–

2

–

–

0.103

0.258

0.052

–

–

0.031

–

0.237

0.052

0.010

–

0.258

–

–

–

–

–

3

–

–

–

–

–

–

–

–

0.050

0.499

0.050

0.050

0.350

–

0.001

–

–

–

–

4

–

–

–

–

–

–

–

–

–

0.150

0.200

0.300

0.300

0.050

–

–

–

–

–

5

–

–

0.292

0.371

0.115

0.070

0.010

0.00003

0.029

0.010

0.010

–

–

0.094

–

–

–

–

–

6

–

–

0.002

0.175

0.353

0.002

0.011

0.0001

0.054

0.005

0.239

–

–

0.161

–

–

–

–

–

7

–

–

0.009

0.353

0.575

0.015

0.001

0.0004

0.001

0.009

–

–

0.001

0.929

0.006

–

0.012

–

0.009

0.004

0.012

–

–

0.027

–

–

–

–

–

9

Predator

0.037

–

–

–

–

–

–

–

–

8

Appendix Table 2. Diet matrix (proportion of prey for each predator) for the 1986 western Bering Sea Ecopath model.

–

–

0.038

0.381

0.214

0.365

0.001

–

–

–

–

–

–

–

–

–

–

–

–

10

–

–

0.021

0.916

0.064

–

–

–

–

–

–

–

–

–

–

–

–

–

–

11

0.123

0.246

0.111

0.222

0.025

0.098

0.155

–

0.010

–

0.010

–

–

–

–

–

–

–

–

12

0.250

0.700

–

–

–

–

0.050

–

–

–

–

–

–

–

–

–

–

–

–

13

0.140

–

0.780

0.040

0.030

–

0.010

–

–

–

–

–

–

–

–

–

–

–

–

14

0.180

0.054

0.551

0.010

0.015

0.110

0.030

0.050

–

–

–

–

–

–

–

–

–

–

–

15

0.150

0.645

0.200

0.005

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

16

0.120

0.820

0.060

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–
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Appendix Table 3. Ecopath input parameters describing the 19 functional groups in the 2006 western Bering Sea ecosystem model.
Biomass (B) is in t/km2, Production/Biomass (P/B) and Consumption/Biomass (Q/B) are rates (1/year).
Species/group

B

P/B

Q/B

Toothed whales

0.0173

0.01

4.15

Baleen whales

0.0335

0.01

8.75

Seabirds

0.0010

0.4

43.5

Daggertooth

0.00001

0.25

2.5

Sharks

0.0008

0.2

2

Pollock

0.0850

1.2

6.25

Adult salmon

0.7940

0.9

4.55

Juvenile salmon

0.0593

3

9.15

Cephalopods

0.4787

1.6

5.35

Mesopelagic fish

1.5620

0.475

1.75

Forage fish

0.1950

1.25

6.5

Jellyfish

2.5851

0.75

1.5

Chaetognaths

9.7860

3

6

Amphipods

2.0670

1.75

7

Euphausiids

7.9970

1.55

8.5

20.2790

4.75

13.1

Other zooplankton

1.1000

2.5

7.5

Phytoplankton

3.0000

Detritus

0.1000

Copepods

273

117

–
–
–
–
–
–
–

13. Other zooplankton

14. Chaetognaths

15. Amphipods

16. Euphausiids

17. Copepods

18. Phytoplankton

19. Detritus

–

0.119

12. Jellyfish

0.430

9. Cephalopods

10. Mesopelagic fish
–

0.110

0.140

8. Juvenile salmon

11. Forage fish

–

0.260

7. Adult salmon

–

274
–

–

0.320

0.270

0.070

–

0.030

–

–

0.180

–

0.020

–
0.050

5. Sharks

6. Pollock

–

–

4. Daggertooth

–

–

–

–

2

3. Seabirds

–
0.001

1. Toothed whales

1

2. Baleen whales

Prey

–

–

–

–

0.010

–

–

0.020

–

0.470

0.220

0.190

–

0.090

–

–

–

–

–

3

–

–

–

–

–

–

–

–

0.050

0.499

0.050

0.050

0.350

–

0.001

–

–

–

–

4

–

–

–

–

–

–

–

–

–

0.150

0.200

0.300

0.300

0.050

–

–

–

–

–

5

–

–

0.847

0.070

0.080

0.002

–

–

–

–

–

–

–

0.001

–

–

–

–

–

6

–

–

0.050

0.328

0.103

0.041

0.092

0.082

0.186

0.036

0.068

–

–

0.015

–

–

–

–

–

7

–

–

0.096

0.273

0.360

0.038

0.210

–

0.001

0.007

0.004

–

–

0.011

–

–

–

–

–

8

–

–

0.006

0.941

0.006

–

0.012

–

0.009

0.004

0.022

–

–

–

–

–

–

–

–

9

Predator

Appendix Table 4. Diet matrix (proportion of prey for each predator) for the 2006 western Bering Sea Ecopath model.

–

–

0.405

0.300

0.210

0.013

0.070

–

0.002

–

–

–

–

–

–

–

–

–

–

10

–

–

0.086

0.676

0.180

0.010

0.035

–

–

–

0.013

–

–

–

–

–

–

–

–

11

0.175

0.253

0.111

0.223

0.020

0.101

0.100

–

0.005

–

0.010

–

–

–

–

–

–

–

–

12

0.250

0.700

–

–

–

–

0.050

–

–

–

–

–

–

–

–

–

–

–

–

13

0.140

–

0.780

0.040

0.030

–

0.010

–

–

–

–

–

–

–

–

–

–

–

–

14

0.180

0.054

0.551

0.010

0.005

0.110

0.030

0.060

–

–

–

–

–

–

–

–

–

–

–

15

0.150

0.645

0.200

0.005

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

16

0.120

0.820

0.060

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–
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Appendix Table 5. Ecopath input parameters describing the 20 functional groups for 1991 in the model of the Pacific waters off the Kuril
Islands. Biomass (B) is in t/km2, Production/Biomass (P/B) and Consumption/Biomass (Q/B) are rates (1/year).
Species/group

B

P/B

Q/B

Toothed whales

0.1100

0.03

3.3

Baleen whales

0.0760

0.01

5.4

Seabirds

0.0020

0.4

43.5

Daggertooth + Lancetfish

0.0028

0.25

2.5

Sharks

0.0011

0.2

2

Salmon

0.2045

1.25

5.5

Sardine

0.4910

0.2

1.5

Saury + Anchovy

0.4058

0.78

6.45

Pomfret + Ribbonfish

0.1112

0.38

1.88

Cephalopods

0.4660

1.6

5.35

Mesopelagic fish

1.1214

0.475

1.75

Forage fish

0.0669

1.25

6.5

Jellyfish

0.6200

1.5

3

3

6

Chaetognaths

10.6300

Amphipods

6.5200

1.75

7

Euphausiids

10.6200

1.55

8.5

Copepods

27.5300

4.75

13.1

Other zooplankton

1.1500

2.5

7.5

Phytoplankton

4.0000

Detritus

0.1000

275

117

0.005

9. Pomfret + Ribbonfish

–
–
–
–
–
–
–
–

13. Jellyfish

14. Chaetognaths

15. Amphipods

16. Euphausiids

17. Copepods

18. Other zooplankton

19. Phytoplankton

20. Detritus

0.054

0.021

8. Saury + Anchovy

0.193

0.032

7. Sardine

11. Mesopelagic fish

0.005

6. Salmon

12. Forage fish

–

5. Sharks

0.687

–

10. Cephalopods

–

4. Daggertooth + Lancetfish

0.001

2. Baleen whales

3. Seabirds

0.001

1

1. Toothed whales

Prey

276
–

–

0.045

0.280

0.210

0.050

0.240

–

0.050

0.070

0.050

–

0.002

0.002

0.001

–

–

–

–

–

2

–

–

–

0.138

0.325

0.063

–

0.038

0.300

–

0.063

–

0.025

0.050

–

–

–

–

–

–

3

–

–

–

–

–

–

–

–

0.269

0.050

0.070

0.010

0.080

0.120

0.400

0.001

–

–

–

–

4

–

–

–

–

–

–

–

–

0.030

–

0.200

0.020

0.100

0.100

0.550

–

–

–

–

–

5

–

–

0.090

0.110

0.220

0.300

0.040

0.110

0.010

0.050

0.040

–

0.020

0.010

–

–

–

–

–

–

6

–

0.330

0.004

0.306

0.300

0.050

0.010

–

–

–

–

–

–

–

–

–

–

–

–

–

7

–

–

0.010

0.440

0.330

0.160

0.020

0.010

–

–

0.030

–

–

–

–

–

–

–

–

–

8

–

–

–

–

0.010

–

–

–

0.010

0.190

0.510

–

0.220

0.060

–

–

–

–

–

–

9

–

–

–

0.073

0.445

0.272

0.042

–

–

0.094

0.073

–

–

–

–

–

–

–

–

–

10

Predator

–

–

0.005

0.250

0.600

0.070

0.035

0.040

–

–

–

–

–

–

–

–

–

–

–

–

11

–

–

0.010

0.810

0.100

0.020

0.040

0.020

–

–

–

–

–

–

–

–

–

–

–

–

12

–

–

–

–

–

–

–

–

–

–

13

0.270

0.010

0.020

0.450

0.090

0.030

0.050

0.070

–

0.010

Appendix Table 6. Diet matrix (proportion of prey for each predator) for the 1991 Ecopath model for the Pacific waters off the Kuril Islands.

0.140

–

0.010

0.780

0.040

0.030

–

–

–

–

–

–

–

–

–

–

–

–

–

–

14

0.180

0.054

0.030

0.551

0.020

0.015

0.140

0.010

–

–

–

–

–

–

–

–

–

–

–

–

15

0.150

0.645

–

0.200

0.005

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

16

0.120

0.820

–

0.060

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

17

0.250

0.700

0.050

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–
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Appendix Table 7. Ecopath input parameters describing the 20 functional groups in the 2009 ecosystem model for the Pacific waters off the
Kuril Islands. Biomass (B) is in t/km2, Production/Biomass (P/B) and Consumption/Biomass (Q/B) are rates (1/year).
Species/group

B

P/B

Q/B

Toothed whales

0.1370

0.03

3.3

Baleen whales

0.0950

0.01

5.4

Seabirds

0.0020

0.4

43.5

Daggertooth + Lancetfish

0.0008

0.25

2.5

Sharks

0.0033

0.2

2

Salmon

0.4390

1.25

5.5

Sardine

0.0150

0.2

1.5

Saury + Anchovy

0.4910

0.78

6.45

Pomfret + Ribbonfish

0.0790

0.38

1.88

Cephalopods

0.3956

1.6

5.35

Mesopelagic fish

0.8540

0.475

1.75

–

1.25

6.5

0.6900

1.5

3

3

6

Forage fish
Jellyfish
Chaetognaths

10.6300

Amphipods

1.7800

1.75

7

Euphausiids

6.1500

1.55

8.5

34.1600

4.75

13.1

Other zooplankton

2.0500

2.5

7.5

Phytoplankton

4.0000

Detritus

0.1000

Copepods

277

117

EE

0.95

278
–
–
–

20. Detritus

–

17. Copepods

18. Other zooplankton

–

16. Euphausiids

19. Phytoplankton

–
–

14. Chaetognaths

15. Amphipods

–

0.057

12. Forage fish

13. Jellyfish

0.558
0.230

11. Mesopelagic fish

0.011

9. Pomfret + Ribbonfish

10. Cephalopods

0.135

8. Saury + Anchovy

0.001

0.006
0.002

6. Salmon

7. Sardine

–

–

5. Sharks

–

–

0.045

0.280

0.210

0.050

0.240

–

0.050

0.070

0.050

–

0.002

0.001

–

–

4. Daggertooth + Lancetfish

–
–

–

0.001

2. Baleen whales

–

2

3. Seabirds

0.001

1

1. Toothed whales

Prey

–

–

–

0.139

0.330

0.063

–

0.038

0.304

–

0.063

–

0.061

0.001

–

–

–

–

–

–

3

–

–

–

–

–

–

–

–

0.269

0.050

0.070

0.010

0.080

–

0.520

0.001

–

–

–

–

4

–

–

–

–

–

–

–

–

0.032

–

0.213

0.032

0.128

0.011

0.585

–

–

–

–

–

5

–

–

0.050

0.260

0.210

0.060

0.120

0.178

0.010

0.050

0.060

–

0.002

–

–

–

–

–

–

–

6

–

0.330

0.004

0.306

0.300

0.050

0.010

–

–

–

–

–

–

–

–

–

–

–

–

–

7

–

–

0.020

0.330

0.510

0.110

0.020

0.010

–

–

–

–

–

–

–

–

–

–

–

–

8

–

–

–

0.020

0.100

–

–

–

–

0.350

0.360

–

0.170

–

–

–

–

–

–

–

9

–

–

–

0.315

0.388

0.126

0.081

–

0.005

0.030

0.050

–

0.005

–

–

–

–

–

–

–

10

Predator

–

–

0.002

0.465

0.480

0.040

0.010

–

–

–

0.003

–

–

–

–

–

–

–

–

–

11

–

0.010

0.010

0.670

0.210

0.010

0.090

–

–

–

–

–

–

–

–

–

–

–

–

–

12

Appendix Table 8. Diet matrix (proportion of prey for each predator) in the 2009 Ecopath model for the Pacific waters off the Kuril Islands.

0.270

0.010

0.020

0.470

0.090

0.010

0.050

0.070

–

0.010

–

–

–

–

–

–

–

–

–

–

13

0.140

–

0.010

0.780

0.040

0.030

–

–

–

–

–

–

–

–

–

–

–

–

–

–

14

0.180

0.054

0.030

0.551

0.020

0.015

0.140

0.010

–

–

–

–

–

–

–

–

–

–

–

–

15

0.150

0.645

–

0.200

0.005

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

16

0.120

0.820

–

0.060

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

17

0.250

0.700

0.050

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–
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Saito, T., Y. Hirabayashi, K. Suzuki, K. Watanabe, and H. Saito. 2016. Recent decline of pink salmon (Oncorhynchus
gorbuscha) abundance in Japan. N. Pac. Anadr. Fish Comm. Bull. 6: 279–296. doi:10.23849/npafcb6/279.296.
Abstract: We analyzed the 1976–2014 time series of in-river Japanese pink salmon catch from 22 stocks along
the Sea of Okhotsk coast to identify regional variability in abundance and to examine the effects of sea surface
temperature (SST) on regional variability. Residuals from regressions of catch between parental and offspring
generations for the 22 stocks were integrated into five regional groups by principal components analysis. Each of
the principal components was associated with coastal SSTs, particularly during early ocean residency of juveniles
and/or adult spawning migrations. Negative SST anomalies in spring have increased abruptly during summer
since the mid-2000s, which is probably related to the decrease in pink salmon survival in recent years. The catch
period decreased in all regions during the study, accompanied by an earlier peak in some regions. Catch diversity
in southern stocks was negatively correlated with mean coastal SSTs during April–September. Although the
loss of diversity was possibly associated with the recently higher SSTs, we could not deny that artificial hatchery
selection for early migrants, which has occurred for more than a decade, may have significantly altered migration
timing.
Keywords: SST, migration timing, diversity of migration timing, river stocks

INTRODUCTION

dance fluctuates at annual and/or decadal scales accompanied by regional differences. A large number of studies have
demonstrated that such variability in salmon abundance is
closely linked to environmental processes affected by climate change (e.g., Beamish and Bouillon 1993; Hare and
Francis 1995; Mantua et al. 1997; Hare and Mantua 2000;
Mueter et al. 2002; Irvine and Fukuwaka, 2011; Stachura et
al. 2014). One of the interesting aspects of the relationship
between salmon abundance and climate change is that largescale climatic events simultaneously affect the North Pacific
but have different effects on local marine conditions, which,
in turn, lead to different salmon abundance responses among
regions (Stachura et al. 2014). Different or opposite patterns
of variability in salmon abundance are well known in Pacific
salmon (Hare et al. 1999; Azumaya et al. 2001; Mueter et al.
2002). Accordingly, the recent historic high number of pink
salmon observed in Asia could be related to the effects of
marine environmental conditions, as abundance of Russian
pink salmon stocks is determined by marine survival rather
than by abundance of fry migrating downstream (Nagasawa
2000; Kaev et al. 2007). In addition, comparing the variability in abundance among stocks would deepen our understanding of the response of salmon stocks to local marine
environmental conditions.

Aggregated commercial Pacific salmon (Oncorhynchus
spp.) catches in the North Pacific Rim have increased since
the 1990s (Irvine and Fukuwaka 2011) and reached historically high levels in 2007 and subsequent odd years, with
> 500 million fish and one million metric tonnes caught (Irvine et al. 2012). Catches during odd years have tended to
exceed those in even years more recently because the most
abundant species in the catch, pink salmon (O. gorbuscha),
generally have remarkable differences in abundance between odd and even years in many stocks over their distribution (Heard 1991). As concerns have risen about Asian
salmonid catches, pink salmon have been the most dominant
in number, followed by chum (O. keta), sockeye (O. nerka),
coho (O. kisutch), and Chinook salmon (O. tshawytscha) (Irvine et al. 2012). A large proportion of the pink salmon in
Asia has been caught by Russia, which has contributed to an
increasing proportion of total catch around the North Pacific
Rim in recent years.
Assuming that catch is an appropriate indicator of
salmon abundance as reported previously (e.g., Beamish
and Bouillon 1993; Irvine and Fukuwaka 2011), spatial and
temporal variability in catch suggests that salmon abunAll correspondence should be addressed to T. Saito.
e-mail: brochet@affrc.go.jp
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had not been used for hatchery production of pink juveniles
during the mid-1980s and mid-1990s. In fact, the peak in
coastal harvests of pink salmon had been in September. By
contrast, the peak occurs at present in mid- to late August,
which means that pink salmon experience higher coastal
sea temperatures than chum salmon. If the recent decline
in Japanese pink salmon is associated with marine environmental conditions, particularly increasing seawater temperatures, the ongoing processes of decline could provide
important insight into the responses of southern salmon
stocks to the altered oceanic conditions expected to occur
as global warming progresses in the future.
In this study, we used a 1976−2014 time series of
in-river Japanese pink salmon catches from 22 river stocks
along the Sea of Okhotsk coast to identify regional variability in abundance and to examine the effects of sea surface temperatures (SSTs) on regional variability in abundance. In addition, the timing of adult salmon migration

Fig. 1. Number of released juvenile pink salmon and coastal and
in-river catches of pink salmon in Japan during 1969–2014. Lines
indicate the number of releases, and white and black bars show the
number of coastal and in-river catches, respectively.

In contrast to the high abundance of Russian pink
salmon in recent years, Japanese pink salmon have shown
dramatic declines in abundance since 2011 (Fig. 1). The
total catch of pink salmon in 2014 was 1.58 million fish,
which is nearly equivalent to the catch levels of the early
1980s. Although relatively stable numbers of pink salmon fry have been released every year since the late 1980s,
adult catches (i.e., coastal catch and in-river catch) have exhibited year-to-year variations of wide amplitude. This is
because a large proportion of Japanese pink salmon stocks
are thought to be sustained by natural spawning rather
than hatchery release, as the contribution of hatchery pink
salmon to commercial catches was estimated to be 17.5%
during 1994 and 2003 (Morita et al. 2006). Japanese stocks
of pink salmon are located near the southern limit of their
natural Asian distribution because the center of the largest
spawning populations of this species occurs from about latitudes 44°N to 65°N in Asia (Heard 1991). The spawning
populations of Japanese pink salmon mainly occur in rivers
along the Okhotsk coast of Hokkaido. The Sea of Okhotsk
is the most southern sea in the northern hemisphere that is
covered with sea ice during winter and early spring. The
waters off the Hokkaido Okhotsk coast are also covered
with sea ice during January–March annually (Aota 2002).
Higher sea water temperatures from summer to fall, however, have been frequently observed in coastal waters around
Hokkaido since the mid-2000s, leading to a concern that
the higher temperatures might have influenced abundance
and/or timing of chum salmon returning to Hokkaido (e.g.,
Nagasawa and Azumaya 2012; Miyakoshi 2013). Historically, hatchery-produced Japanese pink salmon had been
artificially selected for early-run fish to establish coastal
harvests of the species before chum salmon arrive in coastal waters (HSH 1996). Late-arriving pink salmon after
mid-September had been captured at weirs in rivers, but

Fig. 2. Location of river stocks (#1–22) analyzed in this study.
#1 Chiraibetsu River, #2 Tonbetsu R., #3 Kitamihorobetsu R., #4
Tokushibetsu R. #5, Horonai R., #6 Shokotsu R., #7 Yubetsu R.,#8
Tokoro R., #9 Abashiri R., #10 Mokoto R., #11 Yanbetsu R., #12
Shari R., #13 Okushibetsu R., #14 Iwaobetsu R., #15 Sashirui
R., #16 Rausu R., #17 Shunkarikotan R., #18 Ichani R., #19
Shibetsu R., #20 Nishibetsu R., #21 Furen R., and #22 Bettoga R.
Abbreviations “Soy.”, “Not.”, and “Shi.” indicate Soya Peninsula,
Notori Peninsula, and Shiretoko Peninsula, respectively.
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Fig. 3. In-river catch of pink salmon during 1976–2014 for the 22 river stocks (#1–22). The name and location of each river stock are shown
in Fig. 2.

into rivers is highly genetically controlled (Quinn 2005;
Carlson and Seamons 2008), suggesting that it has been
molded through adaptation to local environmental conditions. Nevertheless, increasing evidence suggests that the
phenology of migration timing has been altered in response
to environmental change in the last few decades (e.g.,
Quinn and Adams 1996; Kovach et al. 2013). The timing
of migration is probably the most important life-history

trait linked to individual fitness, as it affects reproductive
success and offspring survival. Therefore, we also investigated temporal changes in the in-river catch during 1976–
2014, as an indicator of Japanese pink salmon migration
timing. Through these analyses, we tried to identify possible causes for the recent decline in Japanese pink salmon.
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Fig. 4. Relationships between in-river pink salmon catch in year t and that in year t + 2 (t = 1976–2012) for the #1–22 river stocks shown in
Fig. 2. Black and white circles indicate odd- and even-year lines, respectively, and lines and dashed lines are separate fitted regression lines
for the odd- and even-year lines, respectively.

MATERIALS AND METHODS

er catches occurred every year with no interruption from
1976 to 2013. However, catch stopped in the three most
southerly rivers of this study in 2014 (Bettouga, Furen, and
Nishibetsu rivers) owing to recent low abundance of up-river migrants. Although the 22 rivers are only 39% of the pink
salmon rivers (57 rivers total) along the Okhotsk coast, the
sum of annual catches in the 22 rivers accounted for a mean
of 85% (range, 67–98%) of total annual in-river catches in
all of Hokkaido. We assumed that the fishing effort in coastal waters was constant every year because the number of
fishery management entities following the small set-net fishery, which harvests pink salmon in coastal waters along the
Sea of Okhotsk coast, has not changed significantly during
the study period (see Appendix Fig. 1). In addition, each of
the in-river catches in the 22 rivers (Fig. 3) was positively
correlated with the total catch of the species in Hokkaido,
except for one river stock (Pearson’s correlation: [Shibetsu
River] r = 0.249, p > 0.05; [other 21 rivers] r = 0.371−0.928
(average: 0.668), p < 0.05). Although there is no data on escapement that could serve as an indicator of natural spawners, escapees from the weirs and up-river migrants in rivers

Study Area
Many pink salmon are captured with set-nets installed
in coastal waters along the Sea of Okhotsk shoreline when
adult pink salmon approach their natal rivers to spawn
during July and September every year. Pink salmon that escape from coastal fisheries enter rivers and are subject to
capture by fish weirs in rivers for hatchery production. The
annual proportion of in-river catch to total catch was about
11% on average, ranging from 5 to 17% every year, during
1989–2014 when the annual number of fry released was relatively stable (Fig. 1). According to Sano (1969), spawning
stocks of pink salmon occur in about 90 rivers in Hokkaido. Of these rivers, up-river migrants are abundant in rivers
flowing into the Sea of Okhotsk (57 rivers) compared with
rivers in other regions of Hokkaido.
In this study, we used a time series of in-river catch
during 1976–2014 collected in 22 rivers along the Okhotsk
coast (Fig. 2). These 22 stocks were selected because in-riv282
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Table 1. Component matrix obtained by varimax-rotated principal components analysis based on residuals from the parent-offspring
regression lines shown in Fig. 4.
River stock

PC1

PC2

PC3

PC4

PC5

#1. Chiraibetsu River

0.04

0.79

0.24

0.03

0.27

#2. Tonbetsu R.

0.07

0.79

0.05

−0.18

0.29

#3. Kitamihorobetsu R.

0.16

0.83

−0.11

0.10

−0.06

#4. Tokushibetsu R.

0.11

0.93

0.14

0.08

0.03

#5. Horonai R.

0.02

0.77

0.52

0.02

−0.12

#6. Shokotsu R.

0.17

0.49

0.69

0.01

−0.05

#7. Yubetsu R.

0.30

0.23

0.82

0.21

0.01

#8. Tokoro R.

0.34

0.29

0.70

0.12

0.17

#9. Abashiri R.

0.22

−0.26

0.72

0.22

0.22

#10. Mokoto R.

0.61

0.15

0.54

0.03

0.19

#11. Yanbetsu R.

0.80

0.13

0.14

0.22

0.32

#12. Shari R.

0.79

0.20

0.29

0.37

0.09

#13. Okushibetsu R.

0.86

−0.06

0.27

0.29

0.07

#14. Iwaobetsu R.

0.89

0.21

0.17

0.01

0.04

#15. Sashirui R.

0.57

−0.07

0.14

0.05

0.56

#16. Rausu R.

0.10

0.26

0.12

0.07

0.78

#17. Shunkarikotan R.

0.42

0.12

0.06

0.20

0.62

#18. Ichani R.

0.32

−0.03

0.26

0.65

0.37

#19. Shibetsu R.

0.32

−0.08

0.03

0.79

0.18

#20. Nishibetsu R.

0.20

0.24

0.08

0.80

−0.02

#21. Furen R.

0.01

−0.01

0.29

0.65

−0.11

−0.01

−0.10

−0.12

0.64

0.48

4.24

4.13

3.23

3.00

2.12

% of variance

19.25

18.78

14.67

13.64

9.62

Cumulative %

19.25

38.03

52.70

66.34

75.96

#22. Bettoga R.
Eigenvalue

of salmon stocks (e.g., Pyper et al. 2001). We performed
a principle components analysis (PCA) to identify regional
patterns of variability in the residuals for the 22 stocks. The
residuals of the odd- and even-year lines were mixed for the
PCA to obtain a longer time series. A varimax rotation was
carried out to interpret which river stocks were mainly associated with each of the PCs.
Correlation analyses were carried out between the PC
scores and SSTs that were averaged for a 1° latitude/longitude grid mesh scale at 10-day intervals to investigate when
and where SST potentially affected each of the PC scores.
The original SSTs were provided by the Japan Meteorological Agency (NEAR-GOOS Regional Real Time Data Base;
http://ds.data.jma.go.jp/gmd/goos/data/database.html). The
1976–2012 brood years of pink salmon entered the sea during
spring 1977–2013 and returned to rivers as adults in early
summer to autumn 1978–2014, respectively. Consequently, the PC scores that corresponded to the 1976–2012 brood
years were tested for correlations with the 10-day averaged
SSTs from early April 1977–2013 (i.e., first ocean year) to late
September 1978–2014 (i.e., second ocean year), which con-

where no river catch occurs is expected to increase when
adult returns (i.e., total catch) increase. Consequently, the
time series of 22 stocks was representative of all Hokkaido pink salmon stocks and was regarded as an indicator of
abundance of natural spawners in rivers of Hokkaido.
Variability of In-river Catch
To examine the relationships between adult and offspring abundance, log-transformed in-river catch in year t +
2 was regressed on that in year t (t = 1976–2012) for each of
the 22 stocks during odd and even years separately because
pink salmon have a 2-year life-history cycle (Heard 1991).
If quantitative relationships existed, linear regressions
should be found between adult and offspring in-river catches. Residuals from the regression lines indicate variability
in abundance of offspring that could not be explained by parental abundance. We hypothesized that such residuals are
generated by marine environmental conditions and that the
residuals co-varied among some stocks because marine environmental conditions often affect the regional abundance
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Fig. 5. Component plots in varimax-rotated space obtained from the principal components analysis shown in Table 1. Each of the river stocks
(#1–22) was assigned to a principal component (PC) from PC1 to PC5, on the basis of its larger loading (Table 1) and geographical location
(Fig. 2).

sisted of 54 SST time series (18 months multiplied by three,
10-day intervals per month). The correlation analyses were
spatially conducted for ocean areas encompassing 40–60°N
to 140–180°E at a 1° latitude/longitude grid-mesh scale. We
summarized the percentage of grid meshes showing significant positive (negative) correlation coefficients for the following three areas, considering the Japanese pink salmon oceanic distribution (Takagi et al. 1981; Ogura 1994): (i) Sea of
Okhotsk coast: 43–46°N and 142–146°E, (ii) Sea of Okhotsk
offshore: 46–60°N and 142–156°E, and (iii) western North
Pacific: 40–52°N and 146–180°E, but excluded ocean areas
encompassing 46–52°N and 146–156°E, which were included in the area offshore of the Sea of Okhotsk. Based on the
Japanese pink salmon ocean distribution (Takagi et al. 1981;
Ogura 1994), pink salmon were distributed in (i) the Sea of
Okhotsk coast from early April to late July during their first
ocean year, migrated (ii) offshore of the Sea of Okhotsk and
remained there from early August to late November during

their first ocean year, moved to (iii) the western North Pacific
where they overwintered from early December in the first year
to late May in their second ocean year, and then returned to
(i) the Sea of Okhotsk coast during early June and late September in their second ocean year. Statistical significance was
assessed using the method of Pyper and Peterman (1998).
Correlation analyses between the PC scores and the
SSTs demonstrated that SSTs in the Sea of Okhotsk coast
were closely linked to variability in the PC scores (see Results). To further examine the effects of SSTs on pink salmon abundance in detail, 10-day averaged SSTs from early
April to late September 1976–2014 were selected for five 1°
latitude/longitude grid-mesh scales along the Okhotsk coast
shoreline: A1, 45–46°N and 142–143°E; A2, 44–45°N and
143–144°E; A3, 44–45°N and 144–145°E; A4, 44–45°N
and 145–146°E; and A5, 43–44°N and 145–146°E. Each
of the 10-day SSTs was expressed as an anomaly from the
1976–2014 average of the corresponding period in A1–A5,
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where H't,PCk is the diversity index for river stocks linked to
the PCk group (k = 1−k, k corresponds to the number of selected PCs) in year t, i is the i-th numbered 10-day period of
in-river catch for the first 10 days of July, z is the last-numbered 10-day period of the catch in a given year t, and pt, PCk, i
is the proportion of in-river catch at the i-th numbered 10day period of year t for PCk group (∑Pt,PCk,i = 1), respectively. The diversity index of in-river catches for 1976–2014
was examined for correlations with the 1976–2014 averaged SSTs in the closest A1–A5 coastal areas to investigate
whether coastal SSTs in the return year affected the duration
of the adult pink salmon up-river migration.
RESULTS
Significant regressions were found between in-river
catches in year t and those in year t + 2 (t = 1976–2012) for
both odd- and even-year lines of all 22 river stocks (Fig. 4).
There was no significant interaction effect between in-river
catch in year t and the year line for each of the 22 river stocks
(Bettoga, Furen, and Nishibetsu rivers: F1,32 = 0.013–1.121,
p = 0.298–0.911, other 19 rivers: F1,33 = 0.005–1.848, p =
0.183–0.945), indicating that the slopes of two regression
lines (one for odd-year lines and one for even-year lines)
were not statistically different, and no main effect of the year
line on in-river catch in year t + 2 was statistically significant after controlling for in-river catch in year t as covariate
(Bettoga, Furen, and Nishibetsu rivers: F1,33 = 0.016–0.588,
p = 0.449–0.899, other 19 rivers: F1,34 = 0.000–1.172, p =
0.287–0.984). When the similar analyses were carried out
across the 22 river stocks by each year line separately, no
interaction between river stock and in-river catch in year t
(covariate) was found (F21, 371 = 0.428, p > 0.05) for the evenyear line, and an analysis of covariance (main factor: river
stock; covariate: in-river catch in year t) revealed no main
effect of river stock (F21, 392 = 1.330, p > 0.05), but a significant effect of in-river catch as a covariate (F1, 392 = 461.801, p
< 0.001). For the odd-year line, no interaction between river
stock and in-river catch in year t (covariate) was detected
(F21, 352 = 0.544, p > 0.05), and both main effects of river
stock (F21, 373 = 3.230, p < 0.001) and in-river catch in year t
(F1, 373 = 190.157, p < 0.001) were significant. Accordingly,
these results suggest the following. Suppose that the same
in-river catch occurred in a given year for each of the 22 rivers. Then catches two years later would be the same among
all rivers in the case of even-year lines but would be different
among rivers in odd-year lines, even though the expected
unit of change in the in-river catch of offspring generations
(dependent variable) per unit of in-river catch of parental
generations (independent variable) was the same for the
odd- and even-year lines of the 22 river stocks.

Fig. 6. Principal component (PC) scores obtained from the
principal components analysis (PCA) shown in Table 1. As no data
were available for in-river catch in the #20–22 river stocks for 2014,
the PCA was performed using the residuals of the 1976–2011 brood
years (return years: 1978–2013).

and annual averages were calculated based on anomalies
from early April to late September for each year.
Timing of In-river Catch
The in-river catch data used in this study were compiled
as the total of the 10-day intervals every year in the 22 rivers.
The duration and peak in-river catches for each of the river
stocks grouped by the PCA were summarized for 1976–2014
to demonstrate temporal changes in the timing of in-river
catch. Furthermore, in-river catch diversity for the river
stocks grouped by the PCA was assessed using Shannon’s
diversity index:
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Fig. 7. Percentage of grid mesh scales showing significant correlations between average sea surface temperatures at a 10-day interval for
a 1° × 1° latitude/longitude grid mesh scale and the principal component scores shown in Fig. 6 from April during the first year of ocean life to
September in the second year of ocean life for 1976–2011 brood-year pink salmon. Panels a–c indicate ocean areas where the correlation
analyses were carried out: a, Sea of Okhotsk coast (43–46°N and 142–146°E); b, Sea of Okhotsk offshore (46–60°N and 142–156°E); c,
western North Pacific (40–52°N and 146–180°E but excluding the ocean area encompassing 46–52°N and 146–156°E, which is included
in the Sea of Okhotsk offshore). Dashed squares indicate expected Japanese pink salmon distribution periods from previous studies (e.g.,
Takagi et al. 1981; Ogura 1994). Asterisks indicate the cases in which significant correlations were observed more than by chance (5% <).

Residuals from the regression lines between in-river
catch in year t and that in year t + 2 for the 22 river stocks
shown in Fig. 4 were reduced to five PCs after a PCA with
varimax rotation was conducted (Table 1). The percentage
of the cumulative total sum of variance was 75.96%, and
each component (PC 1–5) showed a relatively larger loading
(> 0.5) with the residuals of the following river stocks: PC
1 was related to the residuals of the rivers from #10 Mokoto
River to #15 Sashirui River; PC 2 was related to the residuals of the rivers from #1 Chiraibetsu River to #5 Horonai
River; PC 3 was related to the residuals of the rivers from #5
Horonai River to #10 Mokoto River; PC 4 was related to the
residuals of the rivers from #18 Ichani River to #22 Bettoga
River; and PC 5 was related to the residuals of #15 Sashirui
River, #16 Rausu River, and #17 Shunkarikotan River. Each
river stock was then assigned to PC 1–5 based on the largest loading value (Fig. 5), but Sashirui River (#15), which
showed higher loading for PC 1 (0.565) than that for PC 5
(0.557), was exceptionally assigned to PC 5 because it is
located geographically closer to the PC 5-related rivers than
to the PC 1-related rivers (Fig. 2).
The PC 1–5 scores for the 1976–2011 brood years are
shown in Fig. 6. The scores for the 2009 and 2010 brood
years, when fish returned to rivers as adults in 2011 and
2012 during the declines, showed negative values with
some exceptions. In addition, the PC 4 scores were almost
negative for the 1999–2011 brood years, suggesting that
survival of pink salmon originating from PC 4-related rivers was low for more than a decade. Correlation analyses
between the PC scores and SSTs revealed that PC 1–5 were

related to SSTs on the Sea of Okhotsk coast during early
ocean life (i.e., April–July) and/or the final year of ocean
life (i.e., June–September; Fig. 7). As a general trend, almost all PC scores tended to be positively correlated with
SSTs until June of the ocean entry year, whereas the PC 3
and PC 4 correlations were negative in June–July. Furthermore, the PC 1 and PC 3 scores were positively and negatively correlated with SSTs on the Sea of Okhotsk coast,
respectively. Effects of SSTs on the PC scores were also
observed during the final year in other PCs, i.e., PC 2 and
PC 4 were negatively correlated, whereas PC 5 was positively correlated. SSTs offshore of the Sea of Okhotsk
during October–November were positively correlated with
the PC 1 and PC 2 scores but negatively correlated with
the PC 4 scores at the beginning of August. SSTs in the
western North Pacific were positively correlated with the
PC 1 and PC 3 scores in the later half of the distribution
period and were also positively correlated with the PC 5
scores during February–March, accompanied by a small
percentage rise. Although some positive and/or negative
correlations were found during the pink salmon marine
phase (Fig. 7), we focused on the effects of SSTs of the Sea
of Okhotsk coast on the PC scores in the next step because
general regional environmental conditions are believed to
be an important driver that molds regional differences in
salmon abundance (e.g., Pyper et al. 2001).
The coastal SST anomalies observed in April–September 1976–2014 along the shoreline from A1 to A5 are
shown in Fig. 8. Annual average SSTs were relatively
higher in 2010 and thereafter than those in previous years
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in all A1–A5 areas. These higher SSTs were coincident
with the time when the 2009 bood-year fish began ocean
life. This was also when the abundance began to decline.
Average SSTs for A1–A5 tended to be frequently near zero
to negative anomalies beginning in April–May 2000, when
juvenile pink salmon entered the sea. However, average
June–September SSTs tended to show positive anomalies
beginning in the late 1990s, which was evident in more
southern areas, such as A4 and A5. These results indicate that relatively low SST conditions at the beginning
of ocean life (i.e., April–May) have turned abruptly higher as the season progressed from summer to early autumn
(i.e., June–September) in recent years. In fact, average
July, August, and September SSTs during 1976–2014 were
11.7–14.0°C, 15.1–17.4°C, and 15.6–16.3°C in A1–A5,
respectively. Thus, the positive SST anomalies of a few
degrees Celsius in summer, as seen in recent years, could
have a great impact on juvenile and adult pink salmon migration based on previous findings (e.g., Ando et al. 2005;
Jeffries et al. 2014). These annual changes in SSTs were
more frequent in southern areas, such as A4 and A5, than
those in northern areas and have become more remarkable
in all A1–A5 areas since 2010.
Periods of in-river catch shortened greatly during
1976–2014, which was more evident in southern stocks,
such as those in PC 4- and PC 5-related rivers (Fig. 9).
The start of in-river catch in all PC-related rivers was positively correlated with the years 1976–2014 but was negatively correlated later (Table 2). As the period of in-river
catch changed, the peak also changed; the peak advanced
in the PC 1-, PC 3-, and PC 4-related rivers but did not
change in the PC 2- and PC 5-related rivers (Table 2). As
reflected by the temporal reduction of in-river catch during
1976–2014, the diversity index for the in-river catch also
showed a decreasing trend in all PC-related rivers (Fig.
10). The diversity index was negatively correlated with
year (Spearman’s rank correlation: [PC 1-related rivers] ρ
= -0.892, p < 0.001; [PC 2-related rivers] ρ = -0.629, p
< 0.001; [PC 3-related rivers] ρ = -0.862, p < 0.001; [PC
4-related rivers] ρ = -0.831, p < 0.001; and [PC 5-related
rivers] ρ = -0.788, p < 0.001). Furthermore, the diversity
index dropped abruptly in the mid-1990s in the PC 3-, PC
4-, and PC 5-related rivers and has remained relatively low
since the mid-1990s. The PC 1-, PC 4-, and PC5-related
rivers were negatively correlated with the A3, A5, and A4
SSTs, respectively, when a correlation analysis between the
diversity index and the annual average SSTs of the most
proximal ocean areas among A1 and A5 was conducted
(Fig. 11; PC 1 rivers, r = -0.543, p < 0.001; PC 4 rivers, r =
-0.659, p < 0.001; and PC 5 rivers, r = -0.537, p < 0.001).
However, no significant correlations were found for the PC
2- and PC 3-related rivers (PC 2 rivers, r = -0.281, p > 0.05;
PC 3 rivers, r = -0.296, p > 0.05), which were located in
more northern regions among the PC-related rivers in this
study.

Fig. 8. Averaged April–September sea surface temperature (SST)
anomalies (lines with black circles), averaged April–May SST
anomalies (lines), and averaged June–September SST anomalies
(dashed lines) in coastal waters along the Sea of Okhotsk coast,
Japan, during 1976–2014. Bars show standard deviations of the
anomalies for April–September of each year. A1–A5 indicate a 1° ×
1° latitude/longitude grid mesh scale from north to south as follows:
A1, 45–46°N and 142–143°E; A2, 44–45°N and 143–144°E; A3,
44–55°N and 144–145°E; A4, 44–45°N and 145–146°E; and A5,
43–44°N and 145–146°E.
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Fig. 9. Periods of in-river pink salmon catch summarized at 10-day intervals for the principal component (PC) 1–5-related rivers shown in
Table 1 during 1976–2014. Black circles indicate the peak catch every year.

DISCUSSION

rental generations. There was a river-stock effect on in-river
catch of offspring generations after controlling for the abundance in in-river catch of parents for the odd-year line, but
not for the even-year line. This means that in-river catch of
offspring generations was not affected by the difference in
the year-line at each of river scales, but the offspring catch
differed among the river stocks only for the odd-year line,
suggesting that there would be a difference in exploitation
of spawning grounds between year lines. As pink salmon
have a fixed 2-year life cycle, natural spawning between oddand even-year lines in the river systems was isolated, which
would create genetic differences between them (Heard 1991).
Reflecting the reproductive isolation between year lines, the
genetic differentiation between year lines was greater than regional differentiation within year lines (Beacham et al. 2012).
In addition, pink salmon tend to stray more frequently on
their return spawning migrations than other Pacific salmon
(Quinn 1993) and such high levels of straying weaken genetic differentiation among pink salmon populations (Beacham
et al. 2012). The observed identical regression slopes among

We used in-river pink salmon catch data collected from
22 river stocks along the Sea of Okhotsk coast during 1976–
2014 to investigate variability in abundance and possible
causes of the recent decline observed since 2011. Although
a constant number of pink salmon have been released from
hatcheries since the late 1980s (Fig. 1), our results suggest
that Japanese pink salmon are sustained mainly by natural
spawning because quantitative relationships between parental (i.e., in-river catch in year t) and offspring generations
(i.e., in-river catch in year t + 2) were observed for odd- and
even-year lines of all 22 river stocks, supporting the findings
of Morita et al. (2006). The slopes of the regressions for each
of the 22 river stocks were not statistically different between
the odd- and even-year lines, and were determined to be identical among the river stocks when the odd- or even-year line
was compared separately. In each river stock, no statistically
significant effect of the year line on in-river catch of offspring
generations was found after adjusting for in-river catch of pa-

Table 2. Spearman’s rank correlation coefficients for 1976–2014 and the start, peak, and end of in-river catch times for the principal
component (PC)-related rivers, based on the PC analysis shown in Table 1. Each 10-day period of in-river catch was assigned a number from
1–36, in which early January (i.e., January 1–10) was defined as 1 and then used for the correlation analyses with years.
River groups

Start of in-river catch

Peak of in-river catch

End of in-river catch

PC 1-related rivers

0.867**

−0.670**

−0.551**

PC 2-related rivers

0.573**

−0.270

−0.769**

PC 3-related rivers

0.639**

−0.497**

−0.713**

PC 4-related rivers

0.711**

−0.506**

−0.755**

PC 5-related rivers

0.793**

−0.070

−0.459**

**Spearman’s rank correlation analysis, p < 0.001.
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Sea of Okhotsk (#6–9), represented by PC 3, (3) those in the
eastern Sea of Okhotsk (#10–14), represented by PC 1, (4)
those in the northern Nemuro Strait (#15–17), represented by
PC 5, and (5) those in the southern Nemuro Strait (#18–22),
represented by PC 4. These regional groups were located
from north to south along the Okhotsk coast (Fig. 2). Hoshino et al. (2008) investigated variability in coastal catches of
an odd year-line of Japanese pink salmon in a similar area
and found four regional groups based on catch variability:
Wakkanai–Sarufutsu, Oumu–Rausu, Shibetsu–Ochiishi, and
Hamanaka–Kushiro.
Wakkanai–Sarufutsu corresponded
roughly to the (1) western Sea of Okhotsk region, Oumu–
Rausu corresponded roughly to the regions from (2) the middle Sea of Okhotsk through (3) the eastern Sea of Okhotsk
to (4) the northern Nemuro Strait, Shibetsu–Ochiishi corresponded roughly to the (5) southern Nemuro Strait region,
and Hamanaka–Kushiro corresponded roughly to the eastern
Pacific coast of Hokkaido region. Therefore, the geographical tendency to vary from north to south along the Okhotsk
coast was similar between the results of Hoshino et al. (2008)
and those of our study, but we detected a smaller regional
difference in variability than that of the previous study. One
possible reason for the discrepancy may be that Hoshino et
al. (2008) examined coastal pink salmon catches, in which
the captured fish generally originated from mixed stocks.
Apart from whether the variability in abundance among
these regional groups reflects their genetic background, such
regional similarities are often considered regulated by regional environmental conditions that tend to be more similar in
closer geographic areas (Pyper et al. 2001). All PC scores
in our study based on residuals from the regression lines of
the parent-offspring relationships, i.e., variability in brood
abundance independent of abundance in natural spawning of
parental generations, were correlated with SSTs on the Sea
of Okhotsk coast (Fig. 7). In particular, all PC scores were
positively correlated with SSTs in that area at the beginning of
ocean life during April and May, suggesting that warmer SST
conditions at the time of early ocean life are linked to higher
survival of Japanese pink salmon juveniles. A similar observation was reported for chum salmon originating from rivers
on the Sea of Okhotsk coast, which demonstrate that warmer
SST conditions during coastal residency and larger size at release improve return rates of hatchery-originating chum salmon (Saito and Nagasawa 2009; Saito et al. 2010). As pink
and chum salmon juveniles have similar life histories from the
seaward migration phase to early coastal residency, marine
environmental conditions represented by SSTs probably similarly influence the early marine survival of both species on the
Sea of Okhotsk coast. Ocean temperatures have an opposite
effect on survival rates of northeastern Pacific pink, chum, and
sockeye salmon stocks between northern and southern areas
(Mueter et al. 2002), as warm coastal temperature anomalies
are associated with increased survival rates of northern stocks
but decreased survival rates of southern stocks. Japanese pink
salmon are distributed near the southern boundary of their natural distribution range in Asia (Heard 1991). This finding has

Fig. 10. Shannon’s diversity index for in-river pink salmon catch in
the principal component (PC) 1–5-related rivers shown in Table 1
during 1976–2014.

the 22 stocks within each year line, as well as the different
effect of river stock on the offspring catch between year lines,
probably reflect the genetic background of the stocks.
Although genetic differentiation generally appeared to
develop less among pink salmon populations within year
lines, our results reveal that variability in abundance differed
among some Japanese pink salmon regions. The identified
regional groups were (1) stocks in the western Sea of Okhotsk (#1–5), represented by PC 2, (2) those in the middle
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Fig. 11. Correlations between Shannon’s diversity index for in-river pink salmon catch (Fig. 10) and average April–September sea surface
temperatures (SSTs, Fig. 8) for the principal component (PC) 1–5-related rivers shown in Table 1. The SSTs were selected from the closest
area among A1–A5 for each of the PC 1–5-related rivers.

lead to the hypothesis that warmer SST conditions in coastal
waters are linked to decreased survival rates if the findings of
Mueter et al. (2002) are considered; however, our results are
contrary to this hypothesis. The Sea of Okhotsk is the most
southern sea in the northern hemisphere covered with sea ice
during winter and early spring, and the waters off the Hokkaido Okhotsk coast are also covered annually with sea ice
during January–March (Aota 2002). However, the ice edge
in the eastern Bering Sea moves as far south as the Alaska
Peninsula in March during extreme years (Danielson et al.
2011). Such oceanographic differences between Asia and
North America may influence the response of southern pink
salmon stocks to coastal SSTs.
However, SSTs in June–July for the PC 3- and PC 4-related river stocks were negatively correlated with the PC scores
at the time of late coastal residency (Fig. 7), indicating that
higher SST conditions possibly decreased their survival. This
result contrasts with the above-mentioned result that warmer
SSTs are better for Japanese pink salmon survival than colder
SSTs at the beginning of ocean life (April–May). SSTs ex-

ceed 14°C when juvenile pink salmon leave coastal waters off
the Okhotsk coast of Hokkaido in July (Ando et al. 2005). As
average SSTs during July 1976–2014 were 11.7–14.0°C along
the Okhotsk coast, it is possible that high SST anomalies in
recent years have influenced offshore juvenile pink salmon
migration, which may have, in turn, affected juvenile survival.
One of the interesting results in our study was that SSTs
in the Sea of Okhotsk coast were positively or negatively correlated with some of the PC scores (Fig. 7) during the June–
September return spawning migration after the second year
in the ocean, which was more evident in the PC 1- and PC
3-related rivers. Migration of Pacific salmon during warm
water periods has been frequently linked to increased premature mortality (Heard 1991; Keefer et al. 2008; Taylor 2008;
Keefer et al. 2010; Macdonald et al. 2010; Hinch et al. 2012).
Although many studies have considered warm temperatures
during up-river migrations, as warmer oceanographic conditions affect maturity and salinity tolerance in homing salmon
(Saito et al. 2001), higher sea temperatures are expected to
negatively affect premature mortality. Jeffries et al. (2014)
290

Decline of Japanese pink salmon

NPAFC Bulletin No. 6

conducted laboratory experiments and concluded that water
temperatures ≥ 19°C may increase the risk of failed up-river
pink salmon spawning migration. The thermal limit for pink
salmon during the offshore migration phase is 2.8–17°C, with
a frequently observed range of 3–13°C during April–October
(Addul-Aziz et al. 2011). Average SSTs in August and September 1976–2014 were 15.1–17.4°C in the waters off the
Okhotsk coast and 15.6–16.3°C along the coast. SST anomalies have frequently been +1–2°C in A1–A5 during June–September since the 2000s (Fig. 8). This observation suggests
that adult pink salmon tend to experience higher SSTs more
frequently than before and during their spawning migration,
and that the SSTs are close to or above their upper thermal
limit. In fact, a recent study of archival tagged adult pink
salmon conducted in northern Hokkaido during August 2013–
2014 revealed that these fish experience average temperatures
of 18–20°C in coastal waters (Morita et al. 2015). Therefore,
as a possible explanation, the higher coastal temperatures
during the adult pink salmon spawning migration may have
increased the risk of premature mortality before arriving at
rivers in recent years.
However, higher SSTs during the spawning migration
caused an opposite response between the PC 1- and PC 3-related rivers (Fig. 7). The PC 1-related rivers (#10–14) were
located closer to the Shiretoko Peninsula, and the PC 3-related rivers (#5–9) were situated more northerly than the PC
1-related rivers (Fig. 2). Waters along the Okhotsk coast
around the Shiretoko Peninsula are deepest and become
shallower northward along the continental shelf. If the continental shelf margin is defined as a depth of 170–210 m,
the shelf extends eastward about 20 km offshore near the
Notori Peninsula, gets closer to the Shiretoko Peninsula, and
then almost disappears at the tip of the Shiretoko Peninsula
(Yamaji 1985). In contrast, the margin of the continental
shelf increases from the shoreline northward from the Notori
Peninsula. The width of the continental shelf is about 80
km at Monbetsu, near the Shokotsu River (#6), and it develops about 180 km from the Soya Peninsula (Yamaji 1985).
Vertical movements by Pacific salmon are often observed
during their homeward migration (e.g., Quinn 2005). Although several hypotheses have been proposed for these vertical movements, such as detecting a natal river and/or optimizing physiological processes in response to temperature
and salinity changes (Quinn 2005), Japanese chum salmon
seek water < 100 m to avoid warm surface water during the
early part of their homing migration (Ueno 1992; Tanaka et
al. 2000). Consequently, adult pink salmon near the Shiretoko Peninsula could use deep water as a thermal refuge to
avoid high SSTs during their spawning migration. If pink
salmon preferred cool deep waters near the Shiretoko Peninsula in years when coastal SSTs were high, they may have
concentrated in coastal waters near the Shiretoko Peninsula, thus increasing the probability of entering a PC 1-related
river around the peninsula, but decreasing the probability of
arriving at PC 3-related rivers because of “probing”, which
is a behavior used by fish when they enter a stream but sub-

sequently leave to spawn elsewhere (Tredinga et al. 2000).
We speculate that this scenario explains our result of the opposite response between PC 1- and PC 3-related rivers.
In other words, higher coastal SSTs could increase the
probability for adult pink salmon to be captured in non-natal
rivers, which may contribute, to some extent, to regional differences in in-river catch. Because fish weirs are generally
set in the lower reaches of rivers, just several hundred meters
or a few kilometers upstream from river mouths, we think that
adult pink salmon captured in non-natal rivers were included in our in-river catch data. According to Fujiwara (2011),
of the alizarin complexone (ALC)-marked pink salmon juveniles released from the Abashiri River (#9 in this study),
44.7–99.5% of the estimated ALC-marked fish returning to
rivers as adults were found in neighboring (non-natal) rivers, the Tokoro River (#8) and the Yanbetsu River (#11), in
2007–2009. It is difficult to think of the observed non-natal-river catch as a consequence of “straying” or “probing” in
Japan because pink salmon are generally captured near river
mouths. Apart from ascribing the non-river catch to straying
or probing, the study of Fujiwara (2011) indicated that in-river catch in non-natal rivers is likely to be substantial at least
at a local scale. However, there is no quantitative estimate
for the fish captured in non-natal rivers over our time-series
data. As far as the effect of non-natal-river catch on the present analyses is concerned, because the contribution of hatchery pink salmon to the total adult catch is generally thought
to be fairly low, with return rates estimated as 0.05–0.35%
in the above-mentioned study (Fujiwara 2011), the capture
of hatchery-origin pink salmon in non-natal rivers would
not substantially distort the quantitative parent-offspring
relationships in each river stock. Parent-offspring relationships were recognized for all 22 river stocks examined in this
study, which would have been hardly expected, if considerable non-river catch had frequently occurred.
High SST conditions during the homing migration appeared to influence not only premature mortality or non-natal-river catch but also up-river migration timing. The periods of in-river catch shortened in almost all 22 rivers during
the study period. The beginning and end of in-river catch
were later and earlier, respectively, during 1976–2014 in all
PC-related rivers, and peak in-river catch also advanced in
the PC 1-, PC 3-, and PC 4-related rivers (Fig. 9, Table 2).
As a result, the diversity index of in-river catch also showed
a decreasing trend in all PC-related rivers during 1976–2014
(Fig. 10). In addition, average April–September SSTs were
negatively correlated with the in-river catch diversity index
in the southern river stocks represented by PC 4, PC 5, and
PC 3 (Fig. 11), indicating that higher coastal SSTs during the
homing migration possibly reduced variation in the timing
of pink salmon migration.
There is increasing evidence that the timing of migration in salmonid species has trended earlier, probably owing
to environmental change, including global warming (e.g.,
Kovach et al. 2013 and references therein). This is thought
to occur because fish avoid migrating from salt water to
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fresh water at high temperatures and during low flows (Kovach et al. 2013). In the present study, peak in-river catch
advanced in some rivers, which seemed to support previous
findings. However, other factors should be considered to
explain the temporal change(s) in migration timing in the
case of Japanese pink salmon. As shown in Fig. 9, in-river
catch continued until October or even November during the
1970s–1980s but has finished earlier since the mid-1990s.
This change appeared to result, at least in part, from artificial selection of adult fish for hatchery production (HSH
1996). Early pink salmon migrants are preferred by hatcheries because release of their progeny is generally expected to be finished early in the release season (in April), so
hatchery rearing resources can shift to chum salmon juveniles, which have higher economic value than pink salmon. In fact, the coastal catch of pink salmon in September
even overlapped with that of chum salmon, which resulted
in decreased economic value for the former. In addition,
from the fisheries management perspective of the Hokkaido Government, chum salmon are mainly captured by
a licensed salmon set-net fishery, whereas pink salmon are
caught by a licensed smaller set-net fishery, in which other
coastal fish are also included as target species. The catch
seasons for chum and pink salmon tend not to overlap based
on the fisheries regulations of the two licenses. Thus, early
pink salmon migrants, which arrive in coastal waters before
chum salmon, are dominant. Early pink salmon migrants
have been selectively used for hatchery production to establish an early migrant stock, whereas late migrants are sold
for hatchery working capital. More concretely, surplus fish
continue to be captured from rivers once the annual number
of eggs to be collected has been reached by the hatcheries,
but are not used for artificial propagation. These operations
were carried out in all Hokkaido hatcheries during 1985–
1996, except 1990 and 1993 (HSH 1987–1997). According
to the annual reports mentioned above, the average catch
of surplus pink salmon was 293,000 fish annually during
1985–1996 (range, 0–1.16 million fish), with those fish
mainly captured from mid-September to November. This
average number of surplus fish (293,000) exceeded total
in-river catch for even-year lines in 2012 and 2014 (Fig. 1).
The percentage of surplus fish to in-river catch for hatchery
production ranged from 0 to 155%, and the percentage exceeded 70% in five of the 11 years from 1985–1996. Such
artificial selection for early migrants is thought to have had
an effect on altering the timing of Japanese pink salmon migration. Therefore, although it is possible that recent higher
SST conditions in waters off the Okhotsk coast have advanced the timing of the Japanese pink salmon migration,
as other studies have pointed out (e.g., Kovach et al. 2013),
artificial hatchery selection for early migrants for more than
a decade may also have played a significant role in altering
their migration timing.
One of the objectives of this study was to find possible causes for the recent decline in abundance in Japanese
pink salmon. Our results show that coastal SST conditions

changed in the 2000s compared with those in previous
years (Fig. 8); coastal SSTs tended to be cold (i.e., negative anomalies) when juvenile pink salmon entered the sea
(April–May), but SSTs increased abruptly owing to positive
anomalies during June–September. The higher SSTs in July
may have influenced offshore juvenile migration from Japanese coastal waters, with those during July–September in
recent years nearly equivalent to the upper thermal limit of
the species (≥ 19°C) at which the risk of premature mortality increases (Jeffries et al. 2014). Average April–September
SSTs in the A1–A5 coastal areas have been higher since
2010, and the brood years (i.e., 2009 brood year and thereafter) experiencing such higher SSTs have been linked to
the recent low abundance observed since 2011. The early
marine life of juvenile pink salmon when they just enter the
sea is believed to be a critical period when mass mortality
occurs (Parker 1968). As our results indicate that warmer
SST conditions during this early phase were associated with
better pink salmon survival (Fig. 7), recent low SST conditions during coastal residency possibly reduced juvenile
survival. Furthermore, low SST conditions, during the late
period of pink salmon coastal residency in June–July, have
increased abruptly in recent years. This observed increase
in SST suggests that the optimal window to maximize juvenile survival during coastal residency has narrowed in
recent years. In addition to reduced survival during their
early marine life, recent high SSTs during return spawning
migrations in July–September may have caused premature
mortality and/or a tendency to enter non-natal rivers or
catch, as mentioned above. We believe that increased mortality during these two phases have had a significant effect
on the recent Japanese pink salmon decline. As these high
SST effects on reduced survival seemed to be more evident
in the PC 4-related rivers, which are located in the most
southern area of our study location, the PC scores were
almost negative for more than a decade beginning in the
late 1990s (Fig. 6). Average coastal SSTs have been higher
since the late 1990s in A5 where juvenile pink salmon originate from the PC 4-related rivers during their coastal residency (Fig. 8). This was coincident with the period when
PC 4 scores were negative. Average coastal SSTs tended to
be higher in southern areas, such as A5 and A4, than those
in northern areas, such as A1 and A2, suggesting that the recent rise in coastal SSTs was more severe in southern areas
than that in northern areas along the Okhotsk coast (Fig. 8).
When relative abundance between year lines was examined in relation to coastal SSTs, we made an interesting
observation. During the mid-1990s and early 2000s (the
1994–2002 catch), even-year line Japanese pink salmon
were dominant (Fig. 1). In 1993 when the 1992 brood
year (the return year 1994) entered the sea, the coastal SST
anomalies showed negative values in all A1–A5 areas (Fig.
8). As the even-year line of pink salmon is better adapted
to cool conditions than the odd-year line (Beacham et al.
2012; Irvine et al. 2014), lower SST conditions in 1993 may
have played a role in producing a robust even-year line in
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Hokkaido. The 2003 catch (the 2001 brood year), however, was as abundant as the 2002 catch, with odd-year lines
becoming dominant after that (Fig. 1). In 2002 when the
2001 brood year entered the sea, the coastal SST anomalies
were positive during April–May in all A1–A5 areas (Fig.
8). Such an overall tendency of low or high SST anomalies
in coastal waters off the Okhotsk coast may contribute to a
reversible establishment in the dominance of the year line.
Lower SSTs in the A1 area during April–May, observed in
2005–2009 (Fig. 8), appeared, to some extent, to promote
a revival of even-year lines in river stock #1-3 (Fig. 3).
However, extremely higher SSTs in coastal waters off the
Okhotsk coast of Hokkaido during June–September in 2010
and thereafter (Fig. 8), which have never been observed before, were probably too severe for both year lines of Japanese pink salmon to maintain their quantitative abundance.
Morita et al. (2006) reported that autumnal rainfall in
the two previous years and mild winter conditions are significant factors for predicting Japanese pink salmon abundance. As these variables are related to reproduction of naturally spawning pink salmon and freezing at the spawning
grounds, those authors pointed out that natural spawning
success plays an important role regulating Japanese pink
salmon abundance. However, a similar model appeared to
overestimate the recent abundance of Japanese pink salmon
(e.g., Morita et al. 2015), suggesting that considering other
variables, such as ocean environmental conditions, may be
necessary to improve the predictions made in recent years
(Morita et al. 2015). Our results suggest that coastal SSTs
will become an important predictor in the future.
Previous studies as well as the present one drew the conclusion that Japanese pink salmon are mainly sustained by
natural spawning (Morita et al. 2006; Morita 2014; Ohnuki
et al. 2015). Based on the fact that there are fluctuating
adult returns of pink salmon between year lines, despite a
constant number of annual releases of the species (Fig. 1),
Japanese fishery scientists consider that the contribution
of natural spawning to adult returns is much higher than
of hatchery releases. However, Wertheimer et al. (2004)
reported that survival of hatchery-origin pink salmon was
highly correlated with wild pink salmon production in
Prince William Sound, Alaska. In addition, hatchery-produced pink salmon in Alaska have fluctuated remarkably
despite the fact that the release numbers have been almost
stable every year (Vercessi 2014). The case of Alaskan
pink salmon suggests that the actual contribution of natural spawning to adult returns of Japanese pink salmon may
not be assessed correctly because quantitative estimates of
natural spawners are not conducted. There is evidence that
natural spawning is widespread every year even in rivers
where fish weirs are installed near river mouths (Iida et al.
2014), but, to evaluate the relative contribution of hatchery
and wild pink salmon to the population dynamics of Japanese pink salmon, quantitative estimates of escapement will
be necessary for improving the management of this species
in future.

The recent Japanese pink salmon decline is probably
related to higher coastal SSTs. Higher SSTs in summer to
fall following lower SSTs in spring could reduce juvenile
salmon survival during their coastal residency and increase
premature mortality or in-river catch in non-natal rivers
of adult fish. The higher SSTs could also reduce the variation in migration timing, even though artificial selection
by hatcheries, which has continued for more than a decade,
may have contributed to the observed changes. As the timing of salmon migration has a high heritability value (e.g.,
Carlson and Seamons 2008), earlier migration timing may
have resulted in earlier natural spawning, and, consequently,
led to earlier juvenile out-migration the following spring. If
this scenario is true for Japanese pink salmon, earlier pink
salmon migrants may have suffered from lower SST conditions during coastal residency as juveniles and higher SSTs
during their adult homing migration in recent years. Therefore, reduced variation in migration timing and the increase
in the number of early Japanese pink salmon migrants both
probably decreased resilience against environmental severity. If the late migrants that were observed previously existed
now, the decline in abundance may have been less severe.
The first priority to enhance the production of Japanese pink
salmon is to promote natural spawning in rivers. Because
a large proportion of the catch is conducted by coastal fisheries (Fig. 1), reducing fishing efforts in coastal waters is
probably necessary to increase up-river migration. In addition, escapement estimates are necessary to evaluate the
actual contribution of hatchery and wild pink salmon to the
population dynamics of Japanese pink salmon.
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Appendix Fig. 1. Number of fishery management entities that conducted small set-net fishery in coastal waters off the Okhotsk coast of
Hokkaido (regions managed by from the Soya general subprefectural bureau to Nemuro general subprefectural bureau). Pink salmon are
mainly captured with small set-nets in Hokkaido when adult fish approach coastal waters. Data source: Statistical Yearbook of Ministry of
Agriculture, Forestry and Fisheries (Hokkaido): fishery, 1976–2006, the 2008 census of fisheries, and the 2013 census of fisheries. Data are
not available after 2007 because the information was excluded from the Statistical Yearbook, therefore, data from the census of fisheries,
which is conducted once every five years, were used instead.
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Abstract: Pink salmon abundance has increased over the past four decades for much of the Sakhalin-Kuril
region. Other than in the southern Kuril islands (Iturup and Kunashir), pink salmon returning in odd-numbered
years were usually more numerous than genetically isolated even-year pink salmon; differences between
these brood lines generally intensified in recent years. For three areas where we have the most confidence
in our estimates (southeastern Sakhalin, Aniva Bay, and Iturup Island), marine survival indices and numbers
of returning adults for both the odd-year and even-year lines increased. Downstream migrating fry numbers
increased in Aniva Bay, but not in southeastern Sakhalin or Iturup Island, implying that increasing adult returns,
at least to the latter two areas, were the result of improved marine conditions. Changing marine conditions
were also important for pink salmon returning to Aniva Bay as evidenced by higher marine survival. Paired
comparisons of data from the three areas found that the range of correlation coefficients for pink salmon returns
and indices of marine survival were wider than correlations for adult size. This is consistent with what one would
expect if early marine conditions in coastal areas were primarily responsible for discrepancies among stocks
in terms of abundance and survival, while final fish size was chiefly the result of conditions later when salmon
were farther offshore. This study demonstrates the importance of long time series of abundance data at the fry
(smolt) and adult life-history stages, which enable the partitioning of survival patterns between freshwater and
marine environments. Further work is necessary to understand reasons for declining returns for some groups
during the last several years.
Keywords: pink salmon, Russia, Sakhalin-Kuril, population dynamics, abundance, body size, growth, survival

INTRODUCTION

ural marine mortality. Therefore, when analyzing data on
the status of different salmon stocks, indices of abundance
and survival reflect habitat conditions. In this respect, pink
salmon, O. gorbuscha, which are distinguished from other
species of Pacific salmon by their rapid growth, short life,
and greater variability in abundance, attract special attention
as possible indicators of ecological processes (Beamish et al.
1999; Irvine and Riddell 2007). The Sakhalin-Kuril region
(Fig. 1) is a fruitful area to study because more than half of
the catches of pink salmon in the Far East of Russia are from
there, and reasonable time series estimates of fry and adult
abundance exist.
In this paper we report on relatively long-term variations in pink salmon abundance from various areas within
the Sakhalin-Kuril region, their trends in survival and body
size, and offer possible mechanistic explanations for the patterns we find.

Pacific salmon (Oncorhynchus spp.) are a unique group
of fish. On the one hand, they occupy and mix in huge areas
of the North Pacific Ocean where ecological conditions and
processes largely determine their growth and survival. On
the other hand, salmon home to spawn in their natal river
and lake systems, providing researchers the opportunity to
estimate salmon numbers during their juvenile downstream
and adult upstream migrations, in theory allowing the partitioning of mortality estimates into freshwater and marine.
In addition, Pacific salmon are semelparous (i.e., they die
after spawning), enabling researchers to analyze growth and
survival of individual generations.
In the Russian Far East, monitoring data from salmon
fisheries in the coastal waters and estuaries of large rivers
enables the estimation of relatively precise estimates of natAll correspondence should be addressed to A. Kaev.
e-mail: kaev@outlook.com
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Fig. 1. Location of six pink salmon fishing areas around Sakhalin and various stock monitoring sites (triangles) for Sakhalin and the southern
Kuril islands (Iturup and Kunashir). The proportion of total pink salmon spawning grounds monitored for each of the six Sakhalin areas and
the two Kuril islands are indicated by the dark segments of pie charts; active and inactive monitoring sites for outmigrating pink salmon fry are
indicated by dark and light triangles, respectively.

MATERIALS AND METHODS

Returning adult pink salmon were sampled from commercial trap-net fisheries and large research beach seine river surveys. Samples usually consisted of 100 randomly selected individuals for sex, standard body length, and weight;
individual fecundity was measured for 25–30 females from
each sample (Kaev et al. 2007).
Numbers of downstream migrating wild fry were estimated using stationary traps operated at various locations in
the monitored rivers (Volovik 1967; Kaev 2010). Numbers
of hatchery fry released were obtained from statistical reports on fry releases from salmon hatcheries prepared by the
staff of the Sakhalin Basin Department on Reproduction of
Water Biological Resources (Sakhalinrybvod).
Marine survival was indexed by dividing run size for
each area (multiplied by 100) by the number of juvenile
hatchery and wild salmon estimated to leave each river in
the area. Because coastal pink salmon catches sometimes
include non-local stocks of pink salmon, these are survival indices rather than absolute survival estimates. The
assumption that catches reflect local stocks is particularly
problematic along the western side of Sakhalin. Although
an early report of high straying rates of fin-clipped hatchery
pink salmon (Rukhlov and Lyubaeva 1980) was not verified
by more recent studies (Kaev and Chupakhin 2003; Kaev
and Antonov 2005; Stekol’schikova and Akinicheva 2013),
Ivanova (2000) documented that local salmon populations
frequently mix with salmon returning to the mainland. As-

Run sizes (catch plus escapement) were estimated for
6 areas around Sakhalin Island as well as the Iturup and
Kunashir areas from the southern Kuril islands (Fig. 1). Fiveday catch estimates (metric tonnes, t) were compiled, based
on the mean weight of fish sampled in commercial fisheries
(Kaev and Klovach 2014). The total number of adults returning was the sum of individuals caught during commercial fishing and at fish weirs, plus those that escaped fisheries
to spawn. Estimated numbers of river spawners were based
on visual foot survey estimates, generally during periods of
maximum pink salmon abundance. To determine the total
number of fish in all rivers, we first estimated the total area
used for spawning in each river, and then categorized rivers
into three groups based on the level of escapement monitoring. The first group contained regularly inspected rivers, the
second group contained rivers inspected occasionally, and the
third group contained unmonitored rivers. Estimates of visual
survey-based spawner density were assumed to be accurate
and precise in the first, well monitored group of rivers. For
occasionally inspected rivers, measured spawner densities
were adjusted as appropriate when surveys did not correspond
to peak spawning periods. Finally, unmonitored rivers were
assumed to have the same spawning habitat-specific densities
as the average of the previous groups (Kaev et al. 2004, 2006;
Kaev and Geraschenko 2008; Romasenko 2012).
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with a much longer time series, Irvine et al. (2014) noted
an increase in the proportion of odd-year Asian pink salmon
over time. Nagata et al. (2007) documented shifts in relative
abundance in odd- and even-year pink salmon from the coast
of Hokkaido in the Sea of Okhotsk. Nagata et al. found that
odd-year returning salmon survived better than even-year
fish when coastal sea surface temperatures were warm.
Recent hatchery releases do not appear to be translating
into higher catches. For instance, although catches generally increased during the period of record (positive slopes in
Fig. 2), the two regions with recent large increases of oddyear pink salmon (northeastern Sakhalin and Terpeniya Bay)
were also regions with relatively few outmigrating hatchery fry (< 0.5% and ~12% of total outmigrating fry during
2001–2014, respectively; A. Kaev, unpublished data). In
contrast, there were recent rapid declines in odd-year catches in southeastern Sakhalin, and odd- and even-year catches near Iturup Island and Aniva Bay, areas with relatively
abundant hatchery-origin outmigrating fry (~29%, ~39%,
and ~38%, respectively; A. Kaev, unpublished data). Pink
salmon are not cultured on Kunashir Island.
Unfortunately there is considerable uncertainty with our
time series for some areas, particularly northwestern Sakhalin, in part due to stock mixing as described earlier, but also
because of inadequate monitoring. The mean proportion of
rivers within each area actively monitored is indicated in Fig.
1 by the dark segments of the pie charts, while light and dark
triangles indicate recently closed and currently operating fry
monitoring research stations, respectively. Historically the

suming that stock compositions in the catch do not vary
significantly through time at a location, survival time series
indices should be comparable through time at individual locations.
Data were analyzed using EXCEL and standard statistical methods (Plokhinsky 1970). Overall trends (means of
odd- and even-year data pairs) were analyzed and, because
even- and odd-year returning pink salmon are genetically
isolated (Waples et al. 2008), trends were also analyzed separately for even- and odd-year brood lines.
RESULTS AND DISCUSSION
The Sakhalin-Kuril region possesses a large pink salmon
stock. In 2001–2014, annual pink catches on Sakhalin and
the southern Kuril islands varied from 46,242 to 255,644 t,
averaging 123,261 t. However, these catches were unevenly
distributed within the region. Highest average catches were
reported from southeastern Sakhalin (average 33,833 t) and
Iturup Island (25,005 t). Catches in Terpeniya (22,140 t)
and Aniva (21,274 t) bays were similar. Decreasing average
catches were reported (in order) from northeastern Sakhalin
(15,935 t), northwestern Sakhalin coast (2,055 t), Kunashir
Island (2,053 t), and southwestern Sakhalin coast (948 t).
Aside from the southern Kuril islands (Iturup and
Kunashir), pink salmon returning in odd years were more
numerous than in even years with differences between brood
lines tending to increase in recent years (Fig. 2). Working
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Fig. 2. Annual estimates of pink salmon catches in the four main Sakhalin fishing areas plus Iturup and Kunashir islands during odd- and
even-numbered return years. Straight lines show linear regressions and jagged lines show annual estimates.
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Fig. 3. Annual estimates of pink salmon fry abundance (millions of fry), indices of marine survival (percentage), and adult return numbers
(millions of fish) for Iturup Island, southeastern Sakhalin, and Aniva Bay during odd- and even-numbered years. Straight lines show linear
regressions and jagged lines show annual estimates.
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density of juvenile counting stations in northern areas was
less than in southern areas (except for Kunashir Island), and
because of recent closures, this discrepancy has increased.
We lost the station on southeastern Sakhalin (site 4b, Bakhura River), but began to count fry migrants in the adjacent
Voznesenka River. After taking into account “blind-spots”
and variations in time series of observations, the monitoring
data allowed us to evaluate detailed changes in pink salmon abundance for three areas: southeastern Sakhalin, Aniva
Bay, and Iturup Island (Appendix Table 1).
Marine survival and number of returning adults for both
the odd- and even-year lines increased over the time series
in southeastern Sakhalin, Aniva Bay, and Iturup Island (Fig.
3, positive slopes). Downstream migrating fry numbers increased for Aniva Bay, but not for southeastern Sakhalin or
Iturup Island, implying that increasing adult returns, at least
to the latter two areas, were the result of improved marine
conditions. Changing marine conditions were also a major
factor in Aniva Bay as evidenced by higher marine survival. Escalating fry numbers leaving Aniva Bay rivers were
primarily a consequence of increased releases of hatchery
juveniles to this area beginning in the 1990s (Kaev 2012).
Adult pink salmon abundance appears therefore to be
primarily determined by survival in the sea rather than by the
number of fry migrating downstream, but at what life-history
stage, and where in the ocean? An indication of the role of
early vs. later marine conditions was obtained by comparing
trends in pink salmon abundance, marine survival, and body
length from the three areas (Fig. 4). These populations enter
locally distinct marine ecosystems but presumably share a
common marine environment later in their lives. The coastal
zone of southeastern Sakhalin is strongly influenced by the
cold Eastern Sakhalin Current; Aniva Bay’s hydrological regime is shaped by the cyclonic circulation that results from
the interaction of the cold Eastern Sakhalin Current and a
branch of the warm Tsushima Current. Coastal conditions
near Iturup Island are determined primarily by the interaction of several currents that form a local frontal zone with
high productivity (Kaev et al. 2007; Naletova et al. 1997).
Therefore, if the early marine ecosystem is important in determining fish size and/or abundance, one might expect differences among these locations in these traits. Later in life,
because pink salmon from the three areas occupy common
marine habitats, one would expect fish from the three areas to be similarly affected (e.g., Myers et al. 1996). Paired
comparisons of data from three areas (southeastern Sakhalin
compared with Aniva Bay, southeastern Sakhalin compared
with Iturup Island, and Aniva Bay compared with Iturup Island) found that the range of correlation coefficients for pink
salmon adult returns (0.23–0.86) and the index of marine
survival (0.33–0.96) was wider than for adult fork length
(0.61–0.87, Table 1). This is consistent with what one would
expect if early marine conditions in coastal areas were primarily responsible for discrepancies among stocks in terms
of abundance and survival, and final fish size was chiefly the
result of conditions later in the lives of these salmon, when

they were located farther offshore. While this interpretation
seems reasonable, it may be spurious because the variability in correlations for abundance and survival were driven
primarily by the final sequence of data points gathered for
southeastern Sakhalin (i.e., 2006–2014, Fig. 4).
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Fig. 4. Annual estimates of adult returns (millions of fish), indices
of marine survival (percentage), and fork lengths (cm) for pink
salmon from southeastern Sakhalin (SE Sakh), Aniva Bay, and
Iturup Island.
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CONCLUSIONS

Table 1. Correlations (r) between southeastern Sakhalin (SE Sakh)
and Aniva Bay, southeastern Sahkalin and Iturup Island, and Aniva
Bay and Iturup Island pink salmon for estimates of adult returns,
marine survival indices, and body sizes (fork length).
Adult
returns

Marine
survival
index

Body size

SE Sakh-Aniva

0.56

0.50

0.87

SE Sakh-Iturup

0.23

0.33

0.61

Aniva-Iturup

0.86

0.96

0.80

Region

For pink salmon in the Sakhalin-Kuril region of Russia, widespread increases in abundance do not appear to be
the result of increasing fry numbers but rather the result
of factors operating in the ocean, probably during the early marine period. In contrast, generally increasing adult
sizes appear to be a consequence of conditions later in the
lives of pink salmon when they were farther offshore. Continued monitoring of salmon abundances, their important
biological traits and physical conditions will allow us to
better understand the mechanisms responsible for variable
survival patterns of salmon in the Sakhalin-Kuril region
and elsewhere.

Temporal patterns in fry and adult abundance and marine survival indices were not linear. Pink salmon abundance and survival appeared to increase primarily in the
late 1980s and the beginning of the 21st century, particularly in southeastern Sakhalin and Aniva Bay, and decrease in
the last several years in all three areas (Fig. 3). In general, the boundaries of these periods corresponded approximately to climatic regime shifts described elsewhere (e.g.,
Beamish et al. 1999; Irvine and Fukuwaka 2011; Kotenev
et al. 2010).
There is little consensus whether or not there are density-dependent effects on marine growth patterns for pink
salmon. We found that increased pink salmon abundances
were generally accompanied by increases in adult body sizes (Fig. 4). Correlations between smoothed trends for adult
abundance and size were significant and positive for Aniva
Bay (r = 0.73, n = 38, p < 0.001) and southeastern Sakhalin
(r = 0.79, n = 37, p < 0.001) but not Iturup Island (r = -0.04,
n = 46, p > 0.05) pink salmon. For Iturup Island, which had
the longest time series, the correlation (or lack thereof) was
influenced by a major decrease in fish size at the beginning
of the time series coincident with an increase in abundance
(Fig. 4). Yefanov and Chupakhin (1982), Gritsenko et al.
(1983), Welch and Morris (1994), and Bigler et al. (1996)
provide evidence of density-dependent effects on salmon sizes while Gavrilov and Pushkareva (1996), Temnykh
(1999), Nagasawa (2000), Temnykh et al. (2002), and Kaev
et al. (2007) provide the opposite perspective.
This study illustrates the importance of long-term monitoring programs and time series estimates at more than one
life-history stage for salmon abundance and size. Without
these, it is not possible to adequately understand where
and when significant mortalities occur. Future research is
needed to investigate (1) the role of various physical characteristics (fresh water and marine) on salmon growth and
survival; (2) why recent trends in marine survival and adult
return for pink salmon from southeastern Sakhalin appear
to have diverged from those of salmon from Aniva Bay and
Iturup Island, and (3) whether apparent shifts in the relative
abundance of different return timing components of salmon runs (A. Kaev, unpublished data) are useful predictors
of changes in stock status currently being experienced for
some stocks.
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Appendix Table 1. Annual estimates (in thousands) for southeastern Sakhalin, Aniva Bay, and Iturup Island of numbers of adult pink salmon
entering rivers (escapement) by brood year, numbers of wild and released hatchery fry leaving in brood year + 1, and total returns (catch plus
escapement) in brood year + 2. Catch is the difference between total returns and escapement (e.g., for southeastern Sakhalin, the estimated
catch of pink salmon in 1972 was 2,872,000–2,388,000 = 484,000). Dash indicates that estimates are not available.
Spawning

Number of fry

Brood year Escapement

Wild

Hatchery
29,500

Spawning

Total adult
return

Number of fry

Brood year Escapement

Wild

Hatchery

Total adult
return

Southeastern Sakhalin
1970

389

41,555

2,872

1971

5,680

56,754

79,600

13,066

1972

2,388

101,612

66,800

9,984

1973

3,827

1974

4,461

49,277

164,586

14,388

1975

6,317

169,382

139,566

20,719

142,729

178,870

1976

5,830

251,130

168,600

9,902

1977

5,709

35,156

152,449

25,458
7,635

1978

3,357

260,009

195,395

23,616

1979

3,355

323,828

181,700

10,357

1980

6,773

48,541

259,400

2,016

1981

6,792

1,229,814

222,700

15,335

1982

945

36,863

117,700

2,430

1983

5,815

180,764

233,400

17,455

1984

2,039

67,994

55,420

1,438

1985

6,503

617,717

175,800

15,407

1986

888

78,091

26,500

3,363

1987

2,608

546,164

135,500

43,365

1988

2,429

176,455

50,000

12,020

1989

8,085

369,939

161,008

42,408

1990

6,028

102,957

78,900

13,526

1991

5,963

161,213

133,431

10,164

1992

3,754

550,159

96,651

38,590

1993

2,533

299,980

107,629

20,293

1994

10,597

92,569

69,505

8,966

1995

4,456

135,123

103,432

27,767

1996

3,658

362,342

102,200

18,032

1997

5,144

375,352

100,829

34,543

1998

3,299

176,324

74,034

5,676

1999

4,903

257,558

112,037

25,183

2000

2,747

77,242

69,878

3,537

2001

3,082

450,789

107,824

25,789

2002

1,565

85,222

26,675

6,098

2003

2,837

346,014

60,424

31,098
26,146

2004

902

61,481

46,415

19,445

2005

2,241

316,956

83,715

2006

2,222

395,696

60,379

19,148

2007

2,177

533,829

106,703

66,111

2008

1,920

117,863

70,881

24,523

2009

2,334

425,909

117,495

56,501

2010

2,407

227,473

74,749

26,504

2011

2,591

56,759

66,140

18,542

2012

3,035

140,073

86,366

31,683

2013

2,390

215,941

87,053

—

1974

—

—

—

1975

3,126

71,718

53,760

7,059

1976

1,741

99,288

51,500

2,241

1977

1,346

47,793

35,684

1,110

1978

915

111,566

63,607

3,033

1979

330

67,932

42,700

3,522

1980

758

67,804

50,000

1,025

1981

1,787

223,301

17,700

4,220

Aniva Bay
—

1982

533

44,183

21,300

1,227

1983

1,499

157,081

52,800

8,042

1984

1,051

25,731

30,200

448

1985

2,434

239,026

53,400

9,351

1986

433

32,422

37,400

550

1987

1,958

169,960

40,600

12,737
31,729

1988

485

66,361

33,900

2,136

1989

5,595

369,092

50,130

1990

1,624

93,599

60,520

6,148

1991

6,333

242,009

80,731

3,474

1992

2,708

209,130

59,419

16,095

1993

1,230

268,040

51,366

19,408
15,832

1994

6,926

93,548

56,335

8,522

1995

5,500

465,665

100,950

1996

5,078

486,150

99,427

7,311

1997

3,398

152,606

96,240

16,956

1998

2,851

30,540

72,400

3,510

1999

4,254

364,021

86,604

34,447

2000

2,272

74,070

80,428

3,590

2001

4,606

153,803

95,298

20,557

2002

2,864

135,456

71,268

4,882

2003

2,538

206,552

71,400

30,054

2004

2,196

136,057

83,200

47,425

2005

3,092

139,274

88,535

16,056
42,098

2006

3,276

286,163

96,558

13,556

2007

2,349

458,029

100,130

2008

1,872

132,217

101,662

10,021

2009

3,991

150,958

95,829

7,253

2010

2,815

135,603

82,104

10,206

2011

824

27,405

55,877

2,434

2012

2,732

302,272

80,931

13,947

2013

957

85,258

89,423

—
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Appendix Table 1. Continued.
Spawning

Number of fry

Brood year Escapement
Iturup Island

Wild

1966

—

—

1968

845

123,000

1970

870

1972

920

Spawning

Total adult
return
Hatchery
—

Number of fry

Brood year Escapement

Wild

Hatchery

Total adult
return

—

1967

970

167,000

98,000

9,604

83,000

5,862

1969

1,470

223,000

107,000

10,312

151,000

81,000

10,482

1971

1,318

219,000

115,000

12,029

205,000

101,000

10,294

1973

1,157

323,000

117,000

13,881

1974

1,011

360,000

134,000

16,066

1975

1,990

161,000

160,000

14,566

1976

1,877

217,000

198,000

13,511

1977

1,363

112,000

149,000

13,580

1978

1,223

204,000

198,000

17,441

1979

1,072

142,000

166,000

11,776

1980

1,898

122,000

215,000

9,332

1981

1,800

176,000

184,000

15,953

1982

1,322

66,000

207,000

6,380

1983

1,542

226,000

205,000

32,103

1984

1,102

176,000

155,000

11,612

1985

2,100

178,000

194,000

20,442

1986

1,131

116,000

169,000

10,370

1987

1,837

205,000

183,000

13,204

1988

1,332

162,000

170,000

15,350

1989

1,448

243,000

172,000

25,377

1990

1,718

194,000

165,000

15,440

1991

2,010

187,000

150,000

6,010

1992

1,880

223,000

107,000

25,330

1993

1,048

326,400

65,000

17,540

1994

2,467

230,000

112,000

20,710

1995

1,531

281,000

62,000

17,220

1996

1,266

319,000

76,000

21,505

1997

1,288

195,000

75,000

11,240

1998

1,298

302,000

66,000

26,416

1999

1,175

337,000

89,000

15,858

2000

1,610

230,000

99,000

24,060

2001

1,320

245,000

111,000

13,591

2002

1,523

460,200

106,000

22,658

2003

1,068

147,000

111,729

25,143

2004

1,768

203,370

126,150

33,093

2005

1,498

184,200

112,539

28,922

2006

1,493

207,968

134,475

22,035

2007

1,367

174,780

130,962

16,023

2008

1,325

198,804

124,346

20,664

2009

1,405

110,576

114,201

5,165

2010

1,430

189,894

131,056

19,585

2011

1,235

129,254

89,501

13,292

2012

1,323

297,974

129,374

3,917

2013

1,351

93,904

127,322

—
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Changing Growth and Maturity in Western Alaskan Chinook Salmon,
Oncorhynchus tshawytscha, Brood Years 1975–2005
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McPhee, M.V., J.M. Leon, L.I. Wilson, J.E. Siegel, and B.A. Agler. 2016. Changing growth and maturity in western
Alaskan Chinook salmon, Oncorhynchus tshawytscha, brood years 1975–2005. N. Pac. Anadr. Fish Comm.
Bull. 6: 307–327. doi:10.23849/npafcb6/307.327.
Abstract: Recent poor returns of Chinook salmon to the Yukon-Kuskokwim delta area of western Alaska have
coincided with a trend toward decreasing size and age of adults. However, the degree to which changing size
is caused by size-selective harvest or variation in growing conditions is unknown. In this study, we investigated
changing growth and maturity in the females of two populations of western Alaskan Chinook salmon, the Andreafsky
River (Yukon River drainage) and the Kogrukluk River (Kuskokwim River drainage) using scales collected over 31
brood years (1975–2005). The second year of marine growth (SW2) best predicted maturity in female Chinook
salmon, with individuals showing greater SW2 growth more likely to mature earlier. Annual variation in average
SW2 growth was associated with the Western Pacific Index, consistent with the western distribution of these
Chinook salmon stocks during their second year of marine life; however, over half of the variation in mean SW2
growth was left unexplained by our environmental models. Temporal trends were the strongest for freshwater
growth. We hypothesize that this may be partly explained by declining size of adult female salmon through
negative effects on egg size and size of emergent fry.
Keywords: body size, Kuskokwim River, maturity, scales, Yukon River

INTRODUCTION

et al. 1996; Johnson and Friesen 2013), including those
from western Alaska (Kendall and Quinn 2011; O’Neill
2012; Lewis et al. 2015). Declines in average body size
may reduce future productivity of Chinook salmon because
reduction in size of female Chinook salmon could lead to
reduced fecundity (Healey and Heard 1984) and shallower
nests less resistant to scour (Montgomery et al. 1999). A
reduction in mean size of adults could be in response to
size-selective fishing (Bromaghin et al. 2011). Alternatively, it is possible that declining size is largely a plastic response to changing growth conditions (Thorpe 2007; Hard
et al. 2008; Kuparinen et al. 2009). Decreasing size could
be attributed to declining growth (i.e., smaller size at age)
or an increasing proportion of fish maturing at an earlier age
(Kendall and Quinn 2011; Lewis et al. 2015). Generally,
faster growing fish tend to mature earlier, which is consistent with an evolved response to the trade-off incurred by
postponing maturation, leading to increased fecundity but
higher risk of mortality prior to reproduction (Stearns 1983;
Morita et al. 2005). This results in the counterintuitive situation where better conditions for growth yield younger, and
therefore smaller, adult salmon.

Chinook salmon Oncorhynchus tshawytscha is one of
the most important species to the people of western Alaska,
due to its value in the region’s subsistence and commercial
fisheries. The majority of Alaska’s subsistence harvest of
Chinook salmon takes place in the Yukon-Kuskokwim (YK) delta region (Fall et al. 2012), and for more than half a
century the Yukon River has supported commercial harvests
that provided income in the mixed subsistence/cash economy of the region (Buklis 1999). In the past two decades,
declining Chinook salmon returns to western Alaska have
prompted multiple federal disaster declarations (Myers et al.
2008) and restrictions on commercial and subsistence harvests (AYKSSI 2008). Thus, there is keen interest in better
understanding the factors that regulate Chinook salmon populations in western Alaska and identifying the processes that
support resilience in these populations (Krueger and Zimmerman 2009).
Decreasing average size from as early as the 1920s
has been observed in Chinook salmon populations along
the western coast of North America (Ricker 1981; Bigler
All correspondence should be addressed to M. McPhee.
e-mail: mvmcphee@alaska.edu
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Understanding the role of environmental variation in the
changing size of Chinook salmon requires knowing where
Chinook salmon spend different phases of their life cycle.
Populations of Chinook salmon from western Alaska typically spend one year rearing in fresh water prior to emigrating to the ocean, although some individuals with two years
of freshwater growth have been observed (DuBois and Liller 2010), and some individuals appear to emigrate without
having completed a year of growth in fresh water (Murphy
et al. 2013). Studies of marine distribution of Chinook salmon, based on high-seas tags, coded-wire tags, scale pattern
analysis, and genetic stock identification, have established
that western Alaskan populations rear mainly within the
Bering Sea (Myers et al. 2001; Farley et al. 2005; Murphy
et al. 2009). In the first summer of marine life, stock-specific differences in distribution of western Alaskan Chinook
salmon in the eastern Bering Sea are apparent (Murphy et
al. 2009). Immature Chinook salmon from western Alaska use the western Bering Sea as an important summer/fall
foraging area (Bugaev and Myers 2009) and are thought to
spend winters in the southeast Bering Sea (Myers et al. 2001,
2007).
Despite advances in characterizing the marine distribution of western Alaska Chinook salmon, understanding the mechanisms underlying variation in growth and
demography remains elusive. Myers et al. (2010) found
that the marine growth of Chinook salmon in the Bering
Sea was greater in years with warmer sea-surface temperatures. Further south, regional indices of climate and
oceanographic variation related to nutrient production and
transport have been linked to the growth of Chinook salmon from California to Southeast Alaska (Wells et al. 2008),
suggesting that better characterization of the environmental conditions underlying feeding conditions of Chinook
salmon in the Bering Sea will facilitate understanding of
how the size distribution of western Alaska Chinook salmon may change in the future.
Archived fish scale collections provide a rich source
of information regarding temporal patterns in growth and
maturity of salmon for retrospective analyses (e.g., Ruggerone et al. 2007; 2009a, b). Fish scales are collected by
the Alaska Department of Fish & Game (ADF&G) to estimate the age structure for reconstruction of brood tables
and estimation of stock productivity (e.g., Bue et al. 2012).
However, these scales also provide information about how
much growth was attained during each year of a salmon’s
life (Bilton 1975; Fisher and Pearcy 1990). For this study,
we analyzed two of the longest-running Chinook salmon
scale collections from western Alaska. Our overall goal
was to further dissect the documented decline in size of
Chinook salmon from western Alaska in order to characterize relationships among climatic and oceanographic characteristics of the Bering Sea region, yearly freshwater and
marine growth, and maturity. We chose to focus on female
Chinook salmon, given that fitness is expected to increase
linearly with size for females, whereas the relationship be-

tween fitness and size for males is thought to be bimodal
(reviewed in Quinn 2005).
Our first objective was to characterize temporal trends
in freshwater and marine growth, as measured by the size
(distance between annuli along a pre-defined axis) of each
annual growth zone on the fish scale (Appendix Fig. 1). Our
second objective was to quantify correlations among annual growth zones, based upon a previous study (Ruggerone
et al. 2009a) that found positive correlations between adjacent annual growth zones (e.g., first and second years of
marine growth) when analyzed within single brood years.
Our third objective was to determine which annual growth
zone best predicted age at maturity. Our final objective was
to analyze relationships between a suite of climatic, atmospheric, and oceanographic variables and the average size
of annual growth zones.
METHODS
Study Area
We analyzed fish scales in two populations of Chinook
salmon from western Alaska: the Andreafsky River, a tributary of the Yukon River, and the Kogrukluk River, a tributary
of the Kuskokwim River. Both tributaries support spawning
populations of Chinook salmon, have long-term escapement
projects (weirs) in place, and have available long-term fish
scale archives. The Andreafsky River is located ~167 km
upstream of the mouth of the Yukon River, and the Kogrukluk River is located ~724 km upstream of the mouth of the
Kuskokwim River (Fig. 1).

Fig. 1. Map showing location of the two study systems from which
scale samples were obtained: Andreafsky River (Yukon River
drainage) and Kogrukluk River (Kuskokwim River drainage). Inset
shows position of the Yukon-Kuskokwim region within Alaska, USA.
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Biological Sampling

scales (N = 137 from the Andreafsky River and N = 134
from the Kogrukluk River). Measurements from the second reader were not significantly different from the original
measurements when considered over the entire fish scale (all
growth zones; MANOVA, p > 0.6) or for each growth zone
considered separately (p > 0.05).
Annual growth zone measurements were defined following the notation of Ruggerone et al. (2007), where FW1
indicates the width of the fish scale corresponding with the
first year of freshwater growth, SW1 indicates the width of
the scale corresponding with the first year of marine growth,
SW2 is the width of the scale corresponding with the second
year of marine growth, and so on (see Appendix Fig. 1).

Operation of the weirs and sampling of adult Chinook
salmon were described by Maschmann (2011) for the Andreafsky River and by Williams and Shelden (2011) for the
Kogrukluk River. Chinook salmon were collected in the
Andreafsky River by funneling fish into a live trap placed on
one side of the river. Kogrukluk River Chinook salmon were
caught individually as they passed through the weir. In both
cases, attempts were made to randomly sample within age
classes while achieving adequate sample sizes for each age
class.
Chinook salmon were sampled for age, sex, and length
composition. Sex was determined visually by secondary
sexual characteristics, focusing on prominence of the snout
(in males), and roundness of the belly and extension of the
genital opening (in females). Length was measured from the
middle of the eye to the fork of the caudal fin, to the nearest
5 mm for the Andreafsky River (Maschmann 2011) and the
nearest 1 mm in the Kogrukluk River (Williams and Shelden
2011). Three scales per individual were collected from the
preferred area, which is located on the left side of the body,
on a diagonal line from the posterior region of the base of the
dorsal fin to the posterior region of the anal fin, and two rows
above the lateral line (Hagen et al. 2001). Fish scales were
placed on gum cards and maintained in archives with ADF&G. Acetate impressions were made in order to work with
fish scales without risking damage to the original samples.

Environmental Variables
Thirty-seven physical environmental variables (including climatic, oceanographic, and atmospheric indices) from
the Bering Sea region are housed in the Bering Sea Climate
database, maintained by NOAA (www.beringclimate.noaa.
gov/data/index.php). We downloaded the data corresponding with the years of growth (1976–2011) for the brood
years in our time series on 8 May 2015. We also examined
the North Pacific Gyre Oscillation (NPGO; Di Lorenzo et
al. 2008), which was downloaded from www.o3d.org/npgo/
on 29 May 2015. We created two seasonal indices for the
NPGO: winter (average of the monthly NPGO values from
December through February, indexed to the calendar year
for January) and summer (average of the monthly NPGO
values from June through August). We also used an index
of zooplankton biomass from the eastern Bering Sea for
applicable growth years 1977 and 1979–1997 (data were
not collected in 1978 and the time series ended in 1997).
This zooplankton index, part of the Unaami data collection
(Overland et al. 2004), represents normalized mean biomass
of zooplankton collected in the eastern Bering Sea in June
and July; it was downloaded from the Bering Sea Climate
database on 17 June 2015.
Few climate variables were available specifically for the
freshwater rearing stage of western Alaskan Chinook salmon.
We used daily high and low air temperature data measured
at the airport in Aniak, Alaska (61°34'N, 159°32' W; nearest airport to the Kogrukluk River) to calculate two seasonal air temperature indices, Aniak air temperature in spring
(AATSpr) and in the summer (AATSum). These indices
were calculated by (1) taking the monthly average of the daily midpoint between high and low temperatures, and (2) summing over these monthly averages by season (March through
May for spring, and June through August for summer). The
AATSpr and AATSum indices were normalized to a mean of
zero and a standard deviation of one prior to analysis.

Annual Growth Zone Measurements
The fish scale sampling goal for this study was 25 females per age per year. Scale impressions were viewed on
a Screenscan Microfiche Scanner (Indus®, Salem, Wisconsin) and compared with accompanying data to determine if
the reader agreed with previous age assignments. Scale-selection criteria were determined according to Hagen et al.
(2001). A scale was selected for measurement if: (1) the
circuli and annuli were clearly defined; (2) the scale reader
agreed with the age recorded previously by a reader from
a regional ADF&G office; and (3) the scale could be measured efficiently. Scales were discarded if: (1) accompanying data did not match the scale being viewed; (2) the scale
impression quality was poor; (3) the scale pattern itself was
unusual and could not be read with confidence by the reader; (4) the scale was determined to be regenerated; or (5)
the scale edge showed significant resorption. Moderately
suitable scales were included if necessary to achieve minimum sample size. A scale was considered moderately suitable if the scale impression quality was subpar but growth
zones could be identified.
Fish scales were digitally imaged and measured following the semi-automated image analysis routine described by
Davis et al. (1990), Hagen et al. (2001), and Ruggerone et
al. (2009a). The majority of scales were measured by a single reader. A second reader measured a subset of the same

Variable Selection for Modeling Average Growth
For modeling the average size of annual growth zones,
the number of available explanatory variables (37 variables)
exceeded the number of years for which we had observations
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Retreat index is expressed in number of days, with many
values equal to zero, we instead retained the May SST index,
which is continually varying and not bounded at zero. The
summer NPGO index was highly correlated with the winter
NPGO index (r = 0.84) and moderately correlated with the
summer PDO index (r = -0.54), so only the winter index was
retained for the NPGO.
Elimination of physical variables using correlation coefficients left 19 physical variables, which we considered too
many to use in modeling annual average growth (for which
we had 31 observations). Therefore, we removed indices
specific to autumn, as we considered winter conditions to
be more informative in setting up primary production in
the spring as well as conditions during the spring/summer
growing season. Second, we removed all wind variables but
one, wind stress along the Alaska Peninsula. Myers et al.
(2010) found this variable to be related to marine growth in
western Alaska Chinook salmon. Furthermore, this variable
appears to be related to primary production in the southern
Bering Sea, through the effects of along-peninsula winds on
upwelling (Rosenkranz et al. 2001) and northward advection
through Unimak Pass (Stabeno et al. 2002). Eliminating
all but one wind variable resulted in 14 variables retained
(Table 1) to model annual variability in mean size of annual marine growth zones (described below under Statistical
Analyses, Objective 4). For modeling freshwater growth,

(31 years), which would greatly increase the chance of inferring statistically significant but inauthentic relationships between explanatory and response variables (Flack and Chang
1987). In order to reduce the number of explanatory variables, we first used pairwise correlation coefficients > |0.5|
to identify pairs of explanatory variables likely to exhibit
collinearity (Appendix Table 1). The threshold we chose
was stringent but within the range recommended for detecting collinearity in ecological studies (Dormann et al. 2012).
When correlated pairs of variables were found, we retained
the variable that is more commonly used in recent salmon
ocean ecology studies. For example, the Pacific Decadal
Oscillation (Mantua et al. 1997) was retained instead of its
correlates, the North Pacific Index (Trenberth and Hurrell
1994), the Pacific/North American Index (Wallace and Gutzler 1981), and the multivariate El-Niño Southern Oscillation index (Wolter and Timlin 1998). In cases where there
was not a clear precedent in the salmon ocean ecology literature, we retained variables that were correlated with a greater
number of other variables (e.g., the Siberian/Alaskan Index;
Overland et al. 2002), allowing us to more efficiently reduce
the number of variables for modeling. In cases where indices were expressed in both annual and seasonal (e.g., winter,
spring) form, the seasonal indices were retained instead of
the annual index. The May SST index was correlated with
the Sea Ice Retreat index (r = -0.70). Because the Sea Ice

Table 1. Environmental indicators examined for their association with FW1 and SW2 annual growth zones. All data were from
www.beringclimate.noaa.gov except for NPGO (www.o3d.org/npgo) and the Aniak Air Temperature index (this study; used for modeling
FW1 only). CPC = NOAA Climate Prediction Center (www.cpc.noaa.gov). For winter indices, year corresponds to January. The Aniak Air
Temperature Index was not used to model SW2 growth, and the wind stress variable was not used to model FW1 growth.
Code

Physical environmental indicator and description

Reference

AO

Arctic Oscillation: the first empirical orthogonal function (EOF) of monthly mean
sea level pressure (SLP), 20–90°N, December–February

Thompson & Wallace 1998

DA (Win, Spr,
Sum)

Arctic Dipole Anomaly: the second EOF of monthly mean SLP north of 70°N; Win:
December–February; Spr: March–May; Sum: June–August

Wu et al. 2006

EP (SprSum)

East Pacific-North Pacific Pattern: rotated PCA on monthly sea height anomalies
at 500 hPa; identifies contrast between Alaska/Western Canada and central North
Pacific; SprSum: April–July

Barnston and Livezey 1987,
updated by CPC

PDO (Win, Sum)

Pacific Decadal Oscillation: first principal component of SST variability, 20–90°N;
Win: average over December–February; Sum: average over June–August

Mantua et al. 1997

SAI

Siberian/Alaskan Index: difference in mean normalized 700-hPa anomalies
between Siberia (55–70°N, 90–150°E) and Alaska/Yukon (60–70°N, 130–160°W);
December–March

Overland et al. 2002

WPI (Win, Spr)

West Pacific Index: second EOF of monthly 500-mb height anomalies; Win:
December–February; Spr: March–May

Wallace & Gutzler 1981, updated
by CPC

NPGO (Win)

North Pacific Gyre Oscillation: the second EOF of sea surface height in the NE
Pacific; Win: average over December–February

Di Lorenzo et al. 2008

MaySST

May SST Index: SST averaged across 54.3–60°N, 161.2–172.5°W over the month
of May

Overland unpubl., based on data
from Kalnay et al. 1996

Wind (Win, Sum)

Wind stress anomalies along Alaska Peninsula; Win: November–April; Sum: May–
Jun

Kalnay et al. 1996

AAT (Spr, Sum)

Aniak Air Temperature Index: normalized monthly average of daily midpoints
between high and low air temperature measured at the Aniak Airport (61°34'N,
159°32'W), summed across months within a season; Spr: March–May; Sum:
June–September

This study, based on data from the
National Weather Service (NOAA)
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Table 2. Mean, standard deviation (SD), and sample size (n) of fork length and length or scale zone widths (mm, not normalized) over all
brood years and age classes within each river. Results of t-tests for differences between rivers are also presented.
Growth zone

Andreafsky River

Kogrukluk River

Between rivers
t

p

Mean (SD)

n

Mean (SD)

n

820 (70)

1,274

853 (67)

1,376

13.2

< 0.0001

FW1

0.363 (0.058)

1,274

0.325 (0.060)

1,376

-16.4

< 0.0001

SW1

1.375 (0.188)

1,274

1.355 (0.198)

1,376

-2.95

0.003

SW2

1.057 (0.229)

1,274

1.027 (0.258)

1,376

-4.18

< 0.0001

SW3

1.064 (0.221)

1,268

1.044 (0.242)

1,375

-1.91

0.06

SW4

0.871 (0.221)

861

0.859 (0.231)

972

-0.67

0.50

SW5

0.618 (0.194)

142

0.629 (0.184)
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Length

we did not include the wind stress, so we used the remaining
12 physical variables plus the Aniak Air temperature indices
for spring and summer (Table 1).

0.493

0.62

were checked for temporal autocorrelation using the acf
function in R, and checked visually for heteroscedasticity
and deviations from normality. Cook’s distance test was
used to determine whether certain brood years were exerting problematic influence on regression parameters. We
assessed significance of temporal trends with one-tailed
F-tests (under the alternative hypothesis of decreasing
growth increments with time); tests with P < 0.10 were
considered statistically significant.

Statistical Analyses
Based on return year and age, individual females were
assigned to brood years (i.e., the calendar year they were
deposited as eggs). Although data were available prior to
brood year 1975 in the Kogrukluk River, sample sizes were
too low to be considered statistically informative (e.g., n =
2 for 1973). Brood year 2005 was the most recent year for
which we had fish scale measurements from all returning age
classes. Therefore, we limited our analyses to brood years
1975–2005 for both rivers. We did not consider individuals
that spent more than one year in fresh water, as they were
rare (i.e., only three individuals in the entire dataset). Due to
concerns about accurate sex designation of smaller individuals, we also removed fish from the dataset that were smaller
than 650 mm in length, as these individuals were likely to be
misidentified males (R. Brown, randy_j_brown@fws.gov,
pers. comm.). Brood-year age classes were also removed
from the analyses for which there were fewer than five individuals with readable fish scales. All statistical analyses
described below were conducted in R version 3.1.3 (R Core
Team 2015); graphs were produced in the R package ggplot2
(Wickham 2009).

Objective 2: Correlations Among Annual Growth Zones
We evaluated correlations among an individual’s
normalized growth zones (e.g., FW1 and SW1, SW1 and
SW2) within each river using linear mixed models (Zuur
et al. 2009), which allowed us to estimate the pairwise relationships between annual growth zones over all samples
and to account for correlations in growth among individuals from the same brood year. We compared each annual
growth zone against each of the previous annual growth
zones in single regressions (one regression per pair of annual growth zones); we also compared each annual growth
zone of an individual fish with its body length. Brood year
was modeled as a random effect (with restricted maximum
likelihood) in two different ways. First, brood year was
modeled as affecting only the intercept between growth
zones within an individual:
𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝛼𝛼𝛼𝛼 + �𝛽𝛽𝛽𝛽 ∙ 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 � + 𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 + 𝜖𝜖𝜖𝜖 ,

Objective 1: Characterizing Temporal Trends in Freshwater
and Marine Growth
To assess temporal trends in length and growth, normalized values for fork length and the size of annual
growth zones (FW1, SW1–SW3) were averaged by brood
year and regressed against brood year. Temporal analyses were repeated for the two predominant age classes (1.3
and 1.4) to assess whether temporal trends in length and
size of annual growth zones were accompanied by changes in age-specific size and/or annual growth. Age-specific
regressions were calculated on brood-year medians rather
than means to account for reduced sample size when analyzing age classes singly. Residuals from the regressions

(1)

where Y and X are annual growth zones or fork-length measurements from the same individual i from brood year j.
Second, brood year was modeled as affecting both the intercept and slope of the relationship between growth zones
within an individual:
𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝛼𝛼𝛼𝛼 + �𝛽𝛽𝛽𝛽 ∙ 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 � + 𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 + (𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖 ∙ 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) + 𝜖𝜖𝜖𝜖 .

(2)

We used the Akaike Information Criterion (AIC) to
compare these two forms of mixed-effects models to a
fixed-effect (simple linear regression) model,
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𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝛼𝛼𝛼𝛼 + �𝛽𝛽𝛽𝛽 ∙ 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 � + 𝜖𝜖𝜖𝜖 ,

𝑙𝑙𝑙𝑙n

(3)

to determine which, if any, random effect structure was
optimal. If ∆AIC between models was < 2, we chose the
simpler model. We applied the false discovery adjustment
for multiple tests of Benjamini and Yekutieli (2001) at the
“table-wide” level (i.e., all pairwise comparisons, both
rivers); tests with P < 0.014 were considered statistically
significant.

Average Size of Annual Growth Zone

�1 − 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 �

= 𝛼𝛼𝛼𝛼 + �𝛽𝛽𝛽𝛽 ∙ 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 � + 𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 + 𝜖𝜖𝜖𝜖 ,

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

𝑝𝑝𝑝𝑝
= 𝛼𝛼𝛼𝛼 + �𝛽𝛽𝛽𝛽 ∙ 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 � + 𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 + �𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖 ∙ 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 � + 𝜖𝜖𝜖𝜖 .
�1 − 𝑝𝑝𝑝𝑝�

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

𝑝𝑝𝑝𝑝
= 𝛼𝛼𝛼𝛼 + �𝛽𝛽𝛽𝛽 ∙ 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 � + 𝜖𝜖𝜖𝜖 .
�1 − 𝑝𝑝𝑝𝑝�

1990

2000

(6)

Coefficients of determination were calculated for fixed
effects (marginal) and for fixed and random effects (conditional) following Nakagawa and Schielzeth (2013) in the R

(c)

1980

(e)

1980

(5)

We used AIC to determine the best random effects structure, including comparing the above two models (eqn 4 and
eqn 5) to a fixed-effect model:

(b)

(d)

(4)

or by allowing brood year to affect both intercept and slope
of the relationship between size of annual growth zone and
the probability of maturing early:

Objective 3: Determining Which Annual Growth Zone Best
Predicts Age at Maturity
We used binomial generalized linear mixed models
(GLMMs; Bolker et al. 2009) to investigate the extent to
which the size of annual growth zones (FW1–SW3) predicted the probability of maturing early (at age-1.3, as opposed
to -1.4 or -1.5). These binomial GLMMs were fitted with a
logit link function in the R package lme4 (Bates et al. 2015).
We modeled the fixed effect of the size of the annual growth
zone X of individual i from brood year j on its probability of
maturing early p, while modeling the random effect of brood
year as affecting the intercept only, in the form:

(a)

𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

McPhee et al.

1980

1990

1990

2000

2000

Fig. 2. Temporal patterns (by brood year) in (a) fork length and annual scale growth zones; (b) FW1; (c) SW1; (d) SW2; and (e) SW3. Values
are normalized within each river. The shaded box in panel (a) indicates brood years that would have experienced the anomalously warm
years 1997–1998 during some part of their marine growth periods; the shaded boxes for panels (b–e) show growth corresponding to 1997 and
1998. Black circles and lines, Kogrukluk River; gray circles and lines, Andreafsky River.
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Table 3. Temporal trends in mean length and scale zone widths for brood years 1975–2005. Note that parameter estimates (and their
standard errors, SD, in parentheses) of brood year coefficients (ßBY) are for normalized response values.
Growth zone

Andreafsky River
ßBY (SD)

F

p

Kogrukluk River
df

Adj. R2

ßBY (SD)

29

0.50

-0.028 (0.006)

F

df

Adj. R2

< 0.001

29

0.46

Length

-0.028 (0.005)

30.5

< 0.001

FW1

-0.030 (0.006)

27.0

< 0.0001

29

0.46

-0.024 (0.009)

9.16

0.005

29

0.21

SW1

0.017 (0.007)

0.018

29

0.15

-0.004 (0.007)

0.38

0.55

29

< 0.01

SW2

0.009 (0.007)

SW3

-0.0004 (0.004)

6.26

26.3

p

1.78

0.19

29

0.03

-0.004 (0.007)

0.32

0.58

29

< 0.01

0.008

0.93

29

< 0.01

-0.015 (0.006)

5.86

0.02

29

0.14

RESULTS

package MuMIn (Bartoń 2015). We determined the ‘best’
annual growth zone as that which explained the highest
amount of variation in probability of maturing early (i.e.,
that which had the highest marginal coefficient of determination). We chose not to model the binomial probability of
maturing late due to concerns over limited sample sizes of
the late-maturing (age-1.5) individuals, coupled with preliminary analyses indicating that results of modeling late
maturity were essentially the inverse of early maturity models (data not shown).

Sample size varied by brood year, age class, and river (Appendix Table 2). Target sample sizes were generally
achieved for age-1.4 fish across the time series, while sample size exceeded 20 individuals of age-1.3 in fewer than
half of the brood years. Sample sizes for age-1.5 fish were
low (averaging 5 and 7 females/brood year in the Andreafsky and Kogrukluk rivers, respectively). There were only
six age-1.2 females sampled in the Andreafsky, and one age1.2 female in the Kogrukluk; these individuals were included in calculations of annual zone means but not in analyses
of maturity. Approximately 20% of individuals from the
Andreafsky River and 60% from the Kogrukluk River had
freshwater spring plus (FWPl) growth (defined as a region of
growth following the FW1 annulus reflecting slower growth
than the faster marine growth typically observed in the SW1
annual growth zone; Ruggerone et al. 2009a). However, an
annual zone comprised of both FWPl and SW1 was highly
correlated with SW1 (r = 0.96) so we analyzed SW1 without
including FWPl for subsequent analyses.
Over all years and age classes, average body length
was greater in the Kogrukluk samples (853 mm) than in the
Andreafsky samples (820 mm), while FW1, SW1, and SW2
were larger in the Andreafsky samples. The later marine
zones (SW3, SW4, and SW5) did not differ significantly
between rivers (Table 2).

Objective 4: Modeling Relationships Between Environmental Variables and Average Size of Annual Growth Zones
In order to reduce the number of statistical comparisons, we limited our analyses to annual growth zones that
either showed strong changes over time (Objective 1), or
explained a high amount of variation in age at maturity (Objective 2). We averaged the size of each annual growth zone
of interest over all individuals from the same brood year
within each river, and treated these brood-year averages as
response variables in multiple linear regressions against the
candidate explanatory variables shown in Table 1 (using
wind stress only when modeling marine growth, and the
Aniak Air temperature indices only when modeling average
size of the freshwater growth zone FW1). In cases where
the average size of the annual growth zone differed among
adult ages (as would be expected for the annual growth zone
best predicting maturity), we modeled the average size of
the annual growth zone separately for the two dominant
age classes (1.3 and 1.4). Model selection was conducted
by modeling all possible combinations of explanatory variables and identifying as the ‘best’ model that which had the
lowest AICc value. When that best model included more
than one explanatory variable, we applied hierarchical partitioning (Chevan and Sutherland 1991; R package hier.part,
Walsh and MacNally 2015) to evaluate the relative contribution of each explanatory variable to the total variation
explained by the model. Relationships between relevant
marine scale growth increments and zooplankton biomass
were evaluated separately in single regression models due
to the shorter time series of zooplankton data.

Objective 1: Characterizing Temporal Trends in Freshwater
and Marine Growth
Mean body length and FW1 growth declined significantly over time in both rivers (Fig. 2); the trend in FW1
remained significant even after removing the influential brood year 1975 from the Kogrukluk River data (not
shown). When analyzed over all age classes, mean SW1
increased slightly over time in the Andreafsky samples,
while no significant temporal trend was observed in mean
SW1 in the Kogrukluk samples. Mean SW2 showed no
significant temporal trend in either river, while mean SW3
declined significantly only in the Kogrukluk River (Table
3). Results of the age-specific tests for temporal trends
are summarized in Appendix Table 3 and depicted in Appendix Figs. 2 and 3. Length declined significantly in the
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(a)

Objective 2: Correlations Among Annual Growth Zones
Within individuals, length was not significantly related
to early scale growth (FW1, SW1, or SW2) but was positively correlated with later marine zones (SW3 and SW4)
in both rivers (Appendix Table 4). All zones (FW1–SW4)
were positively correlated with each other (Fig. 3). However, the relationships between growth zones were not strong
(standardized regression coefficients were all < 0.25 and
conditional R2 values were < 0.14 (Fig. 3, Appendix Table
4)). Pairwise regressions were not statistically significant
after adjusting for multiple significance tests at p < 0.014
for SW1 vs. FW1 and SW2 vs. SW1 in the Kogrukluk
River, FW1 vs. SW3 in the Andreafsky River, and SW3 vs.
SW1 in both rivers (Appendix Table 4).

(b)

Fig. 3. Standardized coefficients (fixed effect) from regressions
between an individual fish’s fork length and fish scale growth zones
(above dotted line) and between growth zones (below dotted line)
after allowing for correlations among individuals within a brood year.
(a) Andreafsky River; (b) Kogrukluk River. Hollow circles represent
coefficients considered statistically insignificant (p > 0.014).

Objective 3: Determining Which Annual Growth Zone Best
Predicts Age at Maturity
In both rivers, SW2 was the single annual growth zone
that best predicted the probability of maturing early (Fig. 4,
Table 4). Models with SW2 as the predictor variable had
the lowest AIC and highest standardized regression coefficients, and SW2 explained the greatest amount of variation
in probability of maturing early (17% for the Andreafsky
River and 26% Kogrukluk River).

age-1.4 samples in both rivers, and in the age-1.3 samples
from the Andreafsky River, but not the Kogrukluk River.
In the Andreafsky River, all growth zones appeared to decline in both age classes except for SW1, which showed
a general increase. However, these temporal trends were
only statistically significant for FW1 (both ages) and SW4
in the age-1.4 samples. In the Kogrukluk River, all zones
appeared to decline over time, except for SW4 in the age1.4 samples, but these trends were only statistically significant for FW1 (both ages) and SW2 and SW3 in the
age-1.4 samples.

Objective 4: Relationships Between Environmental Variables and Average Size of Annual Growth Zones
Based on results from the temporal trend and modeling
maturity objectives, we focused the environmental modeling
on FW1 (strongest temporal trend) and SW2 (best predictor
of age at maturity) for both river systems. Results of these
analyses are summarized in Table 5. The best models were

(a)

(b)

Fig. 4. Probability of maturing early (age-1.3 vs. -1.4 or -1.5) as a function of the annual growth zone (normalized) for (a) Andreafsky River
and (b) Kogrukluk River. Faint lines represent models for individual brood years; dark line represents model over all brood years.
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Table 4. Results of modeling the probability of maturing early (age-1.3) as a function of individual scale growth zones FW1 and SW1–SW3. Z
statistics and p-values are for the standardized regression coefficients (ß). Random effects are expressed as the standard deviation (SD) of
individual brood year (BY) intercepts. R2M and R2C refer to the marginal and conditional coefficients of determination, respectively.
Fixed effects
Intercept (SE)

ß (SE)

Z

p

Random
intercept

AIC

R2M

R2C

FW1

-0.98 (0.219)

0.13 (0.07)

1.85

0.06

1.13

1476.9

0.004

0.283

SW1

-1.01 (0.211)

0.47 (0.07)

6.48

< 0.001

1.09

1436.2

0.048

0.299

SW2

-1.11 (0.210)

0.95 (0.08)

11.28

< 0.001

1.07

1322.6

0.170

0.383

SW3

-0.98 (0.220)

0.26 (0.07)

4.01

< 0.001

1.14

1464.0

0.015

0.294

FW1

-1.08 (0.164)

0.07 (0.07)

1.10

0.27

0.81

1600.5

0.001

0.168

SW1

-1.09 (0.163)

0.28 (0.07)

4.32

< 0.001

0.81

1581.6

0.019

0.182

SW2

-1.29 (0.174)

1.85 (0.09)

13.52

< 0.001

0.85

1356.4

0.259

0.392

SW3

-1.08 (0.164)

0.15 (0.06)

2.33

0.02

0.81

1596.3

0.006

0.172

Growth zone
Andreafsky

Kogrukluk

moderately effective at explaining variation in average annual growth zones for the Kogrukluk River (R2 ranging from
0.44 to 0.47), but less effective for the Andreafsky River (R2
from 0.16 to 0.26). Average freshwater growth was positively correlated with the Arctic Dipole anomaly (DA) for spring
in both rivers, and negatively correlated with the NPGO winter index in the Kogrukluk River (Fig. 5). The summer Aniak
air temperature variable was present in the best models for
average FW1 in both rivers, but with opposing directions
of correlation (negative in the Andreafsky River and positive in the Kogrukluk River). The West Pacific Index (WPI)
was present in all the best models for average SW2 (over
both rivers and age classes), and was negatively correlated
with mean SW2 in all cases. The winter WPI was the only
variable retained in the best model for average SW2 in the
age-1.3 females from the Andreafsky River. The spring WPI
explained the greatest amount of variation in average SW2
for the age-1.4 Andreafsky River females and age-1.3 Kogrukluk River females, and was second only to May SST
in explaining variation in average SW2 for age-1.4 females
from the Kogrukluk River (Fig. 6). We found no significant
linear relationships between zooplankton biomass and annual
mean SW2 in either river or age class over the more limited
time series, brood years 1979–1996 (Appendix Table 5)

the Kogrukluk River (Lewis et al. 2015), we found comparable decreases in length of females returning to the Andreafsky
River. We also documented general declines in most annual
growth zones (whether pooled or separated by age). With the
exception of freshwater growth, most of these declines were
small. Despite our liberal standards for rejecting the null hypothesis of no temporal trend (i.e., we applied no adjustment
for multiple significance tests), many temporal trends were not
statistically significant, suggesting limited statistical power of
the 31-year dataset. Overall, the results generally support the
hypothesis that declining growth is partly responsible for the
smaller size of returning females in western Alaska, but that
changing age at maturity is also a major factor.
The annual growth zone for the second year of marine
residency (SW2) emerged clearly as the strongest correlate
of maturity, with the probability of maturing early increasing with the size of the SW2 growth zone. While growth,
or some aspect of growth such as lipid accumulation, has
been established as a proximate factor influencing maturity
in Pacific salmon (Silverstein et al. 1997; Larsen et al. 2006;
Shearer et al. 2006), few studies have investigated the relative roles of different periods of growth. Morita and Fukuwaka (2006) found that SW3 best predicted maturity in chum
salmon from the Shari River, Japan, but SW2 was also an
important variable. The correlative analyses of Morita and
Fukuwaka (2006) and the current study do not reveal the actual physiological mechanisms by which an individual fish’s
growth history is translated into a ‘decision’ to mature at one
year or the next (Thorpe 2007), and the direction of any causal relationship is not clear. For example, it is possible that the
amount of growth achieved during the second year of marine
residency is a cue that triggers a female Chinook salmon to
mature. On the other hand, it is possible that diverging SW2
growth between early- and late-maturing females is the manifestation of other factors, such as an inherited tendency to
mature earlier or later (e.g., Hankin et al. 1993), that determines maturity prior to the second year at sea.

DISCUSSION
The aim of this study was to gain a fuller understanding of declining size and age of female Chinook salmon in
western Alaska. Our analysis represented a trade-off between
inferences made at the most appropriate (i.e., individual population) scale and applicability to the region as a whole. Although our results were from only two populations in western
Alaska, they are comparable to similar analyses of population
mixtures from western Alaska (Ruggerone et al. 2009a, b).
In addition to the decline in length of returning females from
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While our environmental analyses did not reveal strong
associations between indices of environmental variability and growth during the second year of marine residency
(i.e., our models explained less than half of the variation in
average SW2), the West Pacific Index (WPI) was consistently (and negatively) associated with average size of the
SW2 annual growth zone. The West Pacific pattern reflects
variation in SST anomalies in the North Pacific Ocean over
ENSO-like (2–5 year) time scales, with the positive phase
of the WPI associated with cold temperatures in the western Bering Sea in winter and negative (positive) surface
air temperature anomalies in the western (eastern) Bering
Sea in spring (Tanimoto et al. 1997). Chinook salmon from
western Alaska are thought to spend their second summer
of saltwater growth in the western Bering Sea (Bugaev and
Myers 2009), which is consistent with the WPI emerging as
an important variable in our analysis of variation in average
SW2. Our analysis suggests that warmer winter and spring

temperatures in the western Bering Sea might be associated
with greater growth of western Alaskan Chinook salmon that
spring and summer. However, less direct effects on growth
might also be important, such as the links between the West
Pacific pattern, cyclone activity, and sea-ice extent (Overland and Pease 1982) and subsequent effects on primary
and secondary production in the Bering Sea (e.g., Hunt et
al. 2011).
The ENSO event of 1997/1998 was associated with
poor returns of western Alaskan salmon in 1997 and 1998,
suggesting that anomalous ecosystem conditions in the Bering Sea affected later stages of the salmon life cycle to contribute to these run failures (Kruse 1998). We did not see a
strong signal of these anomalous years in the growth data,
except in SW2 growth where 1998 had the lowest mean value for both rivers (Fig. 2). We also did not observe anomalously low variance in marine zones during growth years
1997/1998 (data not shown); reduced variance would be ex-

Table 5. Summary of best environmental models for average size of FW1 (over all ages) and SW2 (for the dominant age classes 1.3 and 1.4)
by river. The left column lists the explanatory variables included in full candidate models. For each explanatory variable included in the best
model for respective annual growth zones, the model coefficient estimates are given (with standard deviations in parentheses). Also reported
is the % of total variation explained by the model attributable to each explanatory variable, as determined by hierarchical partitioning. Note
that Aniak air temperature (AAT) indices were not included in full candidate models for SW2 and that Wind was not included in models for FW1
(denoted by NA). Empty cells indicate that the explanatory variable was included in the candidate full model but not in the best model. Model
statistics for best models are given at the bottom of the table. Explanatory variables are defined in Table 1.
Andreafsky River
Variables

FW1 (All)
Coeff.

(Intercept)

SW2 (1.3)
%

-0.09 (0.06)

Coeff.

Kogrukluk River
SW2 (1.4)

%

0.67 (0.10)

Coeff.

FW1 (All)
%

-0.47 (0.17)

Coeff.

SW2 (1.3)
%

-0.03 (0.06)

Coeff.

SW2 (1.4)
%

0.38 (0.07)

Coeff.

%

-0.82 (0.16)

AO

0.14 (0.06) 11.9

DA Win
DA Spr

0.31 (0.11) 54.0

0.29 (0.12) 15.6

DA Sum

0.24 (0.10) 20.6

EP SprSum

-0.23 (0.10)

PDO Win

9.4

PDO Sum
SAI

-0.26 (0.09) 17.2

0.13 (0.07) 22.4
0.15 (0.07) 10.7
-0.07 (0.04) 17.2

WPI Win

-0.36 (0.15)

WPI Spr

100
-0.19 (0.08) 61.4

NPGO Win

-0.25 (0.09) 35.1
-0.17 (0.05) 32.8

May SST

0.14 (0.07) 38.6

0.12 (0.07)

-0.17 (0.07) 24.7

0.18 (0.06) 24.8

6.2

0.28 (0.06) 46.1

Wind Win
Wind Sum

NA

AAT Spr

NA

AAT Sum

-0.11 (0.06) 28.8

NA

NA

NA

NA

NA

0.12 (0.06)

NA

NA

NA

NA

NA

0.14 (0.06) 13.5

8.8

Model statistics
df

27.00

24.00

27.00

24.00

20.00

26.00

F

4.59

5.63

4.84

4.93

5.37

7.32

p

0.01

0.03

0.02

0.002

0.003

< 0.001

Adj. R2

0.26

0.16

0.21

0.44

0.47

0.46
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(b)

FW1 Residuals

(a)

SW2 Residuals

Fig. 5. Graphical depiction of the best models for average size of the FW1 annual growth zone, for (a) Andreafsky River and (b) Kogrukluk
River. On the x-axis is the environmental variable that independently explained the highest amount of variation in average size of the FW1
growth zone; on the y-axis is the residual variation in average FW1 after regressing it against all other explanatory variables in the best model.

(a)

(b)

(c)

(d)

Fig. 6. Graphical depiction of the best models for average size of the SW2 annual growth zone, for (a) Andreafsky River age-1.3; (b)
Andreafsky River age-1.4; (c) Kogrukluk River age-1.3; and (d) Kogrukluk River age-1.4. The x-axis is the environmental variable that
independently explained the highest amount of variation in average size of the SW2 growth zone; the y-axis is the residual variation in average
SW2 after regressing it against all other explanatory variables in the best model.
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pected if particularly strong size-selective mortality acted
during this anomalous period.
Interestingly, we found the steepest growth decline over
time in FW1. The Arctic Dipole anomaly (DA) in spring
emerged as a variable that was positively associated with
average freshwater growth in both systems, but this variable
explained little of the total variation. In addition, a more
negative value of the NPGO in winter was associated with
greater average freshwater growth in the Kogrukluk River.
Although it is not clear how freshwater environmental conditions in western Alaska vary with changes in the DA and
NPGO, negative DA is associated with increased wind from
the Arctic southward through the Bering Strait (Wang et al.
2009), suggesting perhaps that cold winters and springs are
associated with reduced growth of Chinook salmon in western Alaska streams. However, an ad hoc analysis indicated
that spring air temperature anomalies were not significantly
correlated with the DA in spring, suggesting that any causal
link between the DA and freshwater growth is more nuanced.
Our results did not support the inference that declining
freshwater growth is causing the trend of declining adult size
in western Alaska female Chinook salmon, however. First,
such a mechanism would be counter to expectations and opposite of what has been observed in Chinook salmon (i.e.,
smaller smolts tend to mature later, not earlier; Quinn et al.
2004; Vøllestad et al. 2004). Second, we found no statistical
association between FW1 growth and maturity, and intra-individual correlations between FW1 and subsequent growth
years were positive, rather than negative (although quite
small). Furthermore, an individual’s FW1 was not correlated with its body length as an adult.
Instead, we hypothesize an alternative causal link between adult size and FW1 growth, where declining size and
age of female Chinook salmon contributes to decreasing
freshwater growth in western Alaskan populations. Larger female Chinook salmon tend to have larger eggs (Beacham 2010), which translates into larger fry at emergence
(Rombough 1985). Larger female Chinook salmon may also
have faster growing progeny independent of the effects of
egg size (Berejikian et al. 2011). Positive maternal effects
on offspring size are often thought to decline to nil as environmental and heritable variation becomes more important
through a fish’s lifespan (Lindholm et al. 2006). However,
these studies are often conducted in benign artificial-rearing
environments (e.g., Heath et al. 1999; but see Berejikian et
al. 2011). In a long-term, intensive study of a natural population of brown trout Salmo trutta, Elliott (1994) demonstrated that egg size had a fundamental and lasting effect
on offspring size; however, this effect may have been the
consequence of intense territoriality of the progeny during
their first year of stream residence. Observations of feeding behavior of young-of-year Chinook salmon in the Chena
River (tributary to the Yukon River) suggests that intraspecific competition may be strong (Neuswanger 2014), but the
ecology of the freshwater phase of Chinook salmon in our
two systems remains unstudied. We emphasize that a causal

relationship between declining maternal size and freshwater growth of their offspring is speculative at this point, but
may warrant further study, particularly because size-selective mortality of juvenile Chinook salmon in the nearshore
marine environment appears to be an important factor contributing to variation in run strength (Murphy et al. 2013).
CONCLUSIONS
This study illustrates how retrospective analyses of scale
archives can shed light on multiple facets of the ecology of
Pacific salmon (see also Ruggerone et al. 2007, 2009a, b;
Agler et al. 2013). In particular, our approach highlights how
individual fish’s growth patterns can be used to study correlations in maturation and correlations in growth across years.
However, retrospective studies such as these come with caveats. For example, fish scales from escapement samples are
representative of individuals that survived all stages of freshwater and marine growth as well as targeted and non-targeted fisheries. Consequently, we lacked information about the
growth patterns of non-survivors, which may have contributed to the low amount of variation in average growth explained
by environmental variables. However, because many of our
analyses were focused on growth patterns at the individual
level (e.g., correlations among annual growth zones; correlations between growth and maturity), we minimized the effects
of not being able to include information about non-survivors.
Another challenge to retrospective analyses is changing
sampling methodology over time. This issue was more prevalent in the Andreafsky River samples, where the sampling
method changed from a carcass survey to weir sampling in
1994 (Maschmann 2011). Carcass surveys are biased towards
larger fish (Zhou 2002), but since the steepest temporal trend
was for FW1, this methodological change appeared to have a
minimal effect on our results. FW1 was not correlated with
adult length, and the temporal trend in FW1 in the Andreafsky
River was nearly identical to that of the Kogrukluk River.
We did not detect strong linkages between changing
environmental conditions in the Bering Sea region and two
key growth zones (FW1 and SW2). However, we did find
evidence that the West Pacific Index reflects atmospheric
and oceanographic conditions influencing growth of western
Alaska Chinook salmon during their second year of marine
growth, which we showed to be associated with age at maturity in our study populations. With a 31-year time series, we
may have had limited statistical power to detect additional relationships. Second, we analyzed climatic and oceanographic
variables that were available, rather than ecosystem variables
directly related to growth and survival of Chinook salmon
(such variables were either unknown or unavailable across the
time frame of the study). Finally, the large number of potential explanatory variables prohibited us from statistically
analyzing interactions among explanatory variables. Such interactions may mask important relationships between growth
and environmental conditions; this topic warrants future re318
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search. Overall, our study suggests that declining size and
age of western Alaskan Chinook salmon is not the result of a
single “smoking gun” but rather the consequence of multifarious interactions among climate, harvest, and the phenotypic
and genetic makeup of spawning populations. Although such
ecological complexity frustrates management, it also imparts
hope that these stocks are resilient and able to respond relatively quickly to variable conditions (McPhee et al. 2009).
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Appendix Fig. 1. Image of a salmon scale showing the individual annual growth zones, which consist of widely spaced circuli associated with
fish growth bounded by annuli, or regions of tightly spaced circuli associated with reduced winter growth. Annual growth zones are named for
the habitat type (FW = freshwater; SW = saltwater) and year (1 = first year of growth in respective habitat) in which the growth occurred.
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Appendix Table 1. Pearson correlation coefficient matrix (for years 1976–2011) for Bering Sea climate data (physical variables) used to
identify collinearity and inform variable reduction. Correlation coefficients greater than |0.5| are shaded in dark gray; coefficients = 0.5 are
shaded in light gray. Variables are defined along the horizontal axis of the matrix; more details regarding each variable are available at
www.beringclimate.noaa.gov (source of information for the table).
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Appendix Table 2. Fish scale sample sizes by river, brood year, and age class.
River
Andreafsky

Kogrukluk

Brood year
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005

1.2

1.3
9
13
7
1
8
2
21
1
8
15
20
25
1
9
23
5
20
9
24
13
21
3
20
24
23
23

1
3

10
18
8
23

1
1

15
3
11
9
5
1
23
3
25
21
11
7
21
24
18
6
11
10
7
8
14
8
17
25
23
19
23
20
15

1
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1.4
29
27
29
26
25
24
24
25
12
26
25
7
25
25
25
25
25
25
25
25
25
25
25
25
25
22
24
24
24
21
Total
26
25
23
23
25
25
25
25
25
23
25
25
25
24
24
24
25
19
25
24
25
25
25
25
23
25
24
24
25
24
34
Total

1.5
4
0
6
10
11
5
23
7
6
2
4
16
5
11
3
1
2
5
6
3
2
1
6
1
2

15
9
22
12
10
25
2
2
5
4
8
2
2
24
3
1
5
1
3
4
10
4
4
16
8
2
2
3
0
0

Total
42
40
42
37
44
31
68
26
27
47
47
36
42
39
59
30
48
35
49
40
51
35
51
51
48
24
28
35
45
33
44
1274
41
49
48
35
46
34
55
28
50
31
54
54
38
33
69
51
44
30
37
37
36
43
43
37
56
58
49
45
51
44
50
1376
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Appendix Table 3. Temporal trends in scale growth increments for ages-1.3 and -1.4 Chinook salmon.
River

Age

Increment

Brood-year slope (SE)

F

p

df

Adj. R2

Andreafsky

1.3

Fork Length

-0.019 (0.011)

3.38

0.08

23

0.09

1.4

Kogrukluk

1.3

1.4

FW1

-0.024 (0.010)

6.13

0.02

23

0.18

SW1

0.010 (0.010)

1.03

0.32

23

< 0.01

SW2

-0.014 (0.010)

1.68

0.21

23

0.03

SW3

-0.017 (0.010)

2.97

0.10

23

0.08

Fork Length

-0.013 (0.005)

6.06

0.02

28

0.15

FW1

-0.034 (0.008)

< 0.0001

28

0.4

SW1

0.009 (0.008)

1.21

0.28

28

< 0.01

SW2

0.004 (0.007)

0.309

0.58

28

< 0.01

SW3

-0.008 (0.006)

1.69

0.20

28

0.02

20.7

SW4

-0.158 (0.009)

3.24

0.08

28

0.07

Fork Length

-0.006 (0.009)

0.375

0.55

24

< 0.01

FW1

-0.025 (0.011)

4.59

0.04

24

0.13

SW1

-0.012 (0.010)

1.31

0.26

24

0.01

SW2

-0.012 (0.010)

1.58

0.22

24

0.02

SW3

-0.012 (0.016)

0.589

0.45

24

< 0.01

Fork Length

-0.017 (0.005)

0.001

29

0.28

12.6

FW1

-0.023 (0.011)

4.95

0.03

29

0.12

SW1

-0.007 (0.027)

0.819

0.37

29

< 0.01

SW2

-0.013 (0.007)

3.37

0.08

29

0.07

SW3

-0.021 (0.007)

9.79

0.004

29

0.23

SW4

0.0005 (0.007)

0.004

0.95

29

< 0.01
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Appendix Fig. 2. Temporal trends in Chinook salmon average fork length and annual scale growth increment for the two dominant age
classes (1.3, grey; 1.4, black) from the Andreafsky River.

Appendix Fig. 3. Temporal trends in Chinook salmon average fork length and annual scale growth increment for the two dominant age
classes (1.3, grey; 1.4, black) from the Kogrukluk River.
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Appendix Table 4. Results of regressions between Chinook salmon fork length and scale increment widths (normalized) within individuals,
after accounting for correlations among individuals from the same brood year. The coefficient for fixed effects refers to the standardized
regression coefficient.
Fixed effects
Random effects
River
X
Y
Coefficient
p
SD (slope)
R2M
R2C
intercept
SD (intercept)
Andreafsky

Kogrukluk

FW1

Length

0.009 (0.062)

0.019 (0.036)

0.60

0.31

0.120

< 0.001

0.110

SW1

Length

0.003 (0.063)

-0.034 (0.029)

0.233

0.313

SW2

Length

0.003 (0.062)

-0.029 (0.028)

0.301

0.312

NA

0.001

0.099

NA

< 0.001

SW3

Length

0.009 (0.062)

0.166 (0.027)

< 0.0001

0.310

0.098

NA

0.028

0.125

SW4

Length

0.397 (0.049)

0.169 (0.026)

< 0.0001

FW1

SW1

0.005 (0.069)

0.102 (0.034)

0.003

0.226

NA

0.046

0.128

0.351

0.102

0.010

0.144

FW1

SW2

0.015 (0.065)

0.149 (0.028)

< 0.0001

SW1

SW2

0.015 (0.061)

0.133 (0.046)

0.004

0.328

NA

0.022

0.126

0.303

0.201

0.017

0.147

FW1

SW3

-0.005 (0.040)

0.063 (0.029)

SW1

SW3

-0.005 (0.040)

0.059 (0.029)

0.029

0.156

NA

0.004

0.028

0.040

0.161

NA

0.004

0.029

SW2

SW3

-0.008 (0.044)

FW1

Length

-0.008 (0.067)

0.169 (0.028)

< 0.0001

0.193

NA

0.028

0.065

0.046 (0.041)

0.261

0.343

0.164

0.002

0.146

SW1

Length

SW2

Length

0.001 (0.068)

0.003 (0.026)

0.916

0.348

NA

< 0.001

< 0.001

-0.003 (0.069)

-0.041(0.037)

0.276

0.354

0.139

0.002

SW3

Length

0.007 (0.063)

0.145

0.223 (0.033)

< 0.0001

0.318

0.117

0.050

0.167

SW4

Length

FW1

SW1

0.328 (0.056)

0.107 (0.027)

0.0001

0.277

NA

0.016

0.120

-0.014 (0.058)

0.060 (0.028)

0.035

0.285

NA

0.004

0.084

FW1

SW2

SW1

SW2

-0.002 (0.063)

0.139 (0.038)

< 0.0001

0.317

0.145

0.019

0.142

-0.009 (0.064)

0.033 (0.027)

0.211

0.324

NA

0.001

0.106

FW1
SW1

SW3

0.003 (0.051)

0.178 (0.027)

< 0.0001

0.248

NA

0.033

0.095

SW3

0.008 (0.060)

0.043 (0.027)

0.107

0.301

NA

0.002

0.093

SW2

SW3

0.015 (0.059)

0.178 (0.039)

< 0.0001

0.293

0.153

0.032

0.141

Appendix Table 5. Results of single linear regression models for the relationship between zooplankton (Zoop) and brood-year average SW2
by river and age for brood years 1976–1994.
River

Age

Andreafsky

Kogrukluk

Intercept

Zoop coef

F

p

df

Adj. R2

1.3

0.65 (0.11)

0.21 (0.11)

3.64

0.08

13

0.16

1.4

-1.13 (0.08)

0.10 (0.07)

1.76

0.2

17

0.04

1.3

0.69 (0.11)

0.14 (0.09)

2.51

0.14

13

0.10

1.4

-0.04 (0.08)

0.07 (0.07)

1.07

0.32

17

< 0.01

327

North Pacific Anadromous Fish Commission
Bulletin No. 6: 329–347, 2016

Effects of Climate and Competition for Offshore Prey
on Growth, Survival, and Reproductive Potential
of Coho Salmon in Southeast Alaska
Leon D. Shaul1 and Harold J. Geiger2
Alaska Department of Fish and Game, Division of Commercial Fisheries,
P.O. Box 110024, Douglas, AK 99811-0024, USA
2
St. Hubert Research Group,
222 Seward Street, Suite 205, Juneau, AK 99801, USA

1

Shaul, L.D., and H.J. Geiger. 2016. Effects of climate and competition for offshore prey on growth, survival, and
reproductive potential of coho salmon in Southeast Alaska. N. Pac. Anadr. Fish Comm. Bull. 6: 329–347.
doi:10.23849/npafcb6/329.347.
Abstract: In the offshore Gulf of Alaska (GOA), coho salmon exhibit strong dependence upon a single prey
species, the minimal armhook squid (Berryteuthis anonychus). We propose and then test elements of the general
hypothesis that coho salmon adult size in Southeast Alaska reflects predator-prey interactions among coho
salmon, pink salmon, and squid, where squid are the main prey of coho salmon while pink salmon mediate squid
abundance as both competitors and predators of squid. The majority (65%) of variation in size of coho salmon
over a 45-year period was explained equally by the catch biomass of pink salmon in the GOA and by the PDO
index during squid emergence and development, averaged at lags in 2-year increments (matching the life cycles
of pink salmon and squid) of up to four years. We extend the analysis to examine effects on marine survival, sex
ratio, and per capita reproductive potential and examine evidence for growth-related late-marine mortality. Our
results lend support for an important late-marine period for coho salmon survival and for the role of pink salmon
as a keystone predator that controls the trophic structure of salmon forage and the flow of energy in the offshore
GOA ecosystem. Our findings also indicate that the capacity of the GOA to produce pink salmon for harvest, while
maintaining stable adult coho salmon weight (based on inferred stable squid prey populations), is highly variable
and closely linked with atmospheric forcing.
Keywords: coho salmon, Berryteuthis anonychus, squid, pink salmon, growth, survival, climate, competition

INTRODUCTION

determining their growth at sea, where most spend approximately 16 months. Southeast Alaska coho salmon are limited to the northeast Pacific (Myers et al. 1996) where they
are dependent upon a single calorie-rich prey species to fuel
an exceptionally rapid growth rate during their second season at sea (Ishida et al. 1998). Berryteuthis anonychus has
been shown to be the primary offshore prey of maturing coho
salmon across varying climate regimes (LeBrasseur 1966;
Pearcy et al. 1988; Davis 2003; Kaeriyama et al. 2004). Davis (2003) found that coho salmon in subarctic waters in the
central North Pacific consumed almost exclusively large subadult and adult B. anonychus, which comprised the majority
of the diet of all size classes larger than 500 g, and was highly
correlated with stomach fullness. Coho salmon feeding in
summertime increased their stomach contents index (SCI)
with increasing size, as larger fish were able to catch larger
squid, thereby further increasing their capacity for growth.
While squid comprised 83% of the prey weight consumed by

The relationship among salmon species (Oncorhynchus
spp.) and their prey in the offshore Gulf of Alaska (GOA)
has been described as a “trophic triangle” in which flexible
planktivores (pink O. gorbusha and sockeye O. nerka salmon) function as intra-guild predators that both prey upon minimal armhook squid (Berryteuthis anonychus) and compete
with them for zooplankton prey (Aydin 2000; Uchikawa et al.
2004; Fig. 1). Berryteuthis anonychus is also the predominant
prey of obligate nektivores (coho O. kisutch and Chinook O.
tshawytscha salmon, and steelhead O. mykiss) that feed primarily on squid and (to a lesser extent) fish in these same waters (Kaeriyama et al. 2004; Atcheson et al. 2012). Here, we
examine this relationship through size and survival of coho
salmon in Southeast Alaska.
Coho salmon exhibit features that, compared with other
salmon species, reduce the range of plausible mechanisms
All correspondence should be addressed to L. Shaul.
e-mail: leon.shaul@alaska.gov
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year weights have remained more stable, increasing from a
1970s average of 3.07 kg to a peak in 1984–1988 (average
3.55 kg) followed by a stable trend (average 3.20 kg) during
1990–2010, before dropping abruptly to 2.69–2.93 kg in
2012–2014.
Climatic variability may also be important for growth
of coho salmon, either through temperature mediated effects
on growth or food web effects on prey (Aydin et al. 2005;
Beauchamp 2009). Studies of covariation between coho
salmon length and ocean environmental variables have generally found poor correlation in Alaska populations at time
lags considered to be most important (Hobday and Boehlert
2001; Wells et al. 2006). However, Wells et al. (2008) observed a direct positive relationship between growth and the
Aleutian Low Pressure Index (ALPI) in a Southeast Alaska
population of Chinook salmon, a species with an offshore
diet comprised primarily of squid (similar to coho salmon;
Kaeriyama et al. 2004). Intensification of the Aleutian Low,
and associated positive phase in the related Pacific Decadal
Oscillation (PDO) index, has been shown to be potentially important to growth and survival in early stages in GOA
fish populations, through increased phytoplankton and zooplankton production (Brodeur and Ware 1992), potentially
as a result of shallowing of the mixed layer (Polovina et al.
1995). In addition, the same climatic pattern is also thought
to have an important positive effect on transport by currents
and subsequent survival of larvae of some marine fish species (Bailey and Picquelle 2002). Although less studied, atmospheric forcing may similarly affect growth and survival
of cephalopod larvae.
Review of literature on offshore salmon feeding ecology
and climatic effects on salmon growth led us to hypothesize
that the observed history of average adult weight (Fig. 2B)
was influenced by availability of maturing squid, which we
hypothesized was influenced by bottom-up climate-related
processes controlling squid recruitment and by direct competition for squid by pink salmon. However, initial exploration
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maturing coho salmon, their contribution to digestible calories was even greater (93%), after accounting for their high
caloric density and digestibility (Davis et al. 1998).
Although its rapid early growth rate and small size at
maturity have led most investigators to conclude that B.
anonychus has a 1-year lifespan (Nesis 1997; Katugin et al.
2005; Drobny et al. 2008), Jorgensen (2011) presents compelling evidence for a 2-year lifespan based upon a consistent biennial cycle (over a 19-year period) in abundance of
paralarvae in the northwestern GOA that was correlated with
abundance of pink salmon. Pink salmon, which also have
a 2-year lifespan, have increased in abundance in odd years
while even-year returns have remained more stable (Fig. 2A).
Average weight of troll-caught coho salmon in Southeast Alaska shifted from odd-year to even-year dominance
in 1982–1983 (Fig. 2B), two cycles after an opposite shift
in cyclic dominance in the commercial catch of pink salmon
populations in the GOA (Fig. 2A). Coho salmon averaged
5.4% larger in odd years during the first decade of the 45year series (1970–1979) but 14.1% smaller during 2005–
2014. While average weight in odd years declined from a
peak of 3.64 kg in 1977 to 2.45–2.60 kg in 2011–2013, even-

1998
2006
2002
2010

Fig. 1. Primary trophic connections between zooplankton and six
species of maturing salmon in offshore waters of the Gulf of Alaska
(modified from Aydin 2000).

Fig. 2. Commercial catch of pink salmon in North America (A—excluding the Aleutian Islands and Bering Sea) and the average dressed
weight of troll-caught coho salmon in Southeast Alaska (B) in even and odd years with 0.3 LOESS trends. Data sources are shown in Table 1.
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months of marine residence (e.g. Holtby et al. 1990; Pearcy
1992; Beamish et al. 2004). However, evidence of such a
period has remained elusive in studies of growth and survival of coho salmon in Southeast Alaska, where indirect
evidence has instead favored an important late period for
growth and survival after juveniles leave coastal waters late
in their first summer at sea. Hobday and Boehlert (2001)
found that environmental conditions when adults were returning explained more variance in survival of Alaska populations compared with the first season at sea. In northern
Southeast Alaska, LaCroix et al. (2009) found no relationship between indices of juvenile coho salmon size, condition, abundance, or biophysical variables and subsequent
marine survival and harvest. Although marine survival of
adult pink salmon and age-.0 jack coho salmon from Auke
Creek was correlated with Southeast Alaska coastal ocean
response metrics, adult coho salmon marine survival was
not, suggesting that different factors likely influence survival of adults beyond their seaward migration phase (Orsi et
al. 2013). The biennial cycle in size of adult coho salmon
was not evident in juveniles on 24 July, after approximately
2 months at sea (LaCroix et al. 2009), indicating that the
difference in apparent growth likely occurs in offshore waters. Scale growth of Auke Creek adults also indicates that
size-at-maturity is determined in the offshore GOA and is
not significantly influenced by growth in early-marine or
strait habitats (Briscoe 2004).
Findings from these studies led us to extend the analysis
from a single growth-related response variable (adult size) to
explore relationships with survival-related response variables
including marine survival, sex ratio, and the per capita reproductive capacity of a coho salmon population. We tested
the set of predictive variables that best explained adult coho
weight with growth and survival-related response variables
specific to the Berners River in Southeast Alaska. We also
examined relationships between growth-related and survival-related variables for evidence of growth-related late-marine mortality to further test the hypothesis that there exists
an important growth-related late-marine period for survival.
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0

Fig. 3. Monthly average weight of coho and pink salmon during
their final months at sea (Ishida et al. 1998) and the approximate
threshold weight (1,000 g) for pink salmon to begin preying on
maturing Berryteuthis anonychus (Aydin 2000; Davis 2003).

of the data produced regression models that were not parsimonious, indicating strongly contradictory relationships between
even- and odd-year series. We observed that coho weight was
positively correlated with the PDO Index in even years but
not in odd years, while coho weight was negatively correlated
with the catch of pink salmon in odd years but not in even
years (Shaul et al. 2011). The need for a parsimonious explanation for coho weight, based on a consistent relationship
with potential causal factors, led us to use multiple regression
techniques to explore the hypothesis that pink salmon abundance and atmospheric forcing are both influential, but that
the effects on coho growth are lagged. A lagged competitive
relationship would be consistent with research findings pointing to an ontogenetic shift in the diet of maturing pink salmon
from zooplankton to squid at a weight of about 1,000 g (Aydin
2000; Davis 2003), a size not achieved until late June, on average, after coho salmon have already fed for several months
on the same prey cohort and have achieved nearly two-thirds
of their final weight (Ishida et al. 1998; Fig. 3). The effect
of this late transition in diet by pink salmon likely limits the
effect on coho salmon growth of direct competition for the
current-year squid cohort by the current-year pink salmon cohort, suggesting that the observed intensifying biennial cycle
in coho size may reflect changes in prey populations that have
developed over sequential generations.
We then extended the analysis to examine evidence for
growth-related late-marine mortality through effects on marine survival, sex ratio, and per capita reproductive potential. Several studies have pointed to an early marine critical
period for survival of coho salmon within the first weeks or

METHODS
In the first stage of the analysis, multiple regression
models were constructed to explore relationships between
adult coho salmon weight (1970–2014) and potential explanatory variables at various lags to test our hypothesis that
variation in coho weight can be explained by lagged effects
of climatic variation and top-down control on squid prey
populations. Software used to run the analysis was R (version 3.2.3) (R Core Team 2015).
Data Sources
Response variables used in the analysis were obtained
from two sources, (a) commercial catch data showing the av331
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Table 1. Description of explanatory and response variables and data sources.
Explanatory variables

Description/Source

Pacific Decadal
Oscillation (PDO) index

April-March average of monthly PDO index values ending in the year of maturity for coho salmon. The monthly
data series is maintained by Nate Mantua (University of Washington): http://research.jisao.washington.edu/pdo/
PDO.latest

Commercial catch
of pink and sockeye
salmon

Commercial catch by species in North America (excluding NPAFC area W-AK, the Aleutian Islands and Bering
Sea) in metric tons; 1964–2011 data are available in Irvine et al. (2012); 2012–2014 catches for Canada,
Washington and Oregon were downloaded as a statistical data file from the NPAFC: www.npafc.org/new/
science_statistics.html
Alaska catches in 2012–2014 (excluding the Aleutian Islands and Bering Sea) were provided by Kurt Iverson,
Alaska Department of Fish and Game, Commercial Fisheries Division, Juneau.

Response variables

Description/Source

Coho weight

The weekly total weight of head-on, gutted coho salmon landed by the Southeast Alaska troll fishery divided by
the number of fish reported in the landings. Weekly average weights were averaged over a period of 11 statistical
weeks (weeks 28-38) from early July to mid-September. Data were accessed from the catch data base using the
Alaska Department of Fish and Game’s ALEX program and are reported by Shaul et al. (in press).

Adult length

Average mid-eye to fork length of male and female age-.1 coho salmon spawners in the Berners River
estimated prior to the gillnet fishery. (Shaul et al. in press).

Sex ratio

Number of females-per-male estimated prior to the gillnet fishery. (Shaul et al. in press).

Marine survival

Total return (harvest plus escapement) of age-.1 coho coho salmon returning to the Berners River divided by the
number of smolts emigrating in the prior year. (Shaul et al. in press).

Egg biomass per female

Average egg biomass of female Berners River coho salmon (prior to the gillnet fishery) based on an estimated
relationship between female length and egg biomass reported by Fleming and Gross (1990) and Shaul et al. (in
press).

Per Capita Egg
Biomass (PCEB)

Estimated egg biomass per female Berners River coho salmon multiplied by the estimated proportion of females
in the population prior to the gillnet fishery. (Shaul et al. in press).

passages, and a gillnet fishery conducted near the river. In
order to account for size selection in the latter fishery, we reconstructed the pre-fishery length distribution and computed
average length (following Kendall and Quinn 2012), using
length measurements from an average of 339 coded-wire
tagged Berners River fish sampled annually from the catch.
Sex was not determined for the catch, so estimation of the
effect of the harvest on the sex ratio required an assumption
that fish of the same length were equally vulnerable to the
fishery, independent of sex.
Per capita reproductive potential was assumed to be
proportionate to the per capita egg biomass (PCEB). We
used an average relationship between egg biomass (EB) and
female length from two British Columbia coastal streams,
Mamquam River and Tenderfoot Creek (Fleming and Gross
1990). Letting MEF denote the mid-eye to fork length
(mm), the following is the conversion relationship applied
to females in the Berners River:

erage weight of troll-caught coho salmon in Southeast Alaska during 1970–2014 and (b) growth and survival-related
variables specific to the Berners River population for adult
returns in 1990–2014 (Table 1; Shaul et al. in press).
Coho weight was calculated by dividing the weight of
head-on, gutted coho salmon landed by the Southeast Alaska troll fishery by the associated number of fish reported on
sales slips. There is a seasonal trend of increasing average
weight, as well as substantial inter-annual variation in the
temporal distribution of the troll catch (Shaul et al. 2011).
Therefore, average weight was calculated weekly and averaged across 11 statistical weeks (weeks 28–38), spanning a
period from early July through mid-September, in order to
obtain a temporally stable measure of average coho salmon
weight in coastal waters.
Marine survival and the size and sex composition of
age-.1 returning adults were estimated annually for 1990–
2014 adult coho salmon returns to the Berners River, located
65 km north of Juneau, Alaska (Shaul et al. in press). A target sample of 600 spawners was captured from upper river
pools using a 13.7-m beach seine and sampled for age, sex,
and mid-eye to fork (MEF) length. Returns to the Berners River are comprised almost entirely of age-.1 adults that
have spent one year at sea, with age-.0 jacks being rare. Marine survival was estimated by dividing the total age-.1 adult
return (combined catch and spawning escapement estimates)
by the estimated smolt migration in the prior year.
Returning fish are exploited intensively by two major
fisheries, including a troll fishery in outer coastal waters and

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 2.33 × 10−7 [𝑀𝑀𝑀𝑀𝐸𝐸𝐸𝐸𝑀𝑀𝑀𝑀 ]3.39 .

Estimates of egg biomass for individual females were
averaged and multiplied by the proportion of females in
the adult population to estimate PCEB, which was then
converted to a PCEB index by dividing the annual value by
the average for all 25 years.
Explanatory variables included the commercial catch
of pink and sockeye salmon (in metric tons) as a measure
of the biomass of maturing salmon (Table 1) and, by infer332
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ence, the potential for each species to influence availability
of squid prey for coho salmon. Biomass of the catch was selected over numerical abundance as an explanatory variable
because biomass includes elements of both abundance and
size. Evidence of a strong positive relationship between the
individual size of pink and sockeye salmon and the amount
of squid in their diet (Aydin 2000; Davis 2003) suggests that
total biomass is a more accurate measure of the potential
for both species to influence squid prey populations of importance to coho salmon. Salmon biomass variables tested
included separate values for pink and sockeye salmon, as
well as the combined biomass of both species. We used the
combined commercial catch in North America, excluding
fishing areas in the Aleutian Islands and Bering Sea, with
the objective of indexing the biomass of pink and sockeye
salmon maturing primarily within the GOA.
North Pacific climate was represented by a single variable, the 12-month (April–March) average monthly PDO
index ending in the coho salmon catch year. This period
was targeted to encompass the period of hatching and development for B. anonychus, based on the occurrence of new
paralarvae in the northern GOA beginning in April and assuming a 2-year lifespan (Jorgensen 2011).

one lag, we considered averages across lags to develop new
explanatory variables. We tested models that included sockeye salmon catch as a separate variable from pink salmon
catch, as well as the pooled catch of both species under the
assumption of an equal effect (per unit of weight) on the prey
species of interest. Each predictive time series was standardized (the mean of the values actually used in the regression
relationship was subtracted and the result was divided by the
sample standard deviation). Model residuals were tested for
autocorrelation using a Durbin-Watson test and by examining
the sample autocorrelations. Models were ranked in order
with the change in Akiaike Information Criterion differences
(ΔAIC; Burnham and Anderson 1992). Models with ΔAIC ≤
2 were considered to have equivalent support.
We tested the combination of predictive variables for
coho weight with the lowest ΔAIC score in models explaining adult length, sex ratio, PCEB index, and marine survival
for the Berners River population. Multiple regression models were developed for length of adults of each sex and the
mean-average of both sexes prior to exposure to the gillnet
fishery. Additional models were developed for marine survival, ratio of females-to-males, and the PCEB index. Single-variable regression models were also used to explore relationships between the catch of pink salmon and variables
representing adult length, sex ratio, PCEB index, and marine survival for the Berners River population, as well as
relationships among growth and survival-related variables.
Additionally, these variables were also differenced so as to
show the relationship between pink salmon biomass and the
year-to-year change in adult length, sex ratio, PCEB index,
and marine survival for the Berners River population. Relationships among response variables were plotted and examined separately for the second half of the series (2002–
2014), which occurred after a shift to a cooler North Pacific
climate (Peterson and Schwing 2003).
We rearranged the top-ranked predictive model for
coho weight to examine the effects of salmon biomass
separately from climate, and to estimate a climate-based

Models
Multiple regression analysis was used to explore relationships between coho salmon weight, as the response variable, and the PDO index and pink and sockeye salmon catches at various lags ranging from 0 to 6 years from the catch
year for adult coho salmon. Each predictive series was tested for obvious autocorrelation structure using conventional
time-series analysis tools, including calculating the sample
autocorrelations and partial autocorrelations out to at least 12
lags. Cross-correlation values were generated between the
coho weight series and each of the other variables to see at
which lags the variables might be most useful for predicting
dependent variables. In cases with correlation at more than

Table 2. Model selection statistics for analyses of hypotheses for average weight of troll-caught coho salmon, 1970–2014. Terms in the
hypotheses are the commercial catch of pink salmon or pink and sockeye salmon combined (in millions of fish) and the April–March average
monthly Pacific Decadal Oscillation (PDO) index ending in the coho salmon return year. The independent variables are lagged from 0 to 4
years (denoted 0, -2 or -4). Models are ranked by the Akiaike Information Criterion differences (ΔAIC). Models with ΔAIC ≤ 4 are listed, with
the best model shown at the top.
Coefficient weights

Hypothesis

a

R2

Adjusted

ΔAIC

Salmon

PDO

Pink (average -2, -4) + PDO (average 0, -2, -4)

0.508

0.492

Pink & Sockeye (average -2, -4) + PDO (average 0, -2, -4)

0.483

0.517

0.644

0.627

0.29

Pink (-2) + Pink (-4) + PDO (average 0, -2, -4)

0.522a

0.478

0.651

0.625

1.72

Pink & Sockeye (-2) + Pink & Sockeye (-4) + PDO (average 0, -2, -4)

0.497a

0.503

0.648

0.623

2.00

Pink & Sockeye (average 0, -2, -4) + PDO (average 0, -2, -4)

0.504

0.496

0.625

0.608

2.53

Pink (-2) + PDO (average 0, -2, -4)

0.494

0.506

0.618

0.600

3.38

Pink & Sockeye (-2) + PDO (average 0, -2, -4)

0.474

0.526

0.615

0.597

3.75

Pink (average 0, -2, -4) + PDO (average 0, -2, -4)

0.504

0.496

0.615

0.597

3.76

0.646

R2
0.629

Coefficient weights at specific lags are: Pink (-2): 0.329, Pink (-4): 0.193, Pink & Sockeye (-2): 0.312, Pink & Sockeye (-4): 0.185.
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carrying capacity for the GOA to produce pink salmon for
harvest, given an objective of maintaining a constant average coho salmon size. The regression model describing
coho weight (W) as a function of the pink salmon catch
biomass (Pink), the PDO index (PDO), and a random (uncorrelated) normally distributed error (ε), where b1 and b2
are respective variable coefficients and c is a constant, is
shown as follows:

tial. The third highest ranked model included pink salmon
biomass at separate lags of 2 and 4 years, with the lag 2
coefficient weight (0.329) comprising 63% of the total coefficient weight assigned to salmon (0.522) while the lag
4 coefficient weight (0.193) accounted for 37%. The top
ranked model (hereafter this predictor set will be referred
to as the Pink-PDO predictors) included the pink salmon
catch biomass averaged over the two prior cycles (lag 2 and
4 years; Fig. 5). No significant autocorrelation was detected in the residuals for this model at lags of 1–15 years and
the Durbin-Watson statistic was not significant (p = 0.474).
Partial residual plots indicate a strong negative relationship
with pink salmon biomass (Fig. 5C) and a strong positive
relationship with the PDO index (Fig. 5D), with 1995 and
1999 appearing as principal outliers.

𝑊𝑊𝑊𝑊 = (𝑏𝑏𝑏𝑏1 ) 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + (𝑏𝑏𝑏𝑏2 ) 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝑐𝑐𝑐𝑐 + 𝜀𝜀𝜀𝜀.

By ignoring the error and fixing coho weight (W) at a
constant value (in this case the 45-year average of 3.09 kg),
we can rearrange the model to estimate the capacity (K) of
the GOA to produce pink salmon for harvest while achieving
the coho weight target under observed climatic conditions
(PDO index) associated with the same coho return year:

𝐾𝐾𝐾𝐾̂ =

Climate-Based Capacity

3.09 − (𝑏𝑏𝑏𝑏2 ) 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝑐𝑐𝑐𝑐
.
𝑏𝑏𝑏𝑏1

PDO-based estimates of the climate-based capacity
of the GOA to produce pink salmon biomass for harvest
while maintaining a constant average target coho salmon
weight (3.09 kg) are highly variable, ranging over an order
of magnitude from a low of 24.1 thousand metric tons in
1976 to 245.7 thousand metric tons in 1998 (Fig. 6). The
relationship between the estimated climate-based capacity
(K̑ ) for pink salmon harvest (in metric tons) at the 3.09 kg

RESULTS
Coho Weight Model
Positive autocorrelation was detected in the data series
at lags of 1, 2, 3, 4, and 6 years for pink salmon biomass,
1–5 years for sockeye salmon biomass, and 1–7 years for
combined biomass of the two species, while the PDO index
had significant positive autocorrelation only at lag 1. The
best models explaining troll coho weight included salmon
abundance and climate variables only in the current year
and at lags in 2-year increments up to 4 years (Table 2).
Diagnostics for the best models were generally acceptable,
with no detected autocorrelation in the residuals (diagnostic checks included calculating the autocorrelation in the
residuals out 12 lags, plotting the fitted variables against
the residuals, examining Q-Q plots, looking for large leverage in the residuals, and calculating the Durbin-Watson
statistics). Models that included salmon biomass or climate variables for the alternate biennial cycle (at lags of
1 or 3 years) ranked poorly, consistent with a 2-year life
cycle in B. anonychus (Fig. 4). Models that included sockeye salmon as a variable separate from pink salmon did not
rank high. Among the four top-ranked models considered
to have equivalent support (ΔAIC ≤ 2), two that included
the combined biomass of pink and sockeye salmon as a
single variable ranked slightly below similar models that
included only pink salmon. Highest ranked models consistently indicate a nearly even split in influence (regression coefficients) between salmon abundance and the PDO
(Table 2). All highly-ranked models (ΔAIC ≤ 4) included
the average PDO lagged at 0, 2, and 4 years. Salmon biomass was most influential at a lag of 2 years, followed by 4
years, while biomass at lag 0 was substantially less influen-
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Fig. 4. Annual predictive variable coefficients for coho weight,
including (A) pink salmon catch biomass and (B) PDO fitted at lags
from 0 to 4 years in a regression model with 10 variables (5 lags
each for pink salmon and PDO). Years that were averaged for the
respective predictive variables in the top-ranked model (Table 2)
are shaded black.
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Fig. 5. Southeast Alaska troll-caught coho salmon average dressed weight compared with modeled weight (A) based on a multiple
regression model with two variables: the standardized April–March PDO Index (average for lag 0, 2, and 4 years; 0.492 weighting based on
the regression coefficient) and the standardized average commercial catch of pink salmon in North America (excluding the Bering Sea and
Aleutian Islands) lagged by 2 and 4 years (0.508 weighting). The model residual is shown (B), as well as partial residual plots for pink salmon
(C) and the PDO index (D).

Climate-based capacity estimates based on the target
coho weight were exceeded only a few times in even years
and by modest percentages prior to 2012, when a series of
low trailing PDO index values and substantial even-year
pink salmon returns were associated with biomasses that exceeded capacity estimates by 102% in 2012 and 83% in 2014
(Fig. 6). Coho weight was the lowest on record for an even
year in 2012, and third lowest in 2014 (Fig. 2). Since the
early 1990s, differences between pink salmon biomass and
estimated capacity have been greater in odd years as oddyear biomass transitioned from being consistently below estimated capacity during 1971–1991 (by an average of 26%)
to consistently above capacity by an increasing margin since
1993 (158% in 2009, 205% in 2011, 364% in 2013; Fig. 6).

target coho weight is shown by the following relationship
with the PDO index:
𝐾𝐾𝐾𝐾̂ = 86.928(𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) + 128,066,

where K at a neutral (0) PDO index value is estimated at
128,066 metric tons, an amount that has been consistently
equaled or exceeded by the lagging pink salmon catch biomass variable since 1987.
Although not significantly correlated over the full time
series (r = 0.264; p = 0.079), pink salmon catch biomass and
estimated climate-based capacity (i.e., scaled PDO index variable) showed strong positive correlation during 1970–1990 (r
= 0.809; p < 0.001), with capacity exceeding catch biomass in
all but 2 years. However, pink salmon biomass and estimated
capacity were essentially uncorrelated in the subsequent period from 1991–2014 (r = -0.148; p = 0.490), as biomass remained high while the PDO index trended lower. This change
was associated with a substantial (43%) increase in variation
in annual coho weight (Fig. 5A). However, the model fit was
consistent between the periods (Fig. 5B), with no meaningful
change in the average residual between 1970–1990 (-0.014)
and 1991–2014 (0.012), or in coefficients of variation (CV) in
the residuals (0.164 and 0.188, respectively).

Adult Length
During 1982–2014, Berners River spawners of both sexes
declined in length by an average of 1.6 mm/year for males and
1.1 mm/year for females (Fig. 7). Variation in length among
spawners returning in the same year increased for both sexes.
Males showed substantially greater intra-annual variation in
length among individual spawners (average CV = 0.109) compared with females (average CV = 0.059) as well as greater in335
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Fig. 6. Average Gulf of Alaska pink salmon catch in the preceding two cycles (lag 2, 4) compared with the estimated catch at a constant target
coho salmon weight of 3.09 kg (45-year average) at both the trailing 3-cycle average PDO index (lag 0, 2, 4) and at a constant neutral PDO
index. The PDO variable is converted to an estimate of the climate-based capacity of the Gulf of Alaska to produce pink salmon for harvest
while also achieving a target coho salmon weight.

(Fig. 8A), but recent relationships between length and sex
ratio and between marine survival and PCEB index exhibit
greater slope. Variation in the length-survival relationship
decreased at smaller adult sizes, suggesting a more limited
range of survivals for cohorts with slower growth, as a potential consequence of size-selective mortality (Fig. 8A).
During 1990–2014, there were important differences
between even and odd years in the length of age-.1 adults,
the female-to-male ratio, and the PCEB index (Fig. 9). Average marine survival estimates in odd years (14.6%) were
not significantly different from even years (17.9%; p =
0.157). However, the relative survival of females (femaleto-male ratio) was lower in odd years (p = 0.012) with a
pre-gillnet female-to-male ratio of 0.71 compared with 0.88
in even years (assuming a 1:1 sex ratio in smolts; Spidle et
al. 1998). The PCEB index was also significantly different,
averaging 18% lower in odd years prior to the gillnet fishery
(p = 0.002) and 23% lower in the spawning escapement (p
< 0.001).

ter-annual variation in average length (CV = 0.044) compared
with females (CV = 0.028). During 1998–2010, average
length of both sexes became increasingly cyclical, declining
in odd years while remaining relatively stable in even years
until 2012, when even-year length decreased sharply.
The linear selection differential (LSD), the difference
in average length before and after the gillnet fishery, averaged -12.3 mm for males and -3.7 mm for females during
1990–2014 (Shaul et al. in press). On average, the estimated
effect of the gillnet fishery on the ratio of females-to-males
was not meaningful, with the average ratio before and after
the fishery decreasing from 0.80 to 0.75.
Relationships Between Population Variables
There was a moderate correlation between marine survival and adult length (Spearman’s rho = 0.669, p < 0.001;
Fig. 8A). The correlation between adult length and the ratio of females-to-males was lower, with greater variability
in the female-to-male ratio at larger adult length (Fig. 8B).
The correlation between marine survival and the female-tomale ratio was considerably lower, and did not reach statistical significance (Fig. 8C). The PCEB index, which has as
factors both female length and the proportion of the adult
population comprised of females, had a small to moderate
correlation with marine survival (Fig. 8D).
The regression slope for the 2002–2014 length-survival
relationship did not differ from the slope for the entire series

Pink Salmon and PDO Predictors
The Pink-PDO predictors consistently explained at least
a moderate amount of the variation in average size of returning coho salmon of both sexes in 1990–2014 (Table 3; Fig.
9A). Results were consistent with troll weight (1970–2014)
in indicating an approximately equal split between pink
salmon biomass and climate (PDO) as factors influencing
336
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0.10

pink salmon and hatchery chum and pink salmon juveniles
have a positive effect on coho survival by providing food or
a “predation shelter” (Briscoe 2004; LaCroix et al. 2009),
indicating a potential countervailing positive effect at lag 0
that, combined with biennially autocorrelated pink salmon
returns, might offset a negative influence on late-marine
growth at lags 2 and 4. We examined similar early marine
predictor variables for Berners River coho salmon survival, including (a) the number of fish harvested in four local
commercial fishing districts (111, 112, 114 and 115) where
pink salmon are likely to intermingle as juveniles with Berners River coho salmon, and (b) combined releases of pink
and chum fry by the local DIPAC (Douglas Island Pink and
Chum) hatchery. However, regression results did not support a positive interaction, either with predominantly wild
pink salmon (r = -0.072; p = 0.733) or with combined releases of pink and chum salmon in the common sea-entry year
(r = -0.078; p = 0.713). In contrast with the lagged GOA
pink salmon catch (pink-PDO predictors), the un-lagged
pink salmon catch in local districts did not explain much
variation in the year-to-year change in marine survival (R2
= 0.033). The same was true for the un-lagged GOA pink
salmon catch.
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CV

coho0.08
salmon size-at-maturity. The proportion of variation
in size explained by the Pink-PDO predictors was lower for
0.06River adults (0.508 for males and 0.610 for females)
Berners
compared with troll weight (0.646).
0.04
Neither predictive variable was significant in models
with 0.02
the sex ratio of returning adults as the response variable (Table 3; Fig. 9B). The Pink-PDO predictors accounted
0.00 a third of variation in the PCEB index for adults
for about
prior to the gillnet fishery (R2 = 0.356) but the PDO variable
missed statistical significance (Table 3; Fig. 9C). These preYear
dictors also explained over a third
of the variation in marine
2
survival (R = 0.378; Fig. 9D) but the coefficient of the PDO
again failed to reach statistical significance.
Although the pink salmon variable that best predicted
adult size (average lags 2 and 4) did not explain a significant
amount of the variation in the sex ratio (Fig. 10A), there was
a small-to-moderate negative correlation with the PCEB index (Fig. 10C). However, pink salmon biomass showed a
moderate-to-strong negative correlation with year-over-year
change in both the sex ratio (Figs. 10B, 11A) and the PCEB
index (Figs. 10D, 11B).
While pink salmon biomass alone was negatively correlated with marine survival, explaining about a third of
variation (R2 = 0.332; Fig. 10E), significant autocorrelation
was detected in the residuals at lag 1 and the Durbin-Watson
statistic was significant (p = 0.029). In other words, although
there is an obvious negative correlation between marine survival and pink salmon biomass, we are not able to produce a
good predictive model for marine survival. However, a proportion of the difference, or year-to-year change, in the marine survival rate was explained by pink salmon biomass with
acceptable model diagnostics (R2 = 0.376; Figs. 10F, 11C).
Results of studies conducted at Auke Creek and in
nearby waters have led to the hypothesis that abundant wild

DISCUSSION
Coho Weight Model
The Pink-PDO predictors explain a substantial amount
(65%) of the variation in Southeast Alaska coho salmon
weight over a 45-year period spanning both warm and cold
North Pacific regimes. Because the predictors were standardized, the estimated regression parameters are compara337
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Fig. 8. Regression relationships for age-.1 Berners River coho salmon: marine survival vs. length (A), sex ratio vs. length (B), sex ratio vs.
marine survival (C), and PCEB index vs. marine survival (D). Earlier years (1990-2001) are shown with gray dots and later years (2002–2014)
with black dots. Linear relationships for the entire data series are shown with solid lines while relationships for 2002-2014 only are indicated with
dashed lines. Length, sex ratio and PCEB index values are estimated prior to the gillnet fishery and length values are the mean-average for both
sexes. Spearman’s rho correlations are significant (p ≤ 0.05) for all relationships except for sex ratio vs. survival for the full data series (1990–
2014). Note: sex ratio (C) and the PCEB index (D) include elements of survival and are, therefore, not entirely independent from marine survival.

ble, with approximately equal weighting indicated for topdown control (0.508) and climate (0.492) variables targeted
at squid recruitment and survival. Our results are in strong
agreement with Jorgensen’s (2011) hypothesized 2-year
lifespan for B. anonychus, as well as our hypothesis that
coho salmon size reflects a lagged response by reproductively isolated even- and odd-year populations of B. anonychus
to variable intensity of top-down control by pink salmon.
The most likely explanation for the lagged response (Fig. 4)
is a related delay in predation on maturing squid by maturing
pink salmon that limits the effect on coho salmon growth of
direct competition for the current prey cohort. Pink salmon
appear to influence coho salmon growth primarily through
predation on the parents and grandparents of the current
squid cohort, with the parent generation being most important (accounting for 63% of the combined pink salmon coefficients).

One obvious criticism of our approach is that both
the predictive and response variables contain autocorrelation. The important effect of this is to potentially produce
misleading error rates in statistical hypothesis tests of zero
correlation (e.g., Pyper and Peterman 1998). However, our
intent was never to simply test the hypothesis that there was
zero correlation between any two variables. Rather, we were
looking for consistent relationships between coho salmon
size and environmental and competition metrics—consistent
over a period of improving environment (from 1970 to the
early 1990s) and a period of declining environment (mid1990s to the present, Fig. 6). We did not attempt to adjust
error rates or p-values, but rather we were guided by the notion that we were especially skeptical of any hypothesis tests
that were not highly significant using conventional p-value
calculations. In the end, we found essentially the same PinkPDO predictor signal in different measures of coho size, and
338
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Studies in northern Southeast Alaska have generally
failed to support an early-marine critical period for growth
and survival of coho salmon in that region and have instead
pointed toward an important late-marine period after juveniles leave coastal waters late in their first summer at sea
(Briscoe 2004; LaCroix et al. 2009; Orsi et al. 2013). Our
results are consistent with these studies in a number of ways.
Our predictive model explains the majority of variation in
adult size with variables targeted at recruitment of the predominant prey species found in the offshore diet of coho
salmon. This finding is consistent with research on coho
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coho size consistently trended upwards with increases the
PDO metric and downwards with increases in the pink salmon metric, in a way that was consistent along both even- and
odd-year lines.
The two predominant outlying years when coho salmon
weighed substantially more (1995) and less (1999) than indicated by the model (Fig. 5) occurred during a period when
salmon were sampled in July in the offshore GOA from the
research vessel Oshoro maru. Neither outlier is evident in
average coho salmon length reported by Kaeriyama et al.
(2004) which was more closely correlated with modeled
Southeast Alaska coho weight (r = 0.844) than with observed
weight (r = 0.444; Fig. 12), suggesting that growth of mature
adults may have been heavily influenced by food availability
in geographic areas not sampled during the cruises, likely
including the coastal forage fish community which continues to support growth of maturing coho salmon after they
arrive in coastal fishing areas. The strong correlation with
offshore size provides further support for the hypothesis that
the Pink-PDO predictive variables in the Southeast Alaska
coho weight model represent the principal climatic and topdown factors affecting B. anonychus, the dominant prey species in the diet of fish in the offshore sample (Kaeriyama et
al. 2004).

Year
Fig. 9. Average adult length (males and females averaged),
females per male, per capita egg biomass (PCEB) index, and
marine survival rate of age-.1 Berners River coho salmon. All
response variables are prior to exposure to the drift gillnet fishery.
Also shown are even- and odd-year averages and significant fits (p
≤ 0.05) for combined Pink-PDO predictors. Differences between
even- and odd-year averages were significant (p ≤ 0.05) for length,
sex ratio, and PCEB index but not for marine survival.

Table 3. Coefficient weights (with 95% confidence intervals), R2 and adjusted R2 values, and variable p values for multiple regression models
correlating adult size, sex ratio, marine survival, and predicted egg biomass per adult (PCEB index) with the catch of pink salmon in North
America (excluding Bering Sea-Aleutian Islands areas) averaged for lags of 2 and 4 years, and the Pacific Decadal Oscillation (average for
lags of 0, 2, and 4 years). Variables that are not significant (p > 0.05) are marked with an asterisk.
Response variable
Troll weight (1970–2014)

Pink salmon
p

PDO

Coefficient Weight (C.I.)

p

Coefficient Weight (C.I.)

R2

Adjusted
R2

<0.001

0.508

(0.363–0.653)

<0.001

0.492

(0.347–0.637)

0.646

0.629

Length (Males)

0.004

0.536

(0.192–0.880)

0.010

0.464

(0.120–0.808)

0.508

0.463

Length (Females)

0.003

0.454

(0.174–0.734)

0.001

0.546

(0.266–0.826)

0.610

0.574

Length (Average)

0.002

0.501

(0.199–0.803)

0.002

0.499

(0.197–0.801)

0.572

0.533

Females per male

0.151*

0.691

(-0.272–1.654)

0.513*

0.309

(-0.654–1.272)

0.126

0.047

PCEB index

0.027

0.539

(0.069–1.009)

0.054*

0.461

(-0.009–0.931)

0.356

0.298

Marine survival

0.005

0.709

(0.235–1.182)

0.215*

0.291

(-0.182–0.765)

0.378

0.321

Berners River (1990–2014):
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Fig. 10. Relationship between the average pink salmon harvest (lag 2 and 4 years) and the sex ratio (females per male; A), the year-overyear change in sex ratio (B), the PCEB index (C), the change in the PCEB index (D), the marine survival rate (E), and the change in marine
survival (F) for coho salmon returning to the Berners River, 1990–2014. Sex ratio and PCEB index values are prior to exposure to the drift
gillnet fishery.

by the Pink-PDO predictors that explain much of the variation in adult size. The model containing these variables
together accounted for over a third of variation in marine
survival (R2 = 0.378) but the PDO coefficient was not significant. Although the pink salmon predictor alone was significant (r = -0.576; Fig. 10E), model diagnostics were poor with
the variance of the residuals decreasing with increases in the
predictor and with significant autocorrelation in the residuals.
In contrast, a direct relationship with adult length explained
somewhat more of the variation in marine survival and the
model diagnostics were better. This may mean that variation related to late-ocean growth accounted for some of the
variation in marine survival for the Berners River population,
but that the link to the PDO and pink salmon is less direct.
Potential countervailing effects (perhaps less growth-related)
by the predictive variables on survival should be considered,
however, we found no evidence of a positive relationship
with indicators of abundance of pink salmon (or hatchery
chum salmon) in near-shore environments.
The pink salmon catch (average for lags of 2 and 4
years) included in the pink-PDO predictors explained much
of the year-to-year change in marine survival, sex ratio and
PCEB index (with acceptable model diagnostics) suggesting
that while trends in marine survival may be influenced by

scale growth (Briscoe 2004) in indicating that adult size is
influenced primarily by conditions encountered in offshore
waters of the GOA.
The moderately strong positive correlation between
marine survival and size of Berners River adults is, therefore, consistent with the hypothesis that overall survival in
the ocean is related to late-marine growth. The evident decrease in variation in survival at smaller adult sizes (Fig. 8A)
suggests that slower late-marine growth may reduce both
average survival and the potential range of survival rates.
This suggests that as the rate of growth slows in the offshore
environment, growth-related late-marine mortality may become a proportionately more important influence on marine
survival compared with other factors.
Our model indicates about half of the nearly two-thirds
of variation in adult size explained by the coho weight model
is attributed to the biomass of pink salmon in the GOA while
the other half is attributed to climatic factors related to atmospheric forcing (measured by the PDO index). However,
when the same Pink-PDO predictors from models explaining
adult size were applied to survival-related response variables,
only the pink salmon biomass variable showed a consistent
statistically significant influence. For example, marine survival for the Berners River population was poorly explained
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other factors, the biomass of pink salmon has an important
effect on year-to-year variation in survival of coho salmon.
We infer that the probable underlying mechanism is control
of squid prey populations by pink salmon.
More recently (2002–2014), variables associated with
growth were more strongly correlated with marine survival
(Fig. 8). This suggests that growth-related late marine mortality may have increased in importance as a component of
overall marine mortality and has become more sex-specific
as adult size has continued to trend lower with increased inter-annual variation (Fig. 7A, 8B). Climate may also have
been a factor in this change, as the earlier part of the series
(1990–2001) occurred primarily during a warm North Pacific regime that appears to have ended in 1998 (Peterson and
Schwing 2003). The return to a colder regime may have influenced both growth and survival of maturing coho salmon
in a number of potential ways, including through changes in
prey and predator abundance and distribution, and through
temperature-related physiological processes.
Different populations of squid may be affected differently by top-down control and climate. Those migrating toward the shelf during summer months (Bower et al. 2002)
face an increasing density of increasingly effective predators
as growing and maturing salmon concentrate in the northern gulf during their return to coastal streams and hatcheries. A highly regular biennial cycle in B. anonychus in the
northwestern GOA, with odd-year peaks in paralarvae density averaging over 20 times off-peak density in 1991–2009
(Jorgensen 2011), is consistent with an even-year dominant
pattern in the stomach contents index (SCI) of coho salmon
in the Alaska Gyre in 1994–2000, but inconsistent with an
opposite odd-year dominant pattern in the SCI index to the
south in the Subarctic Current (Kaeriyama et al. 2004). Increased variation in size among maturing coho salmon and
evidence of a proportionately greater decline in adult size
in less migratory fish (Shaul et al. 2011) is consistent with
a change in the spatial distribution of squid prey in favor of
the more distant Subarctic Current over more northern areas. We hypothesize that the typically high abundance of B.
anonychus reported in salmon diets in the Subarctic Current,
including in odd-numbered years, includes distinct populations that are less exposed to the gauntlet of maturing salmon
compared with populations that spawn near the shelf.
A higher female-to-male ratio among coho salmon returning in even years and a moderate positive correlation
between this ratio and average length at maturity (Fig. 8B)
are consistent with the hypothesis of increased risk-taking
by female coho salmon nearing maturity and in poor feeding
conditions (Holtby and Healey 1990) and with an apparent
strong even-year dominant cycle in mature B. anonychus
in the northern gulf (Jorgensen 2011). Aydin et al. (2005)
observed that, while pink and sockeye salmon switch diets
from squid to zooplankton as they move northward from
the Subarctic Current, coho salmon appear to consume little during this migration before reaching abundant forage
fish populations near the coast. In odd years, females that
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Fig. 11. Year-over-year change in the sex ratio, PCEB index, and
marine survival rate for Berners River coho salmon compared with
the modeled change based on the average pink salmon catch (lag
2 and 4 years).

may have benefited from abundant forage in the relatively
squid-rich Subarctic Current must still cross an increasingly
prey-barren expanse of water during their northward migration, potentially inducing them to take increased risk through
energy expenditure and exposure to predators in pursuit of
food. An increase in correlation between the sex ratio and
length and marine survival after 2001 (Fig. 8) suggests that
the spatial and temporal distribution of coho salmon mortality, and potentially the underlying mechanisms, may have
changed during the study period.
Fishery managers should note that variation in factors
affecting late-ocean growth and survival tends to magnify
variation in effective spawning escapement. That is, our
results show that the usual assumption of stable per capita reproductive capacity is simply wrong. Variation in the
PCEB index of the Berners River spawning escapement was
substantial (range 0.74–1.39). That means that a typical
measured or nominal escapement of 12,000 spawners could
represent a potential effective escapement ranging from
8,900–16,700 spawners. Spawner-recruit analysis used to
establish escapement goals may be improved by accounting
for such variation and the associated variation in marine survival (Fig. 8D). That is, low adult returns lead to potentially
low nominal escapement, and this condition will likely coincide with even lower effective spawning escapement, and
vice versa.
Other studies have pointed to increased growth-related
late-marine mortality related to competition for prey with
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between marine survival and size-at-maturity for Berners
River coho salmon.
The timing and mechanisms underlying late-marine
mortality remain unclear. While maturing squid (B. anonychus) have been found to comprise the majority of the summer diet of coho salmon above a weight of 500 g (Davis
2003), a size that is reached on average in January (Ishida
et al. 1998), B. anonychus may also be important in the diet
of coho salmon during winter months when growing squid
are also smaller (Aydin 2000). If so, variation in growth-related mortality linked to squid abundance may begin during
winter from a physiologically based process (Beamish and
Mahnken 2001). Unfortunately, this hypothesis is difficult
to assess because of a scarcity of information on the winter
diet and condition of coho salmon in offshore waters.
Predation appears to be the most likely cause of mortality of maturing fish during summer. While females may
take greater risks with predators when food is scarce because of their greater energy and growth requirement for
successful reproduction (Holtby and Healey 1990), a substantial proportion of males may be motivated by similar
pressures. The large amount of variation in size of age-.1
males appears to stem from disruptive selection associated
with the option of two viable breeding strategies: stealth
(satellite) or dominance (alpha; Healey and Prince 1998).
The largest (as well as smallest) individuals returning to the
Berners River are invariably males, suggesting that larger
males have also expressed a willingness to trade survival
for growth in order to be competitive as dominant spawners,
even as a substantial proportion of males may pursue an
opposite strategy in years of poor growth when a reduced
female-to-male ratio likely enhances the advantage to middle-sized males of trading growth for survival, thereby accepting a stealth role over dominance in a more competitive
breeding environment.
Specific mechanisms behind risk-taking as a cause of
late-marine mortality are poorly understood but may include
some combination of increased metabolic cost relative to
reward and increased exposure to salmon predators while
undertaking searching movements or while pursuing prey in
the vicinity of “patches” of food that may concentrate biota
at multiple trophic levels (Benoit-Bird and Au 2003). Spatial variation in food and risk factors may occur across different geographic scales, from intensive patches of mesozooplankton (Russell et al. 1992) to the scale of oceanographic
domains. Salmon dietary studies indicate that B. anonychus
typically appears in higher density in the Subarctic Current
compared with other North Pacific domains (Davis 2003;
Kaeriyama et al. 2004), while on a smaller scale, the species has been found concentrated above seamounts (Nesis
1997). Depending upon their persistence, such aggregations
may attract not only higher trophic level salmon species,
but species such as salmon sharks, which are abundant and
effective predators on maturing salmon (Nagasawa 1998)
and also feed extensively on B. anonychus and other squids
(Kubodera et al. 2007).

630
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Fig. 12. Observed and modeled average weight of troll-caught
coho salmon (with 1995 and 1999 outliers indicated; see Fig. 5)
compared with average fork length of fish sampled at offshore
stations along longitude 145°W (Kaeriyama et al. 2004).

pink salmon. Ruggerone et al. (2003, 2005) and Ruggerone
and Connors (2015) presented evidence indicating that
growth and survival of sockeye salmon returning to Bristol Bay and the Fraser River, respectively, was reduced by
a competitive interaction with pink salmon occurring primarily in the second year at sea. The reduction in apparent
growth in odd years for Bristol Bay sockeye salmon occurred
in summer after highly abundant Russian pink salmon populations had migrated to coastal areas, an effect that may have
been reinforced by a biennial cycle in prey, including squid
(Ruggerone et al. 2005; Ruggerone and Connors 2015).
Wide-spread declines in abundance of Chinook salmon populations have occurred throughout Alaska since 2007
(ADF&G 2013) concurrent with consistent over-prediction
by sibling-based forecast models for stocks contributing
to Southeast Alaska fisheries (CTC 2014). Broad declines
since the early 1980s have been documented in size-at-age
and age-at-maturity of Alaska Chinook salmon populations
(Kendall and Quinn 2011; Lewis et al. 2015). The steepest declines in size-at-age have occurred in older fish, primarily those that have spent four years at sea, while age-.2
fish have shown little change. A combination of decreasing
size-at-age and decreasing age-at-maturity is unexpected, as
Chinook salmon have been shown to delay maturity when
growth is poor (Healy 1991; Wells et al. 2007).
As in coho salmon, the decrease in apparent growth and
survival of Chinook salmon is potentially related to a decline
in gonatid squids, which are typically the dominant prey of
older Chinook salmon in offshore waters of the northeast
and north-central Pacific and the Bering Sea (Davis 2003;
Kaeriyama et al. 2004; Davis et al. 2009). Evidence pointing to an increase in late-ocean mortality as a factor in declines in Chinook salmon abundance since the mid-2000s
is consistent with an increase since 2002 in the correlation
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Climatic Effects

shore subarctic waters. In contrast with our results, size variation of coho salmon stocks south of Alaska has been shown
to be negatively correlated with warm conditions (positive
PDO; Wells et al. 2006), while recruitment of natural coho
salmon from Oregon coastal rivers showed a strong negative
correlation with the spring/summer PDO averaged over a period of four years prior to the return year (Rupp et al. 2012).

The occurrence of biennial lags in both of the Pink-PDO
predictors (Fig. 4) leads us to infer that the connection between the PDO and coho weight likely occurs through a climatic link to recruitment of squid. The positive association
between coho weight and the PDO index across multi-generational lags, with no evidence of influence during off-cycle
years, suggests that B. anonychus survival is closely coupled with atmospheric forcing in the North Pacific. Potential
mechanisms include improved early survival in response to
more abundant food associated with a shallower mixed layer (Polovina et al. 1995) and improved transport of larvae
by currents to locations favorable for survival (Bailey and
Picquelle 2002) during conditions associated with a strong
Aleutian Low and high PDO index values. The distribution
of squid within the Alaska Gyre, as well as their abundance,
may be linked to physical oceanographic variables (Aydin
et al. 2000).
However, other plausible mechanisms may contribute
to the observed positive relationship between adult coho
weight and the PDO. Exceptionally warm climatic conditions in the northeast Pacific in 1997 and 2015 were associated with peaks in average size of juvenile coho salmon sampled during late-July in trawl surveys in northern Southeast
Alaska (J. Orsi, joe.orsi@noaa.gov, pers. comm.), suggesting that warm conditions associated with high PDO index
values are favorable for early-marine growth of coho salmon
prior to when they move offshore and begin feeding on B.
anonychus. In addition, results of bioenergetics simulation
indicate that optimal temperatures for growth are positively
related to daily rations (Beauchamp 2009), indicating that
warmer temperatures associated with high PDO index values may reinforce the effect of an increase in prey availability by also increasing the growth response in coho salmon.
Aydin (2000) estimated that a systemic 10% increase in sea
surface temperature in the vicinity of the squid-rich Subarctic Current would favor squid-feeders like coho salmon, as
they currently find enough food to benefit from increased
metabolic activity associated with warmer water.
Although specific mechanisms behind the inferred connection between the PDO and recruitment of B. anonychus
await further study, it seems likely that other subarctic cephalopods with similar life histories may be similarly influenced by climate, a factor that should be considered when
investigating causes of variation in growth of other higher
trophic level species known to consume cephalopods. For
example, Wells et al. (2008) found a direct positive relationship between apparent growth of Chinook salmon from the
Taku River in Southeast Alaska and the Aleutian low pressure index (closely related to the PDO index used in this
study) during their 3rd and 4th ocean years, when Chinook
salmon are known to feed heavily upon squid (Davis 2003;
Davis et al. 2009).
Our findings do not appear applicable to more southern
coho salmon populations that do not feed extensively in off-

Interactions with Pink Salmon
An important feature of the relationship between pink
salmon biomass and estimates of climate-based capacity
(i.e., scaled PDO index variable) is their transition from being strongly correlated with each other during 1970–1990 to
being uncorrelated afterward (Fig. 6). The marked change
in the relationship between atmospheric forcing and pink
salmon returns in the northeast Pacific was associated with
a substantial increase in variation in annual coho weight.
We infer from these results that a decrease in synchrony
between variables representing bottom-up (positive) and
top-down (negative) influences has increased vulnerability
of epipelagic squid populations to steep declines during periods when both factors are unfavorable for survival. Our
model for estimating the climate-based capacity of the GOA
ecosystem to produce pink salmon for harvest while maintaining coho salmon at a historical average weight provides
a potential template for evaluating some of the ecosystem
trade-offs associated with ocean ranching.
Other investigators have found evidence of control of
squid populations by pink salmon, based on opposing biennial cycles in the western North Pacific and Bering Sea (Ito
1964; Davis 2003). Ogura et al. (1991) observed an evenyear dominant pattern in length of coho salmon in the western North Pacific that developed during the second summer
at sea when diet overlap with pink salmon increases. Our
results indicate that a similar interaction exists and has been
intensifying in the northeast Pacific.
Wild pink salmon populations appear to have benefited
from recent climatic patterns and effective fishery management practices. These salmon have remained at high abundance, particularly in odd years, despite a recent turn in the
North Pacific climate cycle to cold conditions that have historically been associated with poor returns (Beamish and
Bouillon 1993). Interest in further increasing utilization
of offshore salmon forage through ocean ranching of pink
salmon (Stopha 2013) underscores the importance of understanding the trade-offs at higher trophic levels. Chum salmon, which have the most distinctive diet among species of
Pacific salmon (Welch and Parsons 1993) and consume few
maturing squid (Kaeriyama et al. 2004), offer an alternative
to pink salmon for aquaculture that may substantially reduce
the negative effects on higher trophic level species indicated
by this study.
We hope that our findings help clarify which species
(pink salmon or B. anonychus) holds the commanding position in the offshore trophic triangle (Fig. 1). Aydin (2000)
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has suggested that the trophic position and presumed high
productivity of B. anonychus may give it a controlling position in the ecosystem. However, our findings suggest that B.
anonychus is less productive and more vulnerable to intensive predation by salmon than had been presumed. We infer
from our results that the pink salmon is a keystone predator
that exerts top-down control (over squid) and thereby directs
energy flow in the ecosystem.
Aydin (2000) produced from his extensive investigation of trophic dynamics and bioenergetics relationships a
conceptual model of salmon carrying capacity in the GOA
that predicts that adding more small salmon to the ecosystem through ocean ranching may be self-defeating. He
hypothesized that introducing increasing numbers of small
salmon may, through density-dependent effects, reduce their
early growth rate, thereby delaying their ontongenetic shift
to squid prey while placing further pressure on zooplankton. Release of squid from top-down control by their intra-guild predator (pink salmon) may lead to an increase in
squid abundance, placing further demand on zooplankton
and leading to further decline in salmon growth in a self-defeating cycle.
Our findings, supported by trends in size-at-age for various salmon species in Southeast Alaska (Fig. 13), are consistent with the feed-back loop proposed by Aydin (2000)
but suggest that the mechanism has been operating in direct
reverse of his hypothesized self-defeating response. Flexible
planktivores (age-.1 pink salmon and age-.2 sockeye salmon) have increased in size during 1982–2014 while obligate
nektivores (age-.1 coho salmon and age-.4 Chinook salmon)

have decreased, suggesting that increased top-down control
by salmon (combined with recent unfavorable climatic conditions for squid) may be reducing the mean trophic level of
prey in the forage base in a way similar to the phenomenon
of “fishing down marine food webs” (Pauly et al. 1998). A
shortened food chain, with squid reduced as an intermediate trophic component, may have instead increased energy
transfer efficiency between primary production and salmon.
Thus, increased top-down pressure by pink salmon on micro-nektonic squid occupying an intermediate trophic level
may actually increase the capacity of the GOA to produce
salmon biomass, in direct reversal of the self-defeating hypothesis. A key element determining the direction of the
feed-back response to increasing pink salmon abundance
lies in squid populations, which appear substantially less resilient and more vulnerable to top-down control by salmon
than has been assumed.
An important area for future investigation is to explain
how flexible planktivores have been able to increase in adult
size in the face of indications of decreased squid abundance,
and in apparent contradiction with bioenergetics results reported by Aydin et al. (2005) indicating that the zooplankton
found in the diet of maturing pink salmon do not have the
caloric density needed to support the apparent growth trajectory of pink salmon as they approach maturity. Although
untested, one mechanism that could potentially explain an
increase in average size of salmon in the face of a decline
in squid is a temporal advance in the growth curve resulting from an increase in abundance or nutritional quality of
available zooplankton prey beginning earlier in marine life
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that may allow pink salmon and age-.2 sockeye salmon to
achieve larger adult size even while experiencing a smaller
boost near maturity from an ontogenetic shift to calorie-rich
squid. Under this hypothesis, pink salmon may have become less dependent upon squid for growth while at the
same time increasing their per capita impact on squid populations during a longer window of time when they are of
sufficient size to be effective predators on maturing squid.
Although a simplified forage base may benefit overall
salmon biomass production in the GOA, it is important to
emphasize that the inferred transition in the trophic structure
of the salmon forage community can be expected to entail
offsetting losses among a wide range of higher trophic level
species that utilize epipelagic squid (Nesis 1997), including coho, steelhead, and Chinook salmon that occur in far
lower abundance than benefiting planktivores but have high
per capita value to fisheries. Our results indicate that for
Berners River coho salmon, the trade-offs entail not only a
reduction in size of maturing fish, but a decrease in their rate
of survival and therefore their total number.
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Abstract: Total sockeye abundance in Alaska tends to be positively correlated with North Pacific pink salmon
abundance, leading to questions about the importance of competition at sea between these two species. We
examined annual scale growth of Bristol Bay sockeye salmon at sea and quantified forecast error of Bristol Bay
sockeye stocks over the past 40 years to test the hypothesis that competition with pink salmon reduces the growth
and survival of sockeye salmon. Sockeye growth during the second and third years at sea exhibited a strong
alternating-year pattern and was negatively correlated with pink salmon abundance from eastern Kamchatka and
central Alaska. In addition, forecast error of sockeye stocks from southeastern Bristol Bay (Kvichak, Naknek,
Egegik, and Ugashik) exhibited an alternating-year pattern suggesting competition with pink salmon also affected
survival. After standardizing forecast error relative to adjacent years, forecasts in even-years were too high and
forecasts in odd-years were too low, likely reflecting competition with pink salmon during the year prior to the
return year. Sockeye salmon from northwestern Bristol Bay (Wood River) exhibited weaker growth and forecast
error relationships with pink salmon abundance, which is consistent with their more easterly distribution at sea.
Sockeye scale growth during the first year at sea was not related to pink salmon abundance, as expected, and
the observed greater growth during this early marine period in recent decades likely contributed to the greater
abundance of Bristol Bay salmon. These findings highlight sockeye growth and survival dynamics that cannot
be explained by physical oceanographic patterns and support the hypothesis that competition with pink salmon
adversely affects the growth and survival of Bristol Bay sockeye salmon.
Keywords: Bristol Bay, Fraser River, sockeye, pink salmon, forecast, competition, food web, density dependence

INTRODUCTION

over time. Peterman and Dorner (2012) concluded that future research into the factors driving broad-scale variability
in sockeye dynamics should focus on mechanisms that operate at large, multi-regional spatial scales encompassing the
two regions of correlated sockeye productivity patterns.
Competition at sea with increasingly abundant pink
salmon is one possible large-scale process that could contribute to the pattern described above. Ruggerone and
Connors (2015) tested the hypothesis that competition at
sea with pink salmon contributed to declines in productivity among the 36 sockeye populations spanning the
large southern area identified by Peterman and Dorner

To evaluate whether declines in Fraser River sockeye
salmon survival occurred across a broader area than the Fraser watershed, Peterman and Dorner (2012) examined the
productivity of 64 sockeye salmon populations spanning 17
regions from Puget Sound, Washington, to western Alaska.
Sockeye spanning a large multi-regional area, from Puget
Sound through British Columbia and into Southeast Alaska,
were characterized by declining productivity since the early
1980s. In contrast, the productivity of sockeye populations
in central and western Alaska was either stable or increasing
All correspondence should be addressed to G. Ruggerone.
e-mail: GRuggerone@nrccorp.com
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lion) salmon was 18% (or 1.83 million sockeye salmon),
assuming an equal effect of pink salmon from each region
of North America.
In contrast with sockeye populations in the southern
half of their range, Peterman and Dorner (2012) showed
that sockeye productivity in western and central Alaska was
either stable or increasing. The overall abundance of these
stocks tended to be positively correlated with the abundance of North Pacific pink salmon (Ruggerone et al. 2010),
which begs the question: how can sockeye abundance in
western and central Alaska be positively correlated with
pink salmon when sockeye abundance in southern areas is
negatively correlated with pink salmon abundance? First, it
has been hypothesized that high abundance and survival of
salmon in general is largely due to favorable early marine
conditions (e.g., Mueter et al. 2002; Beamish et al. 2004;
Farley et al. 2007; Stachura et al. 2014). In support of this
hypothesis, sockeye abundance in Alaska (all regions combined) was positively correlated with growth of Bristol Bay
(Bering Sea) and Chignik (Alaska Peninsula; Gulf of Alaska) sockeye salmon during their first and second years at sea
(Ruggerone et al. 2007). Likewise, survival of pink salmon was linked to favorable growth during early marine life
(Moss et al. 2005). This evidence suggests that favorable
ocean conditions during early marine life enhanced survival and consequently adult abundances of both sockeye and
pink salmon. Second, research also indicated that Asian
pink salmon affect the growth and survival of Bristol Bay
sockeye salmon in western Alaska during their second and
third years at sea, but not during the first year at sea (Fig.
2; Ruggerone et al. 2003, 2005; Ruggerone and Nielsen
2004). Therefore, for northern sockeye populations such as
those in Bristol Bay, the evidence suggests that both early
marine conditions and competition between pink and sockeye salmon in the 2nd and 3rd years at sea influenced marine
survival and adult sockeye salmon abundances. In contrast,
declining sockeye salmon productivity in the southern area
over the past two decades may be related to both unfavorable ocean conditions during early marine life (Rensel et al.
2010; Beamish et al. 2012; Thomson et al. 2012; McKinnell
et al. 2014), and competition with abundant pink salmon beginning in the second year at sea (Ruggerone and Connors
2015), perhaps compounded by changing ocean productivity (Nielsen and Ruggerone 2009; Irvine and Akenhead
2013).
The goal of this paper is to further evaluate the evidence
for competition between Bristol Bay sockeye salmon and
pink salmon originating from Russia and central Alaska.
Our objectives involve the testing of four hypotheses: (1)
scale growth of Bristol Bay sockeye salmon stocks exhibit
alternating-year patterns consistent with patterns of competition with pink salmon, (2) scale growth of Bristol Bay
sockeye stocks during the second and third years at sea, but
not the first, are negatively correlated with the abundance of
pink salmon, (3) forecast error of Bristol Bay sockeye salmon is related to the alternating-year pattern of pink salmon

Pink salmon abundance (millions)

Fig. 1. Predicted Fraser River adult sockeye recruits (± 2 SE) as
a function of pink salmon abundance returning to North America
(dashed line) or to both North America and Asia (bold line). Other
variables in the model, such as sockeye spawning abundances
and sea surface temperature, were held at mean values. See
Ruggerone and Connors (2015) for modeling methods and results.

(2012). They found that sockeye productivity was negatively correlated with the combined abundance of pink
salmon from Asia and North America as well as the abundance of pink salmon from only North America. Also,
sockeye length-at-age was negatively correlated with pink
salmon abundance, whereas sockeye age-at-maturity was
positively correlated with pink salmon abundance. Evidence supported the hypothesis that the interaction primarily occurred during the second year at sea rather than the
first year at sea (but see McKinnell and Reichardt 2012).
Furthermore, sockeye productivity, growth, and maturation exhibited alternating-year patterns consistent with the
hypothesis that increasing pink salmon abundance leads
to increased competition for food. Statistical modeling
predicted that an increase in North Pacific pink salmon
abundance from 200 to 400 million fish resulted in a 39%
decline in the recruitment of Fraser River sockeye salmon.
The investigators did not provide a prediction for the effect
of North American pink salmon on Fraser sockeye salmon.
However, using modeling results from the original investigation, a 50 to 250 million increase in pink salmon abundance from North America only is predicted to result in a
56% decline in Fraser sockeye recruitment. This suggests
that the per capita effect of North American pink salmon
was approximately 1.4x greater than that of pink salmon
from both Asia and North America (Fig. 1). Most hatchery
pink salmon are produced in Alaska, and approximately 50
million adult pink salmon returned to hatcheries in North
America each year from 2000 to 2010 (primarily Prince
William Sound and Kodiak; Ruggerone and Irvine 2015).
The predicted decline in Fraser sockeye recruitment from
an increase of 50 million pink salmon (150 to 200 mil350
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MATERIALS AND METHODS

abundance, and (4) evidence for hypotheses 1–3 is strongest
for sockeye salmon having the greatest geographic overlap
with pink salmon stocks that exhibit strong alternating-year
patterns of abundance. Distribution at sea of sockeye salmon from northwestern Bristol Bay (e.g., Wood River; Fig.
3) is east of stocks originating in southwestern Bristol Bay
(e.g., Kvichak, Naknek, Egegik, Ugashik) (Rogers 1988;
Habicht et al. 2010). This results in less overlap with Russian pink salmon that exhibit strong alternating-year patterns of abundance, such as those from eastern Kamchatka.

Coast

Smolt

Sockeye Scale Measurements and Analyses
Scales collected from adult sockeye salmon that returned to the river to spawn were used to characterize
annual growth during the first, second, and third years at
sea from 1965 to 2009. Scales were measured from four
southeastern Bristol Bay sockeye stocks: Kvichak, Naknek, Egegik, and Ugashik, and one northwestern Bristol
Bay stock: Wood River (Fig. 3). The goal was to measure
50 scales (equal male and female salmon) from each of the
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Fig. 2. Diagram of temporal overlap between Asian pink salmon and Bristol Bay sockeye salmon based on seasonal scale growth patterns
(Ruggerone et al. 2005). (A) Sockeye salmon smolts entering the ocean during even-numbered years first encounter abundant odd-year pink
salmon (bold solid line) during the first winter at sea and the second growing season, i.e., primarily during SW2, leading to reduced growth
and abundance of maturing age-x.2 sockeye salmon in even-numbered return years (thin dashed line). (B) Sockeye salmon smolts entering
the ocean during odd-numbered years do not encounter abundant odd-year pink salmon until their second winter at sea and the third growing
season, i.e., during SW3, leading to relatively greater growth and abundance of maturing age-x.2 sockeye salmon in odd-numbered return
years (bold dashed line). Odd-even abundance patterns of age-x.3 sockeye salmon are less distinct, as described in the text and Fig. 9.
Sockeye scale growth (SWPL zone) indicates little interaction between Asian pink salmon and maturing sockeye salmon presumably because
maturing sockeye salmon are distributed farther north during fall, winter, and spring compared with immature sockeye salmon (French et al.
1976). Period of overlap between pink and immature sockeye salmon is from approximately winter through July, but the effect of interaction
may continue until prey populations recover. Redrawn from Ruggerone et al. (2003).
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Fig. 3. Map of Bristol Bay and the eight sockeye salmon stocks considered in this investigation. Southeastern stocks include Naknek,
Kvichak, Egegik, and Ugashik. Northwestern stocks include Wood River and smaller stocks (Nushagak, Igushik, and Togiak) not individually
considered here.

Median annual scale growth at sea was calculated
for each year and stock and then normalized to the mean
of the southeastern Bristol Bay sockeye salmon stocks,
1965–2009, to facilitate comparison of Wood River and
southeastern Bristol Bay sockeye scale growth. A Model
II two-factor ANOVA (factors: odd/even year, stock) was
used to test for scale growth differences related to these
factors during each year at sea. A Model II ANOVA was
used to reduce degrees of freedom in the F-statistic and
the likelihood of rejecting the null hypothesis as a result
of large sample size (Zar 1996). Autocorrelation in annual median scale growth was quantified to test whether
there was an alternating year pattern that was consistent
with autocorrelation in pink salmon abundance. Only lag
1 and lag 2 partial autocorrelation was presented because
the strength of autocorrelation declined rapidly after lag 2.
Partial autocorrelation was shown at lag 2 because it describes autocorrelation after accounting for lag 1 autocorrelation. Ordinary least squares linear regression was used
to test whether median annual scale growth was negatively
correlated with pink salmon abundance after the dependent
and independent values were detrended to remove linear
time trends. Diagnostic tests, including serial autocorrelation of model residuals and plots of residuals on predicted
values, were conducted to evaluate model assumptions.
Analysis of covariance was used to test whether the relationships between annual median sockeye growth and pink

four dominant age groups (1.2, 2.2, 1.3, 2.3), where the first
digit represents the number of winters in fresh water and
the second digit represents the number of winters at sea.
Thus, up to 200 scales were measured per year per stock,
and up to 1,000 scales were measured per year for all stocks
combined.
Scale measurements were made by the Alaska Department of Fish and Game (ADF&G) Mark, Tag, and Age Lab
following procedures described in Hagen et al. (2001) and
Ruggerone et al. (2007). Scales were selected for measurement only when: (1) we agreed with the age determination
previously made by ADF&G; (2) the scale shape indicated
that the scale was removed from the “preferred area” (Koo
1962); and (3) circuli and annuli were clearly defined and
not affected by scale regeneration or significant resorption
along the measurement axis. The scale measurement axis
was determined by a perpendicular line drawn from a line
intersecting each end of the first saltwater annulus. Scale
measurements included both circuli and annuli measurements within each growth zone in fresh water and the ocean
but only annual growth during each of two or three years at
sea are reported. Overall, 32,957 sockeye scales were measured. A few age groups in a given year contained fewer
than 10 scales and were excluded from the analyses. Sufficient high quality scales were not available for Egegik age1.2 and Ugashik age-2.3 sockeye salmon because these age
groups were relatively rare for these stocks.
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RESULTS

salmon abundance were of a similar magnitude and direction between the Wood River and southeastern Bristol Bay
sockeye salmon stocks. This test helped to evaluate whether Wood River sockeye, which are distributed farther east
in the North Pacific Ocean, might exhibit less competition
with Asian pink salmon.

Alternating-year Patterns in Sockeye Growth
Second (two factor ANOVA: df = 1, 4; F = 355; P <
0.001) and third year (df = 1, 4; F = 657; P < 0.001) scale
growth of sockeye salmon was significantly less during
odd-numbered years, but there was no evidence of a difference in growth between odd- and even-years during the
first year at sea (Fig. 4, df = 1, 4; F = 1.99; P > 0.05).
This pattern supported the hypothesis that maturing pink
salmon, which are most abundant in odd-numbered years,
compete with sockeye salmon for food.
Growth varied by sockeye salmon stock during each
year at sea (Fig. 4; df = 1, 4; F ≥ 22.6; P < 0.02). During
the first year at sea, Wood River sockeye growth was significantly less than each of the four southeastern stocks

Salmon Stock Data
Annual numerical abundances of adult pink salmon by region of the North Pacific were available from Ruggerone and
Irvine (2015). The abundance of pink salmon from the eastern
Kamchatka region was used as the primary index of potential
pink salmon competitors with Bristol Bay sockeye salmon because the eastern Kamchatka stock is very large and appears to
have the greatest degree of overlap with Bristol Bay sockeye
salmon among large Asian and North American stocks (Takagi et al. 1981; Myers et al. 1996). Additionally, we compared
sockeye growth with the combined abundances of pink salmon from central Alaska (southern Alaska Peninsula, Kodiak,
Cook Inlet, Prince William Sound) and Eastern Kamchatka
because the distribution of Bristol Bay sockeye salmon also
overlaps these North American stocks to some extent.

Odd year

Even year

(A) 1 year at sea
st

Forecast Error of Bristol Bay Sockeye Salmon

𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖,𝑡𝑡𝑡𝑡 = 𝑅𝑅𝑅𝑅̂𝑖𝑖𝑖𝑖,𝑡𝑡𝑡𝑡 − 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖,𝑡𝑡𝑡𝑡 ,

Sockeye growth (z)

Pre-season forecasts of sockeye salmon abundance
(catch plus spawning escapement) as estimated by the ADF&G were tabulated by dominant age group and watershed
from 1968 to 2010 (e.g., Pennoyer 1970; Baker et al. 2009).
Dominant age groups included age-1.2, age-2.2, age-1.3,
and age-2.3 salmon. Age-specific abundances of adult sockeye salmon returning to each watershed in Bristol Bay were
provided by the ADF&G (T. Baker, tim.baker@alaska.gov,
pers. comm.). These adult return data included estimates of
Bristol Bay sockeye salmon harvested outside of the Bristol
Bay management area. Forecast error (𝑒𝑒𝑒𝑒 ) was calculated as:
(1)

(C) 3rd year at sea

where 𝑅𝑅𝑅𝑅̂ is the forecasted run size (i.e., pre-fisher abudance),
𝑅𝑅𝑅𝑅 is the observed run size and 𝑒𝑒𝑒𝑒 is the forecast error for
stock i in year t. We also calculated forecast error relative
to error during the previous and following years as a means
to examine whether there was an alternating-year pattern of
forecast error:
,

(B) 2 nd year at sea

(2)
Fig. 4. Comparison of mean (± 1 SE) of annual median
scale growth of sockeye salmon originating from each of five
watersheds in Bristol Bay, Alaska, during odd- versus evennumbered years of the first (A), second (B), and third years (C)
in the ocean. Scale growth values were normalized to mean
growth of the southeastern stocks (Egegik, Ugashik, Kvichak, and
Naknek) to facilitate comparison with Wood River sockeye growth,
1965–2009.

where relative error for population i in year t is the forecast
error minus the average of the forecast error in the preceding
and following year. This approach removed the autocorrelation associated with forecast error that stemmed in part
from under-forecasting of sockeye runs following the ocean
regime shift in the mid-1970s (Ruggerone and Baker 2011).
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Odd year

Even year

Relative sockeye salmon growth

Second year at sea

Third year at sea

(A)

(F)

(B)

(G)

(C)

(H)

(D)

(I)

(E)

(J)

Year at sea
Fig. 5. Annual mean scale growth of sockeye salmon during each year at sea as a percentage of mean growth during the previous and
following years at sea, 1965–2008: Egegik (A, F), Ugashik (B, G), Kvichak (C, H), Naknek (D, I), and Wood River (E, J). Growth during
odd-numbered years is shown in black bars and growth in even-numbered years is shown in white bars to highlight the pattern of higher than
average growth in even versus odd years.

Partial Autocorrelation of Pink Salmon Abundance and
Sockeye Growth

(P < 0.01). However, during the second and third year at
sea, growth of Wood River sockeye salmon was significantly greater than each of the four southeastern stocks (P
< 0.005). The interaction term (stock x odd-even year)
was non-significant for growth during each year at sea (P
> 0.05), indicating the odd-even pattern was consistent
among the five stocks.
Lower scale growth during odd-numbered years compared with adjacent even-numbered years was observed
in nearly all years for each of the five Bristol Bay sockeye
stocks from 1965 to 2008 (Fig. 5). Odd-year growth during
the second year at sea averaged 6.2% ± 0.2% (SE) less than
adjacent even-year growth. During the third year at sea, oddyear growth averaged 10% ± 0.4% less than adjacent evenyear growth. In odd-numbered years, annual growth was up
to 15% or 24% less than growth in adjacent even-number
years for second and third years at sea, respectively. For all
stocks, the alternating-year pattern of sockeye growth was
somewhat less consistent during the 1970s compared with
subsequent years (Fig. 5).

Autocorrelation of eastern Kamchatka pink salmon abundance during 1965 to 2009 was negative at lag 1 (r = -0.4, P <
0.01) and partial autocorrelation was positive at lag 2 (r = 0.5,
P < 0.01), reflecting the alternating-year abundance pattern of
this major pink salmon stock (Fig. 6). Pink salmon abundance
was relatively high during odd-numbered years and low during
even-numbered years at sea, resulting in the negative autocorrelation at lag 1 and positive partial autocorrelation at lag 2.
The somewhat stronger partial autocorrelation at lag 2 than lag
1 presumably reflects the stronger effect of parent abundance
than the potential negative interaction between broodlines of
pink salmon. Partial autocorrelation of total pink salmon from
central Alaska and eastern Kamchatka was positive at lag 2 (P
< 0.01) but non-significant at lag 1 (P > 0.05).
Growth of each sockeye stock displayed consistent patterns of autocorrelation during the second and third years at
sea, reflecting their alternating-year growth patterns (Fig. 6).
Consistent with the hypothesis that competition with eastern
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Partial autocorrelation (r)

Lag 1 year

*

*

*

*

*

*

Third year at sea
*
*
* *

*

*

tively (Fig. 6). This pattern of larger magnitude lag 2 partial
autocorrelation was also observed in eastern Kamchatka and
central Alaska pink salmon, reflecting the fixed two-year life
cycle of pink salmon. Growth of Wood River sockeye salmon exhibited less lag 1 and lag 2 partial autocorrelation (P
> 0.05) than growth of each southeastern Bristol Bay stock
during the second year at sea, but this difference was less
apparent during the third year at sea.
In contrast to these patterns, growth of each sockeye stock
during the first year at sea displayed positive autocorrelation at
lag 1 (P < 0.05), and none of five stocks exhibited significant
partial autocorrelation at lag 2 (P > 0.05). Thus, growth during
the first year at sea did not reflect potential interaction with
pink salmon, as expected (Fig. 4A). Instead, the positive serial
autocorrelation reflected increased early marine growth over
time, especially after the mid-1970s (Ruggerone et al. 2007).

Lag 2 years

Second year at sea

*

NPAFC Bulletin No. 6

*

*

*

*

Salmon Stock
Fig. 6. Partial autocorrelation of median annual sockeye salmon
scale growth at lags one-year and two-years during the second
and third years at sea (1965–2009). Partial autocorrelation of pink
salmon abundances from eastern Kamchatka (Kam) and from
central Alaska plus eastern Kamchatka (AK+Kam) are shown for
comparison. Partial autocorrelation and autocorrelation are identical
at lag 1. Statistically significant values are identified (*P < 0.05).

Negative Correlation of Sockeye Growth and Pink Salmon Abundance
Detrended median annual scale growth of southeastern
sockeye salmon stocks during the second and third years at
sea was negatively correlated with the abundance of eastern
Kamchatka pink salmon during 1965 to 2008 (P < 0.001).
Approximately 33% and 58% of the annual variability in
southeastern Bristol Bay salmon scale growth was explained
by pink salmon abundance during the second and third
years at sea, respectively (Fig. 7). Likewise, median annual

Sockeye salmon growth (z)

Sockeye salmon growth (z)

Kamchatka pink salmon reduces sockeye growth, autocorrelation of sockeye growth was negative at lag 1 and partial
autocorrelation was positive at lag 2. The magnitude of lag
2 partial autocorrelations was typically greater (avg. r = 0.29
to 0.52) than lag 1 autocorrelations (avg. r = -0.28 to -0.20)
for sockeye in their second and third years at sea, respec-

(A) Eastside Stocks
SW2 = -0.014 x -0.20
R2= 0.33

(C) Wood River
SW2 = -0.011 x +0.01
R2 = 0.13

(B) Eastside Stocks
SW3 = -0.021 x -0.07
R2 = 0.58

(D) Wood River
SW3 = -0.021 x -0.12
R2 = 0.43

Pink salmon abundance (millions)

Pink salmon abundance (millions)

Fig. 7. Linear regression of median annual detrended, normalized growth in the 2nd (A, C) and 3rd (B, D) year at sea for southeastern Bristol
Bay stocks (A, B) and Wood River sockeye salmon (C, D) in relation to detrended eastern Kamchatka pink salmon abundance, 1965–2008.
Values in 2009 are shown (open circle) but not included in the regression because pink salmon abundance was exceptional. Average pink
salmon abundance during 1965-2009 was 43 million fish.
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Forecast Error of Bristol Bay Sockeye Salmon
Forecast error of southeastern Bristol Bay sockeye
salmon (Kvichak, Naknek, Egegik, and Ugashik stocks)
relative to adjacent years was positive during even-numbered years (avg. 6.1 million fish per year), and negative
during odd-numbered years (avg. -6.3 million fish per year),
1968–2010 (Fig. 8). A positive forecast error occurs when
the pre-season forecast is too high relative to the observed
run. After standardizing forecast error relative to adjacent
years, forecasts in even-numbered years were too high in
86% of the years, whereas forecasts in odd-numbered years
were too low in 81% of the years. This finding is consistent
with the observation that abundant odd-year pink salmon
compete with sockeye salmon during the year prior to their

return to Bristol Bay (Fig. 2). In other words, high positive
forecast error in even-year runs reflects potential competition with abundant pink salmon in the previous odd-numbered year. In even-numbered years, forecasts of southeastern Bristol Bay sockeye salmon tended to be too high.
Relative forecast error of northwestern Bristol Bay
sockeye salmon (Wood River, Nushagak, Igushik, and Togiak stocks combined) was positive during even-years (avg.
0.48 million fish per year) and negative during odd-years
(avg. -0.48 million fish per year), but this pattern was not as
consistent nor as strong as it was for the southeastern stocks
(Fig. 8). After standardizing forecast error relative to adjacent years, forecasts in even-numbered years exceeded zero
in 64% of the years, whereas forecasts in odd-numbered
years were below zero in 62% of the years.
The alternating-year pattern in forecast error was not
consistent among ocean age-2 and -3 sockeye salmon. For
all stocks combined, relative forecast error of ocean age2 sockeye salmon was 1.9–3.0 million (± 1.2 million) fish
too high in even-numbered years (Fig. 9), or approximately
30% too high, on average. In contrast, relative forecast error in even-numbered years of ocean age-3 sockeye salmon
was only 0.5–1.2 million (± 0.8 million) fish too high, or
13% too high. The lower relative forecast error of ocean
age-3 sockeye salmon likely reflected their interaction with

(A) Eastside stocks

Forecast error relative to adjacent years (millions)

growth of Wood River sockeye salmon stocks during the second and third years at sea was negatively correlated with the
abundance of eastern Kamchatka pink salmon during 1965
to 2008 (SW2: P < 0.016; SW3: P < 0.001). Approximately
13% and 43% of the annual variability in Wood River scale
growth was explained by pink salmon abundance during the
second and third years at sea, respectively (Fig. 7). Serial
autocorrelation of the model residuals was non-significant
for all stocks and ocean ages (P > 0.05). Examination of
model residuals plotted on predicted values did not reveal
patterns, indicating no need for data transformations or alternative models. Analysis of covariance indicated that the detrended southeastern and Wood River regressions on eastern
Kamchatka pink salmon were coincident for ocean ages -2
and -3; there was no statistical difference in the slopes or intercepts (Fig. 7, P > 0.05). Regressions performed using raw
rather than detrended scale growth and pink salmon abundance led to the same findings: sockeye growth declined
with increasing abundance of pink salmon (P < 0.05) and
serial autocorrelation of the model residuals was non-significant (P > 0.05). Analysis of covariance using raw data
also indicated that the slopes of the southeastern and Wood
River regressions were coincident (P > 0.05), but growth
of Wood River sockeye salmon was greater than growth of
southeastern Bristol Bay stocks at each abundance level of
eastern Kamchatka pink salmon during the second and third
years at sea (P < 0.001). The finding of greater growth of
Wood River sockeye salmon is consistent with the ANOVA
presented above (Fig. 4).
Scale growth of Bristol Bay sockeye salmon was also
compared with the combined abundances of pink salmon returning to central Alaska and eastern Kamchatka. During
the second year at sea, detrended scale growth of southeastern Bristol Bay (R2 = 0.18) and Wood River (R2 = 0.12)
sockeye salmon were negatively correlated with detrended
abundance of central Alaska and eastern Kamchatka pink
salmon (P < 0.05). During the third year at sea, the negative
correlations (P < 0.001) were stronger for both southeastern
Bristol Bay (R2 = 0.48) and Wood River sockeye salmon (R2
= 0.37).

(B) Westside stocks

Year
Fig. 8. Annual relative forecast error of southeastern (A) and
northwestern (B) Bristol Bay sockeye salmon abundance (millions
of fish) relative to mean error in the previous and following years.
Northwestern stocks include Wood River and the smaller stocks
shown in Fig. 2. Positive values indicate that the pre-season
forecast was larger than the observed abundance.
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and pink salmon abundance, the high diet overlap of the two
species (Davis et al. 2005), and the observed 36% reduction
in sockeye stomach fullness during odd-numbered years at
sea (Davis 2003) provide strong support for the competition
hypothesis.
Sockeye Salmon Forecast Error
Salmon forecasts in Alaska contribute to pre-season and
early-season management of the fisheries and to pre-season
planning by the salmon industry (Munro 2015). Salmon
forecasts do not consider potential effects of pink salmon on
the abundance of other salmon species. However, we found
that the forecast error of Bristol Bay sockeye salmon from
1968 to 2010, especially those from southeastern Bristol Bay,
exhibited an alternating-year pattern that is consistent with
the growth of sockeye salmon in relation to competition with
pink salmon. The forecast error pattern is also consistent
with the alternating-year pattern observed in sockeye smoltto-adult survival and adult returns from smolt migrations
(Ruggerone et al. 2003). The forecast error pattern largely
stems from interactions with pink salmon during the previous
full year at sea rather than the year of return because relatively few pink salmon inhabit the southeastern Bering Sea (Ruggerone et al. 2010) and because sockeye scale growth during
the homeward migration period did not reveal an alternating-year pattern (Ruggerone et al. 2005). Therefore, during
even-numbered years of sockeye return, Bristol Bay sockeye interacted with abundant odd-year pink salmon during
the previous year; whereas, during odd-numbered years of
return, sockeye interacted with relatively few pink salmon.
Sockeye forecasts tended to be too high in even-numbered
return years and too low in odd-numbered return years. For
example, in 2015, the pre-season inshore Bristol Bay sockeye
forecast was exceptionally large—approximately 52 million
sockeye salmon—yet the observed run was even larger (58
million fish; ADF&G 2015). This single observation is consistent with the findings presented here and with the dramatic
decline in the abundance of eastern Kamchatka pink salmon
beginning in 2013 (Klovach et al. 2014, 2015).
The strength of the alternating-year forecast error pattern varied with ocean age of sockeye salmon. The pattern
was relatively weak for ocean age-3 sockeye and strong for
ocean age-2 sockeye salmon. This pattern reflects interaction with both even- and odd-year abundances of pink salmon by ocean age-3 sockeye and interaction with only even- or
odd-year pink salmon by ocean age-2 sockeye salmon (Fig.
2). The somewhat lower than expected return of ocean age3 sockeye salmon in even-numbered years likely reflects the
complex effects of growth at sea on both maturation and survival. For example, Bristol Bay and Fraser River sockeye
salmon delayed maturation when encountering numerous
pink salmon during their second year at sea of odd-numbered years (Ruggerone and Baker 2011; Ruggerone and
Connors 2015).

Bristol Bay sockeye age class

Fig. 9. Mean forecast error (± 1 SE) of Bristol Bay sockeye salmon
abundance by age group (millions of fish) relative to mean error in
the previous and following years.

pink salmon during both even- and odd-numbered years;
ocean age-2 sockeye salmon only interact with pink salmon
during their second year at sea, based on scale growth measurements (Fig. 2; Ruggerone et al. 2005).
DISCUSSION
Sockeye Growth
Growth of all five major Bristol Bay sockeye salmon
stocks during the second and third years at sea exhibited a
strong alternating-year pattern that is consistent with the hypothesis that sockeye salmon compete with abundant pink
salmon for food on the high seas. From 1965 to 2009, sockeye growth at sea was low during odd-numbered years when
pink salmon abundance was high (Irvine et al. 2014), whereas sockeye growth was high in even-numbered years when
pink salmon abundance was low. Evidence for competition
was further supported by the significant positive partial autocorrelation at lag two-years of eastern Kamchatka and central Alaska pink salmon abundance and scale growth of all
five sockeye stocks during the third year at sea and three of
five stocks during the second year at sea. Autocorrelation
of pink salmon abundance and sockeye growth was stronger
at lag two-years compared with lag one-year, as expected
because pink salmon have a fixed two-year life cycle. Both
the lag one-year autocorrelation of eastern Kamchatka pink
abundance and the lag one-year autocorrelation of sockeye growth were negative, as predicted by the competition
hypothesis. Lastly, detrended scale growth of Bristol Bay
sockeye salmon was negatively correlated with the detrended abundances of pink salmon originating from eastern Kamchatka and from central Alaska/eastern Kamchatka
during the 44-year period. The natural experimental control
provided by the alternating-year abundance pattern of pink
salmon, the negative correlation between sockeye growth
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Southeastern versus Northwestern Sockeye Patterns in
Relation to Pink Salmon

when pink salmon are abundant (Kaeriyama et al. 2004; Davis et al. 2003, 2005; Aydin et al. 2005). These squid (B.
anonychus) exhibit a two-year life cycle and so it has been
hypothesized that predation by pink salmon may be a key
factor controlling squid abundance (Arkhipkin et al. 1996;
Jorgensen 2011). Predation by pink salmon on prey with
biennial life histories (Tsuda et al. 2004) may enhance the
alternating-year pattern of prey abundance, leading to the
alternating-year pattern of sockeye salmon growth, productivity, and age-at-maturation.
Sockeye scale growth analyses indicated that the effect
of pink salmon on sockeye growth was greater during their
third compared with second year at sea. This finding may
reflect more intense predation on higher trophic level prey,
such as squid that exhibit a biennial pattern, compared with
zooplankton that are consumed more frequently by smaller salmon (Davis 2003). Greater growth-related mortality
of sockeye salmon during the second compared with third
year at sea may also contribute to the observed pattern (Ruggerone et al. 2007).

Studies of Bristol Bay sockeye migration and distribution at sea, including genetic stock identification analyses, indicate that northwestern stocks are distributed
farther east in the ocean than southeastern stocks (Rogers
1988; Habicht et al. 2010; Seeb et al. 2011), suggesting
that northwestern stocks overlapped less with Asian pink
salmon, including eastern Kamchatka pink salmon. For
example, based on the protracted smolt emigration through
a series of five nursery lakes, the average timing of Wood
River smolts at the outer boundary of Bristol Bay was estimated to be 10 weeks behind that of Egegik and Ugashik
sockeye salmon (Rogers 1988).
Our findings support the hypothesis that Wood River sockeye salmon, a large northwestern Bristol Bay stock,
interact less with Asian pink salmon than the southeastern
sockeye stocks. During the first year at sea, Wood River
scale growth was significantly less than that of southeastern
sockeye stocks, reflecting the protracted entry of Wood River smolts into the Bering Sea and less time to grow in the
ocean. However, during the second and third years at sea,
scale growth of Wood River sockeye salmon was greater than
that for southeastern sockeye stocks, presumably reflecting a
more easterly marine distribution compared with southeastern sockeye stocks (Habicht et al. 2010) and so reduced overlap with abundant Asian pink salmon. Greater growth during
the second and third years at sea may reflect less competition
of northwestern stocks with Asian pink salmon, as also suggested by weaker autocorrelation of scale growth and weaker forecast error in relation to pink salmon. Although Asian
pink salmon may have less effect on Wood River sockeye
salmon than on southeastern stocks, all sockeye stocks exhibited negative relationships with pink salmon abundance,
including pink salmon from central Alaska. However, we
found no evidence that Wood River sockeye salmon were
more strongly influenced by pink salmon from central Alaska. Correlations between sockeye growth and the combined
abundances of pink salmon from eastern Kamchatka and central Alaska tended to be weaker than those involving only
eastern Kamchatka pink salmon.

CONCLUSION
The growth and forecast error analyses presented here
are consistent with, and build upon, previous investigations
into competition between Bristol Bay sockeye stocks and
pink salmon at sea (Ruggerone et al. 2003; Nielsen and
Ruggerone 2009). They are also consistent with an investigation of Russian sockeye growth in relation to pink salmon abundance (Bugaev et al. 2001), and recent analyses of
36 sockeye populations ranging from Puget Sound through
British Columbia and into Southeast Alaska (Ruggerone
and Connors 2015). Collectively, these studies support the
hypothesis that pink and sockeye salmon compete for food
on the high seas, leading to reduced growth, survival, and
abundance of sockeye salmon, and increased age-at-maturity. In Alaska, favorable marine conditions since the mid1970s, as indicated by greater growth during early marine
life (Ruggerone et al. 2007), have likely masked the effects
of competition on sockeye survival. In contrast, abundances
of sockeye salmon in the southern region, including the Fraser River, have declined because marine conditions during
early life appear to have been unfavorable and increasing
abundance of pink salmon has lead to greater competition
for food on the high seas.
The evidence for food competition suggests that the
high abundance of pink salmon in recent decades has
significantly influenced the epipelagic food web of the
North Pacific Ocean. It seems highly unlikely that physical oceanographic conditions in the ocean could produce
the strong alternating-year patterns observed in sockeye
salmon across much of their range. Given this evidence
for a strong effect of pink salmon on the food web, it is
noteworthy that Chinook salmon abundance has declined
throughout Alaska and British Columbia, and length-at-age

Pink Salmon Effects and Prey Life History
The life history of key prey shared by pink and sockeye
salmon likely contributes to the strong alternating-year patterns shown in this and other studies (Ruggerone and Connors 2015). Pink salmon appear to influence the standing
crop of macrozooplankton and create an alternating-year
pattern in their biomass (Shiomoto et al. 1997; Sugimoto and Tadokoro 1997). These macrozooplankton are also
consumed by sockeye salmon. Squid, such as Berryteuthis
anonychus, are an exceptionally important prey of both pink
and sockeye salmon in some regions, and squid abundance
in pink and sockeye diets is reduced in odd-numbered years
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(C) Alaska & British Columbia Chinook

(A) Alaska &
British Columbia

(D) Western Alaska Chinook

(B) Western Alaska

(E) N Pacific pink salmon

Fig. 10. Commercial harvest of Chinook salmon in (A) Alaska and British Columbia and (B) western Alaska (1980 to 2013) in relation to
adult pink salmon abundance in the North Pacific Ocean. Similar relationships were produced if pink salmon from only North America were
used. Chinook salmon harvest and pink salmon abundance trends over time are shown in plots C, D, and E. Pink salmon abundance was
the three-year mean abundance corresponding to the year of Chinook harvest and the two previous years when Chinook may have potentially
interacted with pink salmon in the ocean. Western Alaska includes Bristol Bay, Kuskokwim, Yukon, and Unalakleet Chinook salmon.
Commercial Chinook catch estimates for Alaska and British Columbia were from NPAFC catch records (e.g., Irvine et al. 2012). Commercial
Chinook harvest statistics reflect management decisions in recent years to greatly reduce harvests rates. Hatchery Chinook salmon produced
in Alaska (Vercessi 2014) were subtracted from the total commercial Chinook catch estimates.

of Commerce, or the Alaska Department of Fish and Game.
We thank Tim Baker, ADF&G, for assistance with the forecast error effort. Michael Folkes and an anonymous reviewer provided constructive comments on the manuscript, and
Harold Belongilot drew the salmon interaction graphic. The
lead author dedicates this manuscript to the late Professor
Donald E. Rogers, University of Washington, who spent his
entire career forecasting Bristol Bay sockeye salmon, and
who in late 1979 said we cannot forecast the sockeye run for
a few years—ocean conditions have changed dramatically
and our forecast database will under-forecast the large runs
that will be returning. Rogers was referring to what was described about 15 years later as the 1976/1977 ocean regime
shift.

of many Alaskan Chinook populations has declined over
time (Lewis et al. 2015). Analysis of the Chinook salmon
diet in the central Bering Sea revealed a 56% reduction in
stomach fullness and a 68% reduction in weight of fish and
squid consumed during odd- versus even-numbered years,
1991–2000 (Davis 2003). Furthermore, the commercial
catch of Chinook salmon in western Alaska and throughout Alaska and British Columbia have been negatively correlated with pink salmon abundance since 1980 (Fig. 10),
leading to an intriguing and important question: could pink
salmon play a role in the decline of Chinook salmon in
Alaska and British Columbia?
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Abstract: Three types of stock-recruit models (log-log, Ricker, Beverton-Holt) were applied to 57 years of adult
returns (R) and effective female spawners (E) data from 17 biologically-based Conservation Units (CUs) of sockeye
salmon from the Fraser River in British Columbia, Canada (hereafter “Fraser sockeye”). Log-log regressions of
R on E showed little evidence of effects of density (within CUs) on survival, implying that habitat capacity does
not presently limit Fraser sockeye abundance. Shared survival among CUs, the first principal component of
log(R/E), accounted for 46% of the variance, remarkable given the wide variety of freshwater and marine habitats
experienced by the CUs. Six low-survival events in six decades accounted for much of the shared survival pattern. The r2 values for Ricker models were low, indicating that attempts to manage and/or assess Fraser sockeye
using Ricker curves fit to individual CUs will, in general, face low explanatory power. A suite of increasingly
complicated Bayesian regressions, based on the Beverton-Holt model, quantified the precision of capacity estimates, but these were always imprecise and the Widely Applicable Information Criterion (WAIC) indicated overfitting in all but the simplest models. A variance factor for the relative precision of estimates of R, based on the
proportion of spawners from each CU in groups of co-migrating CUs (i.e., runs), was effective only in models in
which WAIC indicated over-fitting. Improving the precision of capacity estimates for Fraser sockeye salmon, using
similar models, will require mobilizing biological knowledge (i.e., historical metadata) about each CU, including
estimates of abundance with identified precision and indicators of habitat capacity at multiple life-history stages
including the abundance of potential competitors in marine habitats. Researchers analyzing stock recruitment
data for salmon populations and other species are strongly encouraged to pay attention to factors affecting the
various categories of data in their models, i.e., to examine the associated metadata.
Keywords: Fraser River, sockeye salmon, stock-recruit model, multi-level model, variance factor, indicators, metadata

INTRODUCTION

ing (i.e., escapement) to many Fraser River tributaries was
more than double the escapement targets. Potential causes
for this recent variability include viral infections revealed by
genomic signatures (Miller et al. 2013) and unusual ocean
conditions experienced by migrating post-smolts in the
Strait of Georgia, Queen Charlotte Sound, and Hecate Strait
(Thomson et al. 2012; McKinnell et al. 2014). Possible explanations for the long-term trend in declining survival include varying levels of productivity in continental shelf and
offshore waters of the North Pacific related to ocean climate,
combined with competition with other salmonids (Irvine
and Akenhead 2013) including pink salmon (Ruggerone and
Connors 2015).
Forecasts of Fraser sockeye pre-fishery abundance must
cope with two fundamental uncertainties. First, high variability in total survival, e.g., estimates of Chilko Lake smolt
survivals vary by a factor of 20, and limited understanding

Numbers of adult sockeye salmon (Oncorhynchus nerka) returning to British Columbia’s Fraser River (“Fraser
sockeye”) declined starting about 1990 and reached a minimum in 2009 with the smallest return since 1947 (Peterman and Dorner 2012). The poor returns in 2009 were at
the bottom end of the forecast distribution due to low smolt
survivals: 0.3% of sockeye smolts from Chilko Lake (a
high-altitude, pristine lake that is an important component of
Fraser sockeye production) returned in 2009 after entering
the ocean in 2007, compared to a long-term mean of 7%
(MacDonald and Grant 2012; Irvine and Akenhead 2013).
The next year, 2010, had the largest return of Fraser sockeye
since 1913, dominated by Late Shuswap sockeye salmon
that return in large abundances once every four years. Fisheries were overwhelmed and the number of spawners returnAll correspondence should be addressed to S. Akenhead.
e-mail: scott@s4s.com
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of the factors that influence survival for these populations
means that ability to predict changes is low (Grant et al. 2011;
Irvine and Akenhead 2013). Second, the capacity (maximum
returns at high spawner abundance) of rivers and lakes within the Fraser River watershed to produce sockeye salmon is
poorly determined, particularly for populations where few
years of high escapements have been observed. Active management for relatively fixed escapement targets tends to preclude large escapements and a paucity of data on adult-to-fry
and adult-to-smolt survivals makes it hard to quantify density-dependent effects in fresh water. An independent series
of survival events in freshwater and marine ecosystems produces a lognormal distribution of returns at a given spawner
abundance (Peterman 1978), so variability of returns increases at higher spawner abundances, contributing to uncertainty
regarding both freshwater and marine capacity.
Despite these limitations, there are many data on Fraser
sockeye that have not been thoroughly examined and that
may help to understand the factors responsible for population fluctuations. Within the Fraser watershed there are
24 biologically-based sockeye salmon Conservation Units
(CUs), each of which is genetically and/or ecologically
distinct (DFO 2005; Holtby and Ciruna 2007; Grant et al.
2011). Seventeen of these CUs have lengthy time series of
escapement and return estimates, allowing the stock recruit
analyses in this paper. In a companion paper (Akenhead et
al. 2016) we demonstrate how a detailed examination of historical information for one population (Chilko Lake sockeye
salmon, where survival can be partitioned into pre- and postsmolt) improved our understanding of mechanisms underlying variability in survival.
Our objective here is to identify general patterns of total
survival for Fraser sockeye, for which we examine a series
of stock-recruit models for 17 Fraser sockeye CUs (Fig. 1,
Table 1). Time series of survival from spawning stock (E,
effective female spawners, Schubert and Fanos 1997; Grant
et al. 2011) to adult returns (R, pre-fishery abundance) were
available for these 17 CUs. We evaluate differences in survival rates, log(R/E), among CUs and years, and the importance of density-dependence on survival estimates. To better
understand variability among CUs, we examine the degree
of synchronicity in total survival (“shared survival”) using
principal components analysis (PCA) and a non-parametric
approach. We test whether unresolved scatter in a stock-recruit plot can, by chance, produce a biased or spurious indication of density-dependence in the Ricker stock recruit
model (Walters and Ludwig 1981; McKinnell 2008). We
also apply the Beverton and Holt (1957) (“B&H”) model to
characterize estimates of capacity for each CU and then attempt to improve these estimates by applying (a) a multi-level model for productivity among CUs and (b) a multi-level
model for a virtual habitat factor that affects productivity by
year. We then fit (c) the annual habitat factor to capacity as
well as productivity, and (d) a variance factor that described
the relative precision of return estimates as a function of the
proportion that each CU contributes to a “run” of adults in

Fig. 1. A map of the Fraser River watershed that locates CUs for
Fraser River sockeye salmon and names some of the important
rearing lakes. Modified from a Pacific Salmon Commission
map (www.psc.org/download/32/frp-annual-reports/2009/
frp2011annualreport.pdf).

co-migrating CUs. Based on these analyses, we provide
recommendations to fishery managers and stock assessment
analysts.
MATERIALS AND METHODS
Fraser Sockeye Life History and CUs Studied
The life history of Fraser sockeye was described by
Grant et al. (2011) and DFO (2014) and detailed analyses
of the Chilko sockeye salmon are provided by Irvine and
Akenhead (2013) and Akenhead et al. (2016). Mature Fraser sockeye are counted at more than 150 locations in rivers
and lakes, with some locations used by more than one CU
within a year. Their progeny subsequently rear in at least 24
lakes and several rivers (Grant et al. 2011; Table 1). Two
CUs at Chilko Lake were combined in our data because
it was not possible to separate the historical time series of
escapements. Although mature fish for all extant CUs are
currently monitored, five CUs (Chilliwack, Harrison (downstream), Nahatlatch, Taseko, and Widgeon) do not have historical recruitment data available and were excluded from
our analysis. We also excluded the Cultus Lake CU because
it is now largely maintained by a hatchery and the Harrison River CU because it has an unusual life history strategy
for sockeye (“river-type,” without lacustrine parr). We note
that Harrison River sockeye salmon have abundance trends
that differ greatly from other Fraser sockeye, with a great
increase in productivity and abundance since 2004 (Grant et
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Table 1. Conservation Units (CUs) for Fraser River sockeye salmon examined in this paper. The starting year of each time series varied but
all were contiguous and the last available observation in all CUs was from brood year 2006. Run timing groups are CUs that migrate together.
There are escapement data but not return data for CUs rearing in Chilliwack Lake, Harrison Lake (downstream), Nahatlatch Lake, Taseko
Lake, and Widgeon River. More detail is available in Grant et al. (2011).
First year

Maximum
returns (×10-6)

Takla, Trembleur

1948

1.8

Early Stuart

2

Takla, Trembleur, Stuart

1949

5.3

Summer

3

Francois, Fraser

1948

1.9

Summer

Bowron

4

Bowron

1948

0.2

Early Summer

Raft

5

Kamloops

1948

0.1

Early Summer

Quesnel

6

Quesnel

1948

12.5

Summer

Chilko

7

Chilko

1948

4.8

Summer

Seymour

8

Shuswap

1948

1.1

Early Summer

Late Shuswap

9

Adams, Little Shuswap,
Mable, Mara, Shuswap

1948

17.5

Short name

ID

CU (Rearing lakes)

Early Stuart

1

Late Stuart
Stellako

Run timing group

Late

Birkenhead

A

Lillooet, Harrison

1948

1.8

Late

Portage

B

Seton

1954

0.2

Late

Weaver

C

Harrison

1966

1.5

Late

Fennel

D

North Barriére

1967

0.1

Early Summer

Scotch

E

Shuswap

1980

1.0

Summer

Gates

F

Anderson, Seton

1968

0.3

Early Summer

Nadina

G

Nadina, Francois

1973

0.6

Early Summer

Pitt

H

Pitt

1948

0.2

Early Summer

Metadata, Factors, and Effect

al. 2011; Beamish et al. 2013; DFO 2014). We did not consider kokanee which are non-anadromous sockeye salmon
that co-occur in Fraser sockeye nursery lakes.

We applied two factors derived from metadata to
stock-recruit models. Metadata are “data about the data”
that can be used to reconstruct habitat, fisheries, and methodological changes that might affect a time series of stock and
recruit estimates. Metadata can be converted to nominal, ordinal, and continuous regression “factors” (Zuur et al. 2009)
and applied to improve stock-recruit models (Scheuerell et
al. 2006; Mantua et al. 2009; Akenhead et al. 2016). For
each factor in our models there was a fitted parameter, γ, to
calibrate and control the effect of that factor.
The first factor was a simple covariate, a fixed effect,
simply the “years effect.” A stock-recruit model applied to
a single CU would have a year effect for each data point,
although this could be treated as a smoothly changing function such as from a Kalman filter (Peterman et al. 2003; Holt
and Peterman 2004). In a model that considers many CUs, a
“virtual habitat factor” that acts across all CUs in each year
can be extracted. We applied such a virtual habitat effect to
productivity estimates and then, by using a fitted parameter,
γH, to capacity estimates.
The other example was a “variance factor” (Zuur et al.
2009) that described data quality. The precision of estimates
of returns, R, is thought to be related to the proportion of
each CU in its run, because allocation to a CU contributing a small proportion of total (mixed) catch is thought to
be less precise than to one contributing a large proportion

Data Sources
Our dataset was the most current used for stock assessments and pre-season forecasts of Fraser sockeye (S. Grant,
DFO, unpublished data). Ten of the 17 CUs examined had
continuous records for brood (spawning) years 1948–2006 (59
years) and the remaining six had shorter time series but none
began later than 1980 (27 years, Table 1). For descriptions of
how data quality and consistency have been maintained for
over 60 years, see Gable and Cox-Rogers (1993), Schubert
and Fanos (1997), Grant et al. (2011), Macdonald and Grant
(2012), and DFO (2014). The values R are for age 1.2 returns,
after one winter in fresh water (post-fry emergence) and two
winters in the ocean. The mean proportion of Fraser sockeye
returning at age 1.2 is 87% (SD = 8%), so other age classes
in the fisheries data are typically a small fraction of the total
returns from a given year’s spawning, but there are exceptions: 37% (SD = 14) for the Pitt CU and 66% (SD = 15) for
the Birkenhead CU. If we assume the age composition of
adults in a CU like Pitt or Birkenhead does not change among
brood years, using only age-1.2 returns is a calibration problem (bias). However, variability among brood years in age
composition will add unexplained scatter with unpredictable
effects on parameter estimates for stock-recruit models.
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(Gable and Cox-Rogers 1993; Ricker 1997, his Appendix
2). This variance factor, Wtj, was the proportion of spawners,
Etj from year t and CU j, of the total abundance of co-migrating spawners within a run timing group (Table 1). This
estimate of Wtj assumed that fishing mortality was the same
among CUs within a run, so the proportion of adult salmon that escape fisheries to become spawners is the same as
the proportion, before fishing, of adult salmon that returned.
Proportion by run was treated as an uncalibrated, ordinal
variance factor, Wtj, which described the relative precision
of estimates for Rtj.
Fitting a variance factor provides a weighted regression when the true weights (true precisions) are not known.
Imprecision for an estimate of Rtj (i.e., low Wtj) means a
larger standard deviation for the distribution of possible
residuals around the predicted value of Rtj. An outlier that
can be determined to be imprecise will have less effect on
the fitted curve (lower leverage). A fitted parameter γW
controlled how Wtj affected the standard deviation for a residual.

𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝑗𝑗𝑗𝑗 =

𝑒𝑒𝑒𝑒

−1∆𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝑗𝑗𝑗𝑗
2

∑𝑗𝑗𝑗𝑗

−1∆𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝑗𝑗𝑗𝑗
𝑒𝑒𝑒𝑒 2

,

where ωAIC expresses AIC in terms of the relative probability, among the models compared, of making the best predictions with similar new data.
Shared Survival Signal
In the absence of density dependence, the stock-recruit
relationship is a straight line with slope = 1 on a log-log
plot of R versus E. Scatter about that line is mainly due to
environmental and observational variance, but see Walters
(1985) and Myers and Barrowman (1995) for analyses of the
“time series effect” due to R from one brood affecting E for a
subsequent brood. We used PCA to extract the annual signal
in log(R/E) that was “shared” across the eleven CUs that had
complete data for brood years 1950–2006 (Table 1). PCA
was also applied to 17 CUs with complete data for 27 years
(1980–2006) but four CUs were deleted (leaving 13 CUs for
the PCA) after using cluster analysis to identify and delete
CUs that were dissimilar from the others. We also applied
a non-parametric approach based on survival rate, log(R/E),
ranked within CUs. For each year we counted the number
of CUs with a survival rate in the highest 10%, highest 20%,
lowest 20%, and lowest 10%, to indicate years when extremes in survival were synchronous across CUs.

Analysis

log(R) versus log(E)
In our initial analysis, we examined scatter-plots
of log(R) versus log(E) for each CU and for all 17 CUs
pooled. To aid interpretation, we calculated 95% confidence limit ellipses for each scatter plot, using PCA and
assuming bivariate normal distributions. As the simplest
Ricker Fits Compared to Straight Line and Parabolic Fits
stock-recruit model, we calculated one line, with slope =
Ricker stock-recruit parameters were calculated using
1, on a log-log plot of R versus E pooled over all 17 CUs.
The intercept for this line was an estimate of the overall
ordinary linear regression based on the log transform of the
survival rate. This is not a trivial model because it explicRicker model,
itly assumes that (a) across all CUs, productivity does not
change, and (b) abundance is so low that density-depen𝑅𝑅𝑅𝑅
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 � � = 𝑎𝑎𝑎𝑎 − 𝑏𝑏𝑏𝑏𝐸𝐸𝐸𝐸 + 𝑁𝑁𝑁𝑁 (0, 𝜎𝜎𝜎𝜎)
dence is not important. A categorical factor with a level for
(1)
𝐸𝐸𝐸𝐸
each CU was introduced to compare this simplest model to
(a) one line with fitted slope and intercept; (b) 17 parallel
lines with slope = 1 where intercepts varied by CU; (c) 17
(Ricker 1997). To evaluate fit, rather than using r2 from the
parallel lines all with the same slope; and (d) 17 lines with
regression based on Equation 1, we calculated r2 by comparvarying intercepts and slopes (34 parameters).
ing each observed R to the corresponding prediction,
The utility of a domed function for density-dependent
survival, as in the Ricker model, was examined by adding
∑𝑡𝑡𝑡𝑡�𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑗𝑗𝑗𝑗 − 𝑅𝑅𝑅𝑅̂𝑡𝑡𝑡𝑡𝑗𝑗𝑗𝑗 �2
,
𝑟𝑟𝑟𝑟2𝑗𝑗𝑗𝑗 = 1 −
a log(E)2 term for a total of 51 parameters. A log-log qua(2)
2
2
̅
dratic regression, log(R) = a + b log(E) + c log(E) fits a
∑𝑡𝑡𝑡𝑡�𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑗𝑗𝑗𝑗 − 𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑗𝑗𝑗𝑗 �
parabola to log(R) versus log(E) and a normal curve to R ∑ �𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑗𝑗𝑗𝑗 − 𝑅𝑅𝑅𝑅̂𝑡𝑡𝑡𝑡𝑗𝑗𝑗𝑗 �2
𝑡𝑡𝑡𝑡
2
versus E (when b is positive and c is negative). This𝑟𝑟𝑟𝑟model
𝑗𝑗𝑗𝑗 = 1 −
2
̂ �2the
𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑗𝑗𝑗𝑗 − 𝑅𝑅𝑅𝑅̅𝑡𝑡𝑡𝑡j 𝑗𝑗𝑗𝑗is� the mean of observed
was applied to all CUs pooled (three parameters) and to each ∑𝑡𝑡𝑡𝑡�where
Rtj for∑
CU
j 𝑡𝑡𝑡𝑡and
𝑗𝑗𝑗𝑗 − 𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡tj𝑗𝑗𝑗𝑗 is
𝑡𝑡𝑡𝑡�𝑅𝑅𝑅𝑅
2
𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗 = 1 −
of the 17 CUs (51 parameters).
predicted value from the back-transformed
curve,
2
2
∑𝑡𝑡𝑡𝑡�𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑗𝑗𝑗𝑗 − 𝑅𝑅𝑅𝑅̅𝑡𝑡𝑡𝑡𝑗𝑗𝑗𝑗 �
These seven regressions were compared by r and AIC
1 2
without considering autocorrelation. AIC is the Akaike In(3)
𝑅𝑅𝑅𝑅̂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎−𝑏𝑏𝑏𝑏𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 +2𝜎𝜎𝜎𝜎 ,
formation Criterion, the log likelihood corrected for overfitting by adding the number of parameters. To compare j
where σ is the standard deviation of residuals from Equation
different regressions we calculated ΔAICj = AICj - min(AIC)
1 and the term σ2/2 (in the exponent) corrects what would
and then the Akaike weights (Burnham and Anderson 2004;
otherwise be predictions of the median for returns at Ej to
McElreath 2016),
predictions of the mean (Ricker 1997). Note that r2 can be
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negative when the sum of squared residuals from fitting a
Ricker curve are greater than from fitting a mean. We compared Ricker curves to straight lines through the origin, essentially to test the assumption of density-dependent mortality for each stock. We did not report a comparison of Ricker
curves to lines with a fitted intercept (i.e., non-zero) because
that violates the biological assumption of “no spawners, no
returns.”
We were interested in the extent to which the Ricker
curve with two parameters (not counting σ or the constraint
that R = 0 when E = 0) was more effective than the linear
model with one parameter simply because adding a parameter will always increase r2. The next simplest model after a
straight line through the origin is a parabolic curve through
the origin.
The results from these simple models were compared
to the results from the Ricker model by analysis of variance.
From Zar (1999, p. 453)
𝐹𝐹𝐹𝐹 =

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1 ) − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2 )
,
𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2 )

second part simulated a normal distribution of possible observations, centered around each predicted log(R). We examined the residuals from regressions of log(R) on log(E)
to see if their standard deviation increased with log(E), i.e.,
heteroscedasticity, by a second regression of the absolute
value of those residuals on log(E) for each CU. The slope
of that regression would be zero for homogenous residuals,
apart from statistical uncertainty in the estimated slope.
We drew random samples from a normal distribution
(with the same standard deviation, σ, across all CUs) to simulate values of log(R) at each observed value of log(E). For
the observed times series of data from each CU, we created
1,000 simulated replicates of that time series, each with the
observed values of log(E) but different simulated values of
log(R). Applying Equation 1 to the simulated data produced
1,000 estimates of a and b for each CU. We then determined
the fraction of simulated estimates of b that were larger than
the observed value of b. That fraction indicates the probability of the observed b being due to chance when the true value
of b was zero, assuming our simulation model approximated
reality.

(4)

Multi-level Bayesian Stock-recruit Models

where SS is the sum of squares, residuals2 are the residuals
from the second model, and MS(residuals) = SS(residuals)
/ degrees of freedom. The number of degrees of freedom in
the denominator is the number of cases minus the number
of parameters. Fisher’s F is the probability distribution of
the ratio of two estimates of variance from samples from the
same population. In this case we were asking, “What is the
probability that the results (as r2) from the first and second
model are the same?”

We used the B&H stock-recruit model for more complicated regressions because we wanted to add habitat factors
to productivity (P defined as R/E as E → 0, i.e., density-independent survival) and capacity (C, defined as R as E → ∞ in
this model) following the examples of Walters and Korman
(1999), Scheuerell et al. (2006), and Mantua et al. (2009).
We applied variants of this non-linear model to predict adult
salmon returns (R) from effective female spawners (E) by using a “Bayesian” Monte Carlo method to determine the joint
probability distribution for fitted parameters, given the data
and the model. The models included prior knowledge about
the parameters, e.g., a priori distribution, positivity, and
multi-level effects. With non-linear models and real-world
data, parameter distributions cannot be assumed to be multivariate normal; moreover we were interested in knowing
about covariance and skew in the probability distributions of
fitted and derived parameters. We used a specialized computer language, Stan, that implements full Bayesian statistical inference via Monte Carlo sampling (Stan Development
Team 2015). Specifically, we used the No-U-Turn Sampler,
a variant of Hamiltonian Monte Carlo (HMC) via the “rstan”
package within the R language for data analysis (R Core
Team 2016). HMC operated in two steps after each of our
statistical models was compiled: “warm-up” iterations that
are used to optimize the step-size and orbital parameters for
the HMC algorithm, and then “sampling” iterations based on
those parameters. Typically, we used four HMC sampling
chains, each of 2,000 samples, and then checked the quality
and adequacy of sampling by using the “split-chain potential
scale reduction statistic” (Gelman and Rubin 1992). The resulting samples of the posterior joint probability distribution
of parameters were the basis for describing the marginal dis-

Simulated Returns
We wished to know if noisy stock-recruit data would
produce apparently meaningful values of b from fitting a
Ricker model (Equation 1) when in fact there was no effect
of density on survival and the true value of b was zero. To
answer this question, we simulated observations of R in the
hypothetical situation of no density dependence. The prediction model had two parts,
log�𝑅𝑅𝑅𝑅̂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 � = �log�𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 � + 𝑎𝑎𝑎𝑎� + 𝑁𝑁𝑁𝑁(0, 𝜎𝜎𝜎𝜎)

where
𝑎𝑎𝑎𝑎 =

��
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(5)

log�𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 � − log�𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 �� / 𝑛𝑛𝑛𝑛 .

The first part, in square brackets, predicted the mean for
log(R) at each observed log(E) by adding a constant, a, to
each observed value of log(E). The constant was the mean
over all observations of the difference between each log(R)
and the corresponding log(E), i.e., the mean productivity
rate. This assumed there were no differences in productivity
between CUs and no effect from capacity limitations. The
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tributions of parameters via summary statistics such as mean
and standard deviation (or their robust equivalents: median
and median absolute difference from the median, MAD) and
as percentiles. Appendix 1 contains the Stan code for the
most complicated model (6A).

ceding log-log regressions (Table 2). This log-normal error
structure implies that the predicted value is the median, not
the mean, for R at a specific
Etj, but the mean for R is avail𝑠𝑠𝑠𝑠2
able by multiplying by 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 �2�2as in Equation 3.
2

Model 1. Productivity by CU without Capacity
We assumed productivity, Pj , varied by CU for the regressions,

Widely Applicable Information Criterion (WAIC)

𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡 𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 +𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁(0,𝜎𝜎𝜎𝜎) .

Although AIC is appropriate for comparing ordinary
linear regressions, it is not appropriate for models with
non-uniform priors or for non-linear models. The Widely
Applicable Information Criteria (WAIC), a generalization of
AIC, is applicable to regressions with constraining priors,
including multi-level regression models (Gelman et al. 2014
§7.2; McElreath 2016 §6.4). Regression statistics such as r2
and negative log likelihood (NLL) deal with the difference
between an observation and a single fitted value (a residual),
but the fitted values for parameters have probability distributions (e.g., standard error of the slope in a linear regression)
so there is a probability distribution for the residual at each
observation. HMC samples of the joint distribution of parameter estimates provided samples of the probability distribution of the prediction at each data point: these were summarized as mean and variance of the log likelihood at each
data point. The statistic “log pointwise predictive density”
(lppd) refers to the sum, over data points, of those means and
is a Bayesian estimate of how precisely the model predicts
the observed data. The number of effective parameters (pWAIC) is the sum of those variances. Constraints outside of the
data (e.g., non-uniform priors, constraints such as positivity,
and multi-level effects) reduce those variances (Watanabe
2010; Gelman et al. 2013; Gelman et al. 2014 §7.2; Vehtari
and Gelman 2014). The WAIC uses pWAIC to correct lppd
for the effect of over-fitting and is an estimate of predictive
accuracy for unobserved but similar data, i.e., for out-ofsample prediction. Because stock-recruit models for Fraser
sockeye are used for predictions of unobserved returns from
known spawners, WAIC is appropriate for comparing models intended for those predictions.

Priors for all Pj were N(8, 2) as in Model 0.
Model 2. Multi-level Productivity by CU without Capacity
Ordinary regression models involve either complete
pooling or no pooling, but when the groups have shared attributes, as true for CUs of Fraser sockeye, a better approach
is partial pooling via multi-level regression (Gelman and
Hill 2007). A heuristic explanation of multi-level modeling
is that an among-groups model provides prior information
for estimating within-group models, such that if the within-group data are insufficient to accurately estimate some parameter then that within-group estimate will tend to be similar to the across-groups estimate (Gelman and Hill 2007;
Methot and Taylor 2011). This effect, called “shrinkage,”
tends to prevent unrealistic parameter estimates. We did not
explicitly consider an among-CUs effect for capacity in any
model.
We constrained productivity by CU (Equation 7) by using an among-groups (partial pooling) model that assumed
the productivity for a CU could be modeled as a draw, Pj,
from a normal distribution of productivity among CUs (Fraser-wide). This required fitting a mean, μP, and standard deviation, σP, for that Fraser-wide distribution,

𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗 = 𝑛𝑛𝑛𝑛�𝜇𝜇𝜇𝜇𝑝𝑝𝑝𝑝 , 𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝 � .

(8)

The multi-level regression model from combining Equation
7 and 8 will shrink extreme but imprecise estimates of Pj
toward μP. The prior distribution for μP was N(8, 2) and the
prior for σP was gamma(2, 1), as previously.

Model 0. The Null Model
The simplest model (model 0) assumed a single value
for productivity, P, invariant across CUs and years, and no
effect of capacity on survival. This is a one-parameter regression to predict Rtj, the estimate of returns for year = t and
CU = j, from Etj, the effective female spawners,

𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 +𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁(0,𝜎𝜎𝜎𝜎) ,

(7)

Model 3. Multi-level Productivity by Year without Capacity
Based on the preceding log-log regressions and the examination of how productivity across CUs changed among
years (shared survival), we assumed a single value, Pmax,
could represent maximum productivity of all CUs in some
“best possible year.” Pmax was modified by a virtual habitat
factor Ht each year, with 0 < Ht < 1. The productivity each
year was then

(6)

where N refers to the normal distribution and σ is a fitted
standard deviation. For all models, we assumed lognormal residuals (Peterman 1978) to avoid predicting Rtj < 0.
The prior distribution for P was N(8, 2), mildly informative
based on results from the preceding log-log regressions. The
prior distribution for σ was gamma(2, 1) to constrain σ > 0
and the mode at σ = 1 reflected information from the pre-

𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡 .

To avoid Ht = 0 and to require that all CUs exhibit synchronously high or low survival in order to estimate Ht → 0 or
Ht → 1, the prior we used for Ht was
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𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =

(9)

a dome between 0 and 1 with a fitted mode at Ht = 1 / BH.
This is an among-years model that will shrink poorly defined
estimates of Ht toward the mode. The prior for the fitted
parameter was BH = Uniform(1, 3) and HMC sampling was
constrained BH > 1. The regression model was multi-level,
combining Equation 9 with
𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡 𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁(0,𝜎𝜎𝜎𝜎) .

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

1 + 𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡 𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡

+ 𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁(0,𝜎𝜎𝜎𝜎) ,

(11)

where Pj was from the preceding multi-level model to estimate productivity by CU (model 2, Equations 7 and 8),
and Cj estimates capacity by CU. To constrain unrealistically large estimates of capacity, the prior for each Cj was
Cauchy(0, 3) with HMC sampling constrained Cj ≥ 0. This
Cauchy distribution was equivalent to Student’s t distribution with 1 degree of freedom, mean = zero, and standard
deviation = 3.

(10)

Model 4. Multi-level Productivity by CU and Capacity by CU
Fitted estimates for a capacity effect for each CU were
then introduced, based on the B&H model,

Table 2. Results from log-log regressions of returns (R) and effective female spawners (E). Rather than display many similar parameters
(e.g., 17 intercepts), they are summarized by their mean and CV (SD/mean, as percent). σ is the standard deviation of residuals. AIC is the
Akaike Information Criterion; ΔAIC compares each AIC to the smallest AIC, and ωAIC expresses AIC in terms of the relative probability, among
these models, of making the best predictions with similar new data. All available data were used (Table 1). Curvature refers to the regression
coefficient fitted to log(E)2 when describing a fitted parabola.
Model

Parameter

one line,
slope = 1

Intercept

one line

one parabola

17 parallel lines,
slope = 1

17 parallel lines

17 parabolas

Statistics

2.15

SE = 0.04

Residuals

df = 879

Fit

r2 = 73%

Intercept

1.32

SE = 0.08

Slope

0.82

SE = 0.02

Residuals

df = 878

σ = 1.05

ΔAIC = 222
ωAIC = 0.00

σ = 0.99

ΔAIC = 104

AIC = 2475

ωAIC = 0.00

Fit

r = 76%
1.62

SE = 0.12

Slope

0.97

SE = 0.05

Curvature

0.015

SE = 0.005

Residuals

df = 877

Fit

r2 = 76%

AIC = 2466

17 Intercepts

2

Compare

AIC = 2592

Intercept

σ = 0.98

ΔAIC = 96
ωAIC = 0.00

Mean = 2.15

CV = 11%

Residuals

df = 863

σ = 1.04

ΔAIC = 210

Fit

ωAIC = 0.00

17 Intercepts
Slope

17 lines

Estimate

r = 75%

AIC = 2580

Mean = 1.04

CV = 31%

0.76

SE = 0.02

2

Residuals

df = 863

Fit

r2 = 79%

σ = 0.95
AIC = 2435

17 Intercepts

Mean = 0.51

CV = 210%

17 Slopes

Mean = 0.64

CV = 37%

Residuals

df = 847

Fit

r2 = 81%

σ = 0.91
AIC = 2370

17 Intercepts

Mean = 0.74

CV = 350%

17 Slopes

Mean =0.73

CV = 130%

17 Curvatures

Mean = 0.001

SD = 0.100

Residuals

df = 808

Fit

r = 81%
2
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σ = 0.91
AIC = 2377

ΔAIC = 65
ωAIC = 0.00

ΔAIC = 0
ωAIC = 0.96

ΔAIC = 6
ωAIC = 0.04
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sion weights from this uncalibrated variance factor (Zuur et
al. 2009). The standard deviation of lognormal residuals,
−𝛾𝛾𝛾𝛾
σ, was increased by a factor 𝑊𝑊𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑊𝑊𝑊𝑊 for year = t and CU = j
(Gelman et al. 2013 §14.7). The variance model for residuals (Equation 6) was changed to

Model 5. Multi-level Productivity by Years but Capacity by
CU
The next model was similar to the previous one, except
that productivity varied by year (Equation 9) instead of by
CU (Equation 7),
𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
1
+
𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡 𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡

+ 𝑒𝑒𝑒𝑒

𝑁𝑁𝑁𝑁(0,𝜎𝜎𝜎𝜎)

−𝛾𝛾𝛾𝛾
𝑁𝑁𝑁𝑁 𝑁𝑁𝑁𝑁0,𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎
0,𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎 W
̂ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑅𝑅𝑅𝑅
𝑒𝑒𝑒𝑒 ̂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑒𝑒𝑒𝑒� � 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ��.
𝑡𝑡𝑡𝑡 =
(12)

.

−𝛾𝛾𝛾𝛾

−𝛾𝛾𝛾𝛾

Model 6. Multi-level Productivity and Capacity by Years
The final model introduced the potential for a linear effect from Ht on the capacity estimate for each CU so that the
capacity for each CU varied by year,
𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 (1 − 𝛾𝛾𝛾𝛾𝐻𝐻𝐻𝐻 ) + 𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 𝛾𝛾𝛾𝛾𝐻𝐻𝐻𝐻 𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡 .

(13)

A fitted parameter, γH, with 0 ≤ γH ≤ 1, controlled the effect
of the virtual habitat factor Ht on Cj. If there is no advantage
from fitting annually varying capacity, γH → 0 and Ctj = Cj.
Alternatively, γH → 1 would be evidence that capacity varies
in response to the same habitat changes that make productivity vary by year. At an intermediate value, e.g., γH = 0.5, then
Ctj would vary from Cj, the fitted maximum capacity, when
Ht = 1, to 0.5 Cj in a year when Ht = 0. If γH = 1 then 0 < Ctj <
Cj corresponding to 0 < Ht < 1. The regression model, from
combining Equations 12 and 13, was
𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
1
+
𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡 𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 (1 − 𝛾𝛾𝛾𝛾𝐻𝐻𝐻𝐻 ) + 𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 𝛾𝛾𝛾𝛾𝐻𝐻𝐻𝐻 𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡

(15)

Using 𝜎𝜎𝜎𝜎 ∗ = 𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑊𝑊𝑊𝑊 to represent the increased standard deviation for a case, if γW = 0 then σ* = σ and the variance factor is ineffective and all observations are treated as equally
precise. For small values of γW, only small values of Wtj
(cases indicated as highly likely to be highly imprecise) are
effective to increase σ*. When γW = 1, σ* = σ/W which is
ordinary weighted regression.
Variance factors essentially change the data used in a
regression, compromising comparisons of regressions, e.g.,
Wjt = 0 eliminates a case. We calculated the effective numγ
ber of cases as ∑Wtj (note change of sign and that 0 ≤ Wtj
≤ 1). To compare different models that include a variance
factor, it is necessary to use the same Wtj, and the same γW
(previously fitted) for each model otherwise the data will be
different and comparisons will be invalid (Zuur et al. 2009).
In this regression, the probability for an outlier can change
quickly as the fitted value of γW changes because γW acts exponentially on the standard deviation, which in turn acts exponentially through the lognormal distribution for residuals
(Equation 15). To clarify what happened when the weight
for a specific case changed because of the variance factor,
we calculated the probability of the observed estimate of returns, given the fitted value and the weighted lognormal SD
for that case. Then we used the not-weighted SD, associated
with precise observations, to calculate an imaginary return
with the same probability but from a best-precision observation. For imprecise outliers that imaginary observation will
be closer to the fitted curve than the observed data point. We
indicated selected points by an arrow on a stock-recruit plot
to indicate cases with a large effect from down-weighting Rtj.

In this model, a table of observations of Rtj (with t rows for
years and j columns for CUs) was estimated from a similar
table of Etj by a function that used a fitted parameter Ht for
each row and a fitted parameter Cj for each column, but with
no parameter specific to a single cell in the table. Each cell
in the table was predicted from estimates at the margins of
the table. Consistent differences in productivity among CUs
were not estimated and contribute to the residual variance.
To include CU-specific productivity would require another
17 parameters and we had previously determined that the
range in productivity among CUs was small compared to the
range in productivity among years.

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

W

+ 𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁(0,𝜎𝜎𝜎𝜎) .

RESULTS

(14)

log(R) versus log(E)
Assuming and fitting a bivariate normal distribution for
log(R) and log(E) resulted in individual ellipses for 17 CUs
(Fig. 2). Typically, more than 5% of the points were outside
of the 95% confidence limit ellipse, indicating fat tails. For
comparison, the pooled data are presented as a scatterplot
(Fig. 3A) and a bivariate normal ellipse (Fig. 3B). When all
17 ellipses were compared in a single plot (Fig. 3C), their
centroids fell close to a straight line (Fig. 3D). Despite a
great range in the lengths of the ellipses, reflecting variation
in the range of E within CUs (the range is large in CUs with
cyclic dominance such as Quesnel and Late Shuswap), the
ellipse widths were similar, implying similarity among CUs

The prior for γH was beta (0.5, 0.5), an inverse dome (“U
shaped”) that added a tendency to fit a value near 1 or near 0
without precluding intermediate values.
Variance Factors for Precision of Returns
We explored a variance factor Wtj, where 0 ≤ Wtj ≤ 1,
related to the relative accuracy of returns estimates by CU by
year. A fitted parameter, γW, was used to determine regres370
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log(R)

Fig. 2. Scatterplots of log(R) versus log(E) for 17 Fraser sockeye CUs. Data as in Table 2. Crossed lines indicate the mean for both variables. Ellipses represent 95% confidence limits of
bivariate normal distributions calculated from the first two principal components. The correlation (r2) is expressed as percent.

log(E)
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density-dependent productivity because the slope of a linear
regression is necessarily < 1 when r2 < 1 (Peterman 1978).
Using one parabola to describe the scatter plot of pooled
data for log(R) versus log(E) (Fig. 3B), estimates of log(R)
at the lowest values of log(E) were above a line with slope =
1 that goes through the means of log(R) and log(E), i.e., the
curvature occurred at the lowest abundances. For mid-range
and high E, the curve is linear with slope = 1, indicating no
capacity effect at the highest abundances. This single curved
line was not a useful improvement over a straight line (Table
2) although curvature was present (comparison of regressions by ANOVA, p(F1,877 > 10.6) = 0.0012).
After fitting four models with parameters for each CU,
the best model, based on AIC, was 17 lines (34 parameters,
r2 = 81%). The mean slope was 0.64 (SD = 0.23) because
log(E) accounted for little of the variation in log(R) within
four CUs (Pitt 2%, Birkenhead 9%, Weaver 12%, Stellako
13%), and consequently these CUs had a low slope (< 0.42).
These were specific cases with a low ability to account for
log(R) from a CU-by-CU approach, but this is generally
true: the mean r2 among CUs was 50% (SD = 0.27). The exceptions were Quesnel (r2 = 90%) and Late Shuswap (89%);
both were CUs with cyclic dominance, which creates a large
range in log(E) (Fig. 2). The model with 17 lines (34 parameters, r2 = 81%) was a small improvement over the model
with 17 parallel lines (17 parameters, r2 = 79%). The model
with curved lines for each CU (51 parameters, r2 = 81%) was
not an improvement over a straight line for each CU (Table
2). Only the Chilko CU was improved by a convex parabola, but in that CU potential production from high escapements was confounded by a deleterious spawning channel
for many years (Akenhead et al. 2016).
These log-log regressions (Table 2) and the ellipses
(Fig. 2) showed that the difference in production among
CUs was small: 17 parallel lines with slope = 1 instead of
one line with slope = 1 improved r2 by 3%. Moving from
a one-parameter model that assumed no difference among
CUs in productivity and no density effect to a model with 34
or even 51 parameters that allowed productivity and density
effects to vary between CUs, improved r2 by 11% (from 73%
to 81%) and improved the SD of residuals by 13% (from
1.05 to 0.91). This improvement involved substantial overfitting and is smaller than the residual variance in log(R) (1
– r2 = 27% with one parameter, 19% with 34 parameters)
that is due to differences among years within CUs and to imprecision for estimates of R and E. In summary, log(R) was
2.1 (SE = 0.04) times log(E) with small improvements from
considering CUs and density-dependence. The corresponding estimate for median production is e2.1 = 8.2 R/E.

log(E)
Fig. 3. Pooled data for log(R) versus log(E) for 17 Fraser Sockeye
CUs, 1948-2006. Data as in Table 2. A. Scatter plot for all CUs
and all years pooled. The line has slope = 1 and describes Fraser
sockeye survival almost as well as 17 straight or curved lines,
one for each CU (Table 2). Estimates of log(R) at the lowest
estimates of log(E) are higher than expected, possibly because
estimates of R from the allocation of mixed catches to CUs at low
returns abundance is biased high, or because estimates of E from
(typically) visual surveys at low spawner abundance are biased low,
or both. B. An ellipse for the 95% confidence limit of a bivariate
normal distribution fitted by principal components analysis to data
in plot A. The line is the fit for one parabola (Table 2) and exhibits
slope = 1 above the means (the dot). C. Ellipses for each of the
17 Fraser sockeye CUs, from Fig. 2. The similar width of ellipses
indicates the variance in log(R) that is not accounted for by log(E)
is similar among CUs. D. Centroids from the ellipses shown in
plot C, with CUs identified as in Table 1. The centroids are aligned,
indicating the production rate, log(R/E), is similar across all CUs.
Note differing ranges of axes.

in the observation variance for R and E and similarity in the
effect of changes in habitats on survival rates.
Considering the 17 Fraser sockeye CUs pooled, with
mean(log(E)) = -2.54 (SE = 0.068) and mean(log(R)) = 4.69
(0.072), the overall production rate was the difference, 2.15
(SD = 1.05, n = 881 pairs). The ellipses in Fig. 2 and Fig. 3C
showed this to be a reasonable description of Fraser sockeye
because the trend and residual variance were similar among
CUs. The mean production (not logged) can then be estimated as e (2.15+1.05^2/2) = 14.9 R/E. Pooling all CUs, so that each
observation of R from E was assumed to be representative of
Fraser sockeye as a whole, presented a near-linear pattern on a
log-log plot (Fig. 3A). One straight line explains r2 = 76% of
the variation in the Fraser sockeye returns (Table 2). The regression slope was < 1 and (back-transformed) R = 3.76 E 0.82,
but this apparent curvature does not allow the conclusion of

Ricker Model Fits
Fitting a straight line through the origin as a model of
returns from effective female spawners (EFS) assumes there
is no effect from density-dependent survival within the observed range of EFS. Comparing fits from the Ricker model
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to fits from a straight line through the origin (Table 3) quantified the obvious: unexplained scatter in the Fraser sockeye
stock-recruit data frequently overwhelmed evidence of density-dependent survival. The r2 values for Ricker model fits,
calculated using Equation 2, were low: worse than a simple
mean in two of 17 CUs, Late Stuart and Pitt (r2 < 0), and >
50% for only three CUs (Early Stuart, Quesnel, and Late
Shuswap). A line through the origin was a “substantial improvement” (defined as: r2 is increased, r2 ≥ 25%, and ≤ 5%
probability that the difference in r2 values was due to chance)
in four of 17 CUs: Late Stuart, Weaver, Scotch, and Gates.
The Ricker model was a substantial improvement over a line
through the origin for only four CUs: Quesnel, Chilko, Seymour and Nadina. The results in Table 3 corroborated the
issue identified by McKinnell (2008): high values for Ricker
model parameters a (productivity) and b (related to capacity)
tend to be associated with low r2 values (Fig. 4).
In order to determine the effect of adding another parameter to a model, as opposed to benefits from the specific
shape of the Ricker model, we fit a parabola to predict R from
E. The Y-axis intercept for the parabola was constrained to
be zero, similar to the Ricker model. A parabola was a substantial improvement on the Ricker model for 10 CUs, but

two results were concave (“U” shaped) not convex (domed),
leaving eight: Early Stuart, Late Stuart, Bowron, Raft, Late
Shuswap, Portage, Weaver, and Fennel. The Ricker model
was not a substantial improvement over a parabola for any of
the 17 CUs. Thus, a parabola was as good as, and frequently better than, the Ricker model to describe the available
stock-recruit data for Fraser sockeye. This is a statistical observation and does not consider prediction of negative returns
at high values of E (never the case within these data).
In three cases, Raft, Birkenhead, and Pitt, the probability of a zero intercept for an unconstrained parabola was
small (calculations not shown), suggesting that more information than just E is required to account for the returns from
those three CUs, or that the range of E is too small to be a
useful predictor (Fig. 2).
Fitting the Ricker Model to Simulated Returns from Observed EFS
Simulation of values of log(R) at observed estimates of
log(E) required an estimate of σ, the standard deviation of
residuals from a straight-line fit to that log-log regression
with slope = 1, i.e., no density dependence (Equation 5). In
this case only the intercept is determined, equivalent to the

Table 3. Comparison of regression statistics for three models: 1. The Ricker model, 2. A line that goes through the origin, and 3. A parabola that
goes through the origin. The time series are the same as in Table 2 and returns from effective female spawners are analyzed separately for 17 CUs.
The statistic P1,2 is the probability (ANOVA, Equation 4) that the absolute value of the difference between r21 from the Ricker model and r22 from the
linear model is due to chance. Similarly, P1,3 compares the Ricker model and a parabola, and P2,3 compares the linear and parabolic results.
CU
Early Stuart

1. Ricker Model
ea
7.8

b

2. Linear
r21

Slope

r22

P1,2

3. Parabolic
Slope

Curve

r23

P1,3

P2,3

2.6

67%

5.8

68%

15%

7.5

-7.2

71%

1%

3%

Late Stuart

12.

2.2

-33%

4.3

41%

0%

8.4

-4.5

49%

0%

0%

Stellako

14.

9.4

20%

6.2

-6%

0%

13.

-50

17%

15%

0%

10.

Bowron

12.

70.

37%

7.5

40%

11%

Raft

11.

64.

35%

5.3

34%

38%

Quesnel

13.

1.3

58%

4.7

35%

0%

14.

-7.3

57%

15%

0%

Chilko

15.

3.6

28%

5.4

-5%

0%

14.

-23

26%

21%

0%

8.9

-250

41%

5%

26%

-200

39%

5%

3%

Seymour

9.4

9.0

46%

7.5

38%

0%

13.

-90

49%

7%

0%

Late Shuswap

7.6

0.24

58%

5.9

55%

8%

11.

-3.0

72%

0%

0%

Birkenhead

14.

13.

12%

5.1

2%

1%

11.

-45

10%

30%

2%

Portage

25.

172.

17%

9.7

23%

5%

18.

-900

31%

0%

2%

Weaver

21.

16.

4%

72%

Fennell

21.

220.

4%

Scotch

6.8

Gates

13.0

Nadina

8.2

53.

Pitt

11.

-9.7

13.
4.2

38%

0%

14.

-9.4

38%

0%

-3%

10%

10.

-600

28%

0%

0%

94%

0%

+92

96%

0%

0%

47%

13.

50.

45%

11.

55%

1%

13.

35%

6.0

25%

4%

-5%

2.9

-50%

0%

7.7
8.1
11.
6.4

+230

57%

0%

24%

-120

37%

31%

2%

-87

-23%

0%

0%

Mean

13

28%

6.9

29%

5%

11

41%

7%

8%

SD

5.1

26

3.0

34

10

3.12

27

11

18

CV

39%

93%

44%

118%

176%

28%

66%

140%

232%
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overall mean for log(R) – log(E). Based on all 881 observations pooled, that mean was 2.145 with standard deviation
σ = 1.053. To confirm that σ was constant as opposed to increasing at high values of log(E), we determined the residuals from ordinary linear regression of log(R) versus log(E)
for each CU, and then regressed the absolute value of those
residuals against log(E) (Table 4). There were two CUs
with weak evidence that σ might have increased with log(E),
Birkenhead had slope = 15% with 8% chance that the slope
was zero, and Weaver had slope = 14% with 17% chance.
The mean slope, among 17 CUs, was low (1.4%, SD = 7)
with all r2 ≤ 5%. We used this result, in conjunction with our
conclusions from Table 2 and Fig. 3, as sufficient evidence
to proceed with the assumption that σ did not change with
log(E). For all CUs, we drew simulated values of log(Rtj)
from N(2.145 log(Etj), 1.053).
When we used 1,000 time-series of simulated log(R) in
the Ricker regression, 11 of the 17 CUs had observed estimates for Ricker’s b that were greater than the 95th percentile of simulated results (Table 5, last column). Within the
assumptions of our simulation, it is unlikely these observed
values of b could have been the result of chance, and highly
unlikely that 11/17 would be so extreme by chance. For six

b

ea

r2 (%)

r2 (%)

Fig. 4. Parameters from 17 CUs fitted separately to the linearized
Ricker stock-recruit model (Equation 1), with CUs identified as in
Table 1. A. High estimates for the a parameter, expressed here
as productivity, ea, are associated with low r2 values. Values for r2
were calculated using the prediction of returns (R) from effective
female spawners (E) (Equation 2). A negative value for r2 means
the model accounts for less of the variance in R than does the
mean for R. B. Large estimates for the b parameter may indicate
small habitat capacity but estimates will be unreliable when the
Ricker model does not account for the returns (low or negative r2).
Note negative estimate for the CU marked as “E” (Scotch).

Table 4. A test for the variance in residuals increasing with log(E). The summary statistics for regressions of log(R) versus log(E) for 17 CUs
are the same as in Table 2 (“17 lines”). The residuals from this regression were used in a second regression of the absolute value of residuals
against log(E). The low slopes, low r2 values, and high probabilities that the slopes are zero are the basis for concluding homogenous variance
of residuals with respect to log(E). Homogenous variance was assumed when simulating residuals to investigate fits to the Ricker model.
CU

Number of
years

Log(R) vs. log(E)
Intercept

Slope

σ

|Residuals| vs. log(E)
r2

Slope

r2

Probability

Early Stuart

59

1.00

0.76

0.73

67%

0.01

0%

77%

Late Stuart

58

0.88

0.66

1.15

63%

-0.03

1%

41%

Stellako

59

0.25

0.42

0.82

13%

0.11

2%

28%

Bowron

59

-0.22

0.60

0.75

38%

0.01

0%

83%

Raft

59

0.07

0.66

0.79

45%

-0.10

5%

8%

Quesnel

59

1.62

0.87

1.08

9%

0.04

4%

14%

Chilko

59

1.08

0.55

0.79

37%

0.03

0%

66%

Seymour

59

1.37

0.85

0.93

56%

0.00

0%

95%

Late Shuswap

59

1.74

0.94

0.96

89%

-0.04

5%

8%

Birkenhead

59

-0.31

0.33

0.92

10%

0.15

5%

8%

Portage

52

0.25

0.64

1.11

55%

-0.06

3%

26%

Weaver

41

0.05

0.36

0.78

12%

0.14

5%

17%

Fennell

40

-0.95

0.52

0.89

54%

0.01

0%

76%

Scotch

27

1.66

0.94

1.08

69%

-0.03

1%

70%

Gates

39

1.08

0.79

0.85

70%

-0.02

0%

73%

Nadina

34

1.52

0.91

0.85

58%

0.00

0%

97%

Pitt

59

-2.37

0.12

0.78

2%

0.02

0%

72%

Mean

0.51

0.64

0.896

49%

0.014

1.8%

51%

SD

1.09

0.24

0.136

27

0.066

2.2

33

CV

210%

37%

15%

55%

470%

120%

65%
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Table 5. Fitted values and statistics for the Ricker model by CU and a comparison to estimates of b from simulated data with b = 0 (see text).
Pr( > F) and r2 refer to the linear regression used to fit the Ricker model (Equation 1). Time series are the same as in Table 2. The fraction of
simulated values for b that are greater than the observed value are reported for each CU.
CU
Early Stuart

Observed Ricker fits
ea

b (SE)

r2

Pr( > F)

Simulated b
> observed

7.8

2.6 (1.6)

4%

12.1%

11.7%

12.

2.2 (1.0)

8%

3.7%

0.6%

Stellako

14.

9.4 (2.4)

21%

0.0%

0.3%

Bowron

12.

70 (24)

13%

0.6%

1.9%

Late Stuart

Raft

11.

64 (21)

14%

0.0%

1.2%

Quesnel

13.

1.3 (0.4)

17%

0.1%

0.1%

Chilko

15.

3.6 (0.6)

37%

0.0%

0.1%

Seymour

9.4

9.0 (6.2)

4%

14.7%

11.3%

Late Shuswap

7.6

0.24 (0.2)

2%

31.5%

19.3%

Birkenhead

14.

13 (2.6)

29%

0.0%

0.1%

Portage

25.

172 (44)

23%

0.0%

0.1%

Weaver

21.

16 (7.7)

10%

3.9%

3.3%

Fennell

21.

223 (41)

44%

0.0%

0.1%

-9.7 (12)

2%

44.0%

79.0%

50 (31)

6%

11.9%

10.2%

13 (12)

3%

29.6%

21.1%

53 (8.6)

39%

0.0%

0.1%

0.09

9%

Scotch
Gates
Nadina
Pitt
Mean

6.8
13.
8.2
11.
13

17%

SD

5.1

16

0.14

19

CV

39%

85%

144%

200%

CUs, the observed estimate for b was > 10% likely to have
arisen by chance when the true value was zero, but the fits
for these CUs are clearly unreliable based on conventional
regression statistics, e.g., the standard error (SE) for b being
> b/2. As constructed, this simulation test for a spurious
conclusion of density dependence provided no additional information: the same CUs were flagged as unreliable by the
F test for linear regression (Table 5, “Pr( > F)”). CUs with
unreliable estimates for b include Scotch, where the fitted
value of b had the wrong sign, and five others: Early Stuart,
Seymour, Late Shuswap, Gates, and Nadina.

= 1”). On this basis, we examined synchrony among CUs
in high and low survival years using a parametric approach
(PCA) and a non-parametric approach (ranked years within
CUs) (Fig. 5). The non-parametric analysis showed important events such as high survival for many CUs in brood year
1955 followed by low survival for many CUs in brood years
1957 and 1958; low survival for some CUs in brood years
1979 and 1991, and extremely low survival for all CUs in
brood years 2003 and 2005 (Fig. 5A). Brood year 2006, our
final value, was the first year when no CU had poor survival
(less than 10th percentile) since brood year 1990 (16 years).
These events were fluctuations within a trend toward poor
survivals that may have started in the 1980s. The parametric
analysis quantified this pattern: “shared survival,” based on
the annual values for PC-1 of log(R/E) (Fig. 5B) accounted
for 46% of the variance in log(R/E). The long-term trend
(curved line in Fig. 5B, a loess smoother) accounted for 51%
of the variance in PC-1, so that trend was 0.51 × 0.46 = 23%
of the total variance. Most of the short-term variability in
shared survival was due to six “low survival events” that
involved seven years out of 57: brood years 1957-1958 (one
event), 1976, 1979, 1991, 2003, and 2005. A similar analysis used complete time series for all 17 CUs, brood years
1980–2006 (27 years). After a cluster analysis of the time

Shared Survival
The preceding results supported the assumption that
using log(R/S) as the indicator of total survival was valid
because (a) the log transformation corrected the skewed distribution arising from the ratio of two variables measured
with observation error, (b) total survival from a series of
independent random survival events would be expected
to have a lognormal distribution (Peterman 1978), and (c)
density-dependent effects within CUs were measured and
shown to be a small fraction of the total variance (Table 2, r2
= 81% for “17 lines”; r2 = 75% for “17 parallel lines, slope
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Brood Year

Brood Year

Brood Year

Fig. 5. “Shared survival” patterns for Fraser sockeye, based on total survival, log(R/E). A. Synchronous extremes by years among CUs.
Dark areas are 10th percentiles (synchronous highest values) and 90th percentile (synchronous lowest values); light areas are the 20th and
80th percentiles. Positive counts indicate the number of cases of unusually high survival. Negative counts indicate the number of cases of
unusually low survival, i.e., for brood year 2003 (ocean entry 2005), 11/11 CUs had survivals in the lowest 10% of their history. B. The first
principal component for 11 CUs across 57 years accounts for 46% of the total variance. The solid thick line is a loess curve that accounts for
51% of PC-1 (so 23% of the total variance). C. For 13 stocks identified as similar by cluster analysis across 27 years, PC-1 explains 51% of
the variance. Bowron, Raft, Late Shuswap, and Weaver were excluded.

series for survival rates, Bowron, Raft, Late Shuswap, and
Weaver were excluded. The result (Fig. 5C) repeated the
shared survival pattern but added brood 1997 as a low survival event (corroborated by the non-parametric approach)
and de-emphasized the changes for broods 1988 and 1989.

effective parameters. There were fewer effective parameters
than fitted parameters because the lines are constrained to
pass through the origin and to have positive slope, i.e., prior
knowledge was included in the model and competed with
the data. There was a small change in σ but NLL decreased,
indicating a better fit to the data from the additional parameters. In contrast, lppd increased between model 0 and model
1, and the pWAIC increased by 11, so WAIC increased from
436 to 450 (Table 6).

Beverton and Holt Models in Bayesian Regressions
Seven B&H models were applied to predict R from E
by estimating productivity and capacity in different ways,
all with the assumption of lognormal residuals. None of our
models invoked an among-CUs effect for capacity.

Model 2. Multi-level Productivity by CU without Capacity
Adding Equation 8 (two new parameters) to the preceding model added a weak constraint: the 17 slopes are from
one normal distribution, the among-CUs distribution. That
description of Fraser-wide productivity had a fitted mean
of 6.7 R/E (95% range 5.8–7.7) and standard deviation of
1.3 (0.6–2.5). The result was a shrinking of the extreme
estimates of productivity by CU from model 1 towards the
among-CUs mean (Table 7, Fig. 6A). The largest changes between these two models were mainly associated with
small CUs: Weaver -17%, Portage -13%, Late Stuart -12%,
Gates -12%, Pitt +7% (Fig. 6A). Shrinkage (change in median productivity estimate) should be a larger effect for CUs
where productivity is less well estimated, and that was verified in this example: shrinkage was correlated (r2 = 58%)
with the 95% ranges in model 1 (Fig. 6B).
But was model 2, with constrained estimates, better
than model 1? For both models, σ was the same (Table 7).
NLL for model 2 was larger, indicating a worse fit because
prior knowledge was added that competed with the data (the
Pj were described as normally distributed). This competition
was measured by the decrease in effective parameters (pWAIC)
from 13 to 11 despite the increase in fitted parameters from
18 to 20. In contrast to NLL (based on a single value for
each fitted parameter), lppd (based on the distribution of pa-

The Null Model
We started with the simplest stock-recruit model (Equation 6). The “null model” had just two parameters, a line
through the origin, representing productivity across all CUs
after assuming capacity = ∞, and σ to describe residuals. We
anticipated that the estimates for σ, NLL, lppd, and WAIC
would improve in subsequent models. What actually happened is that σ and NLL, which measure how well the model
fits the data, were improved by subsequent models, but precision of fit, lppd, did not improve and so, because the number of effective parameters increased, WAIC was always
larger than for this null model and WAIC increased greatly
for the most complicated models (Table 6). By this criterion,
the null model was the best model. The estimate for productivity was 6.5 R/E (95% range 5.9–7.2), comparable to 6.9
R/E (SD = 3.0) from the among-CUs mean slope of a line
through the origin (Table 3, “Linear”).
Model 1. Productivity by CU without Capacity
Adding another 16 parameters (Equation 7, model 1
in Table 6), so that there was a line through the origin to
predict R within each CU separately, resulted in pWAIC = 13
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Table 6. Statistics of fit for a series of Beverton and Holt models. The data are for brood years 1980-2006 with complete information for all
CUs. Model 0, the null model, estimates σ and one parameter: slope through the origin. Models 0–3 assume no capacity limitation. Model
2 is a multi-level model for productivity. Models 4–6 estimate a capacity for each CU. Models 3, 5, and 6 fit a “virtual habitat factor” by
years (with an among-years multi-level effect) that affects a single value of “maximum possible productivity” applied to all CUs. Model 4 fits
productivity by CU and capacity by CU with an among-CUs model for productivity. Model 6 allows the virtual habitat factor to affect capacity
in all CUs by year. Models 1A–6A repeat the previous models but add a parameter γW that controls the effect of a variance factor for the
relative precision of estimates of returns. “Effective cases” indicates there is less information when some cases are treated as imprecise. The
statistics lppd (log pointwise predictive density) and pWAIC (number of effective parameters) sum to WAIC.
Fitted
parameters

Model

σ

NLL
(Δ)

γW

Effective
cases

lppd
(Δ)

pWAIC

WAIC
(Δ)

Variance factor: none
Model 0. Equation 6.
Fraser-wide productivity. Capacity = ∞.

2

1.10

271 (59)

459

434 (0)

2

436 (0)

Model 1. Equation 7.
Productivity by CU. Capacity = ∞.

18

1.08

238 (27)

459

437 (3)

13

450 (14)

Model 2. Equations 7 and 8.
Productivity by CU. Capacity = ∞.

20

1.08

245 (33)

459

438 (4)

11

449 (13)

Model 3. Equations 9 and 10.
Productivity by year. Capacity = ∞.

30

0.91

225 (13)

459

513 (79)

22

535 (99)

Model 4. Equations 8 and 11.
Productivity by CU. Capacity by CU.

37

1.02

227 (15)

459

457 (23)

17

474 (38)

Model 5. Equations 9 and 12.
Productivity by year. Capacity by CU.

47

0.86

212 (0)

459

532 (98)

29

561 (125)

Model 6. Equations 9 and 14.
Productivity and capacity by year.

48

0.84

213 (1)

459

540 (106)

27

567 (131)

Variance factor: relative precision of return estimates as % spawners by run
Model 0A. Equation 6 with γW.
Fraser-wide productivity. Capacity = ∞.

3

1.05

276 (72)

0.018

440

433 (0)

3

436 (0)

Model 1A. Equation 7 with γW.
Productivity by CU. Capacity = ∞.

19

1.03

247 (43)

0.017

440

435 (2)

16

451 (15)

Model 2A. Equations 7 and 8 with γW.
Productivity by CU. Capacity = ∞.

21

1.02

250 (46)

0.020

437

437 (4)

12

449 (13)

Model 3A. Equations 9 and 10 with γW.
Productivity by year. Capacity = ∞.

31

0.82

227 (23)

0.041

416

514 (81)

22

537 (101)

Model 4A. Equations 8 and 11 with γW.
Productivity by CU. Capacity by CU.

38

0.96

231 (27)

0.026

431

457 (24)

18

475 (39)

Model 5A. Equations 9 and 12 with γW.
Productivity by year. Capacity by CU.

48

0.76

213 (9)

0.047

411

534 (101)

30

564 (128)

Model 6A. Equations 9 and 14 with γW.
Productivity and capacity by year.

49

0.73

204 (0)

0.054

404

544 (111)

31

575 (139)

rameter estimates) did not increase appreciably because the
posterior joint distribution was less variable: the 95% ranges
for model 2 were smaller than for model 1 (Table 7) (median = -16%, MAD = 3, calculations not shown). In terms
of predictive accuracy, the change in effective parameters
resulted in WAIC for model 2 being slightly smaller than for
model 1. In summary, the within-data fit (σ and lppd) was
nearly the same for both models, but the predictive accuracy
(WAIC) was better for model 2, by a small amount, because
we added a small amount of knowledge.

2, 3, especially 5, and 7), we modeled productivity by years
instead of by CUs (Equations 9 and 10). That increased the
number of fitted parameters to 30, which decreased σ and
NLL, but a large increase in lppd (overall less precision for
fit) resulted in greatly reduced predictive accuracy (WAIC)
from productivity by years compared to productivity by
CUs. The estimated productivity in the best year was 13.9
R/E (95% range = 11–18), but was modified in each year by
the virtual habitat factor, Ht, that ranged from 0.08 (brood
year 2005) to 0.81 (brood year 1989). The habitat factors
were constrained between 0 and 1 by imposing a beta distribution with a fitted mode at 0.56 (50% range = 0.45–0.70),
so the modal (most common) productivity was 0.56 × 13.9 =
7.8 R/E. The mean productivity was slightly lower, 7.4 R/E.

Model 3. Multi-level Productivity by Year without Capacity
Because productivity varied by a small amount among
CUs in comparison to how much it varied among years (Figs.
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with the 97.5th percentile more than 20 times the median estimate (median = 23.5, MAD = 17.9, max = 79 for Fennel).
Because of the extreme skew in the distributions for capacity estimates, the mean and standard deviation were inadequate descriptions: susceptible to extreme samples and much
greater than the median and MAD. In comparison to capacity estimates, productivity estimates were uniform, symmetric, and well-determined. The Fraser-wide mean productivity (at the among-CUs level), μP, was 8.3 R/E (95% range
= 7.2–9.9), and the Fraser-wide standard deviation, σP, was
1.6 (0.39–3.2), a CV of 19%, but MAD/median for the 17
individual median estimates of productivity was 0.828/8.4
(Table 8), so the observed and robust CV for productivity
across CUs was 9%, only half as large. Productivity estimates by CU ranged from 6.7 R/E for Early Stuart (95%
range = 4.2–9.6) to 10 for Weaver (7.7–14). Based on this
model, accepting a single productivity value to represent the
productivity of every CU would, on average, be accurate to
between 9% and 19% as the estimate for a CU.

Table 7. A comparison of productivity estimates for 17 CUs of
Fraser sockeye calculated with and without a multi-level regression
model (see Figure 6). These are models 1 and 2 in Table 6
(Equations 7 and 8). NLL (negative log likelihood) and σ (standard
deviation of log-normal residuals) are measures of fit at one point
in parameter space (the best fit). The statistic lppd is a measure
of precision of fit over the joint probability distribution of parameter
estimates (not just at the “best fit” estimate of parameters). Prior
constraints including multi-level effects reduce the number of
effective parameters, measured as pWAIC. WAIC is an estimate of
predictive accuracy that considers overfitting (lppd + pWAIC).
Comparison

Statistic

Medians
(among CUs)

median

95% Ranges
(among CUs)
Fit

Productivity
by CU,
model 1
6.9

Multilevel
productivity,
model 2
6.4

MAD

1.2

0.77

range

4.1–10.3

4.5–8.7

4.7

3.8

median
MAD

0.32

0.24

range

3.4–5.4

3.6–5.3

σ

1.08

1.08

NLL

240

245

Precision of fit,
lppd

437

438

Fitted Parameters

18

20

Effective
Parameters, pWAIC

13

11

WAIC, lppd +
pWAIC

450

449

Model 5. Multi-level Productivity by Years but Capacity by CU
This model implemented productivity by year from model 3, while still estimating capacity separately for each CU as
in model 4. Model 5 extracted a time series for a virtual habitat factor, Ht, distributed as beta(2, 1/BH). The frequency distribution for Ht was domed at a higher mode, BH = 0.65 (50%
range = 0.53–0.78). Compared to model 4, this approach to
productivity estimates added 10 more parameters and produced a substantial improvement in σ (from 1.02 to 0.86) and
NLL (from 227 to 212) but at the continued cost of deteriorating precision of fit and predictive accuracy: lppd increased
from 457 to 532 and WAIC increased from 474 to 561 (Table
6). Our interpretation was that model 5 represented severe
over-fitting compared to models 1–4 that already had less predictive accuracy than the null model. On the other hand, the
shared survival (Fig. 5B) indicated Ht would capture roughly
half of the variance in log(R/E), and in fact shared survival
was highly correlated with Ht (r2 = 89%, n = 27, neffective = 10,
Pr(t8 > 14.5) < 0.001). One reason for the increase in lppd
was that this model ignored the fact that some CUs deviate
from the pattern indicated by Ht. The estimate for Fraser-wide
productivity in a theoretical best year was 16 R/E (95% range
= 13–20) and median estimates for Ht ranged by a factor of
ten, from < 0.08 (brood years 2003 and 2005) to 0.84 (brood
year 1989), so productivity in the best observed year was 13.6,
close to Pmax. The most frequent productivity is Pmax / BH =
10.3 R/E, higher than the preceding models because model 5
identified an effect from years with poor habitat.
Capacity estimates reacted weakly (Fig. 8) to the change
from productivity by CU to productivity by year, increasing slightly overall but results were variable (median 16%,
MAD = 47) and the capacity estimates were highly correlated with those of model 2 (r2 = 92%, or, excluding Late
Shuswap which had the largest capacity estimates, 78%).
The 95% range for capacity estimates changed erratically by
50% (median change = 3%, MAD =53).

Model 4. Multi-level Productivity by CU and Capacity by CU
Estimating the initial productivity and asymptotic capacity for each CU based on Equation 7 required 37 parameters and produced a set of conventional B&H stock-recruit
curves that are nearly independent, apart from the amongCUs multi-level effect on productivity (Table 8). Compared
to model 2 (capacity = ∞ ), NLL and σ declined with 17
additional parameters, but the effective number of parameters, pWAIC, only increased by 6, suggesting that adding prior
knowledge about capacity estimates (a half-Cauchy(0, 3)
prior distribution) constrained both capacity and productivity estimates. Productivity estimates were higher (median
= 136%, MAD = 48) with the introduction of a capacity parameter (Table 8, Fig. 7), and less precise (increase in 50%
range: median = 47%, MAD = 40; increase in 95% range:
155%, MAD = 107). This imprecision in the estimates contributed to lppd, which increased from 438 in model 2 to 457
in model 4. With less precision to the fit and yet more effective parameters, WAIC increased greatly when capacities
were included in the model (Table 6).
The median estimates by CU for capacity (Table 8)
ranged from 0.09 million returns for Pitt (95% range = 0.05–
0.29) to 13 for Late Shuswap (3.9–176). The distributions
for the capacity estimates were wide: the 50% range was
170% of the median among CUs (MAD = 95), and skewed,
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Productivity by CU

95% Range, Model 0

Fig. 6. A comparison of productivity estimates from models 1 and 2 in Table 6; statistics of fit are in Table 7. A. Dots are the median
estimates for productivity. Horizontal and vertical lines are the 95% ranges. The diagonal line is 1:1. B. The difference in median estimates
of productivity, “shrinkage,” was greater for relatively imprecise productivity estimates, as indicated by the width of 95% range (horizontal
lines in plot A). The median change in productivity was -6.1% (MAD = 4.7), with the large changes for Weaver (-16%), Portage (-13%),
Gates (-12%), and Late Stuart (-11%); Pitt increased (+8%). The 95% ranges for productivity also decreased (median = -15.5%, MAD =
3.6).

Effect of a Variance Factor for Precision of Returns

Model 6. Multi-level Productivity and Capacity by Years
The last model in this series is similar to model 5, but allowed Ht to affect capacity, so the effective capacity changed
each year in parallel with changes in productivity. The regression was set up so that the effect of Ht on capacity could
be weak or strong according to a fitted parameter γH. Upon
fitting, the estimate for γH indicated the strongest possible
effect (γH = 0.985, 95% range = 0.66–1.00). The capacity estimates in model 6 (Fig. 8; see similar estimates from
model 6A in Table 9) were, therefore, a theoretical maximum capacity for each CU, given the data applied, similar
to the theoretical maximum productivity in models 3 and 5.
Capacities in model 6 were only slightly higher (median=
8%, MAD = 0.15) than capacities in model 5, but that was
accompanied by a change in BH so that the mode for Ht was
0.84 instead of 0.65 (less difference between the best years
and the typical years). Model 6 optimized Ht for the annual
capacities (within a maximum for each CU) as well as the
annual productivities (within one maximum for all CUs),
and the result was a linear increase in Ht between the model
6 and model 5 (r2 =0.99, median = 16%, MAD = 6), implying
there was little information about Ht from capacity that was
not previously obtained from productivity. Despite these interesting differences, model 6 did not fit the data better than
model 5, and predictive accuracy was worse (Table 6).

Comparing the regression statistics of models 0–6 to
models 0A–6A (Table 6) showed that the effect of variance factor Wtj was larger in models where the residual
variance (NLL and σ) was lower, with an increase from
γW = 0.018 (only values of Wtj < 0.002 would increase σ
by > 10%) to γW = 0.054 (Wtj < 0.17 had > 10% effect).
This indicates that precision of the data becomes more important as the overall precision of fit improves. For model 6A, 25% of the observations were down-weighted by
more than 20%. The number of effective cases changed
by 55 (from 459 in model 6 to 404 in model 6A), a 12%
loss of presumed information. Down-weighting estimates
of returns always reduced σ, up to 13% (models 6 and
6A) because σ now represents the most precise cases. The
changes to productivity estimates between models 0 and
0A, and between models 1 and lA, were negligible. The
typically small parameter changes from applying Wtj to the
more complicated but over-fitted models (Table 9) were
difficult to distinguish from yet more over-fitting. Precision of fit, lppd, was similar between pairs of models with
and without the variance factor (e.g., Table 6 models 4 and
4A, 5 and 5A).
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Table 8. A Beverton and Holt model (Equations 8 and 11) fitted to 17 CUs of Fraser sockeye for years 1980–2006, 459 cases, and 37
parameters. See model 4 in Table 6 for statistics of fit. The marginal distributions for 8,000 Monte Carlo samples from the posterior joint
distribution of parameter estimates are summarized as percentiles.
Parameter

2.5%

25%

50%

75%

97.5%

μP

7.2

7.9

8.3

8.8

9.9

Early Stuart

4.2

5.8

6.7

7.7

9.6

Late Stuart

7.1

8.5

9.4

Stellako

6.1

7.7

8.6

9.7

Bowron

5.7

7.2

8.0

Raft

5.8

7.2

8.0

Quesnel

6.2

7.7

8.5

Chilko

6.5

8.1

9.1

Seymour

5.0

6.4

7.3

8.0

Late Shuswap

5.5

6.9

7.7

8.5

10.

Early Stuart

0.47

1.2

2.4

5.0

Late Stuart

0.85

1.7

2.5

4.0

Stellako

0.51

0.92

1.4

Bowron

0.03

0.17

1.2

Raft

0.08

0.41

Quesnel

2.1

3.8

Chilko

1.5

Seymour

0.48

Late Shuswap

3.9

8.2

Parameter

2.5%

25%

50%

75%

97.5%

Birkenhead

6.1

7.8

8.7

9.9

13.

14.

Portage

6.9

8.2

9.9

12.

13.

Weaver

7.7

9.0

8.9

12.

Fennell

4.6

6.4

7.4

8.5

11.

8.8

11.

Scotch

6.9

7.4

8.1

8.8

11.

9.4

12.

Gates

6.5

7.8

8.6

9.4

11.

14.

Nadina

5.5

7.0

7.8

8.5

10.
12.

Productivity

11.

10.

9.0
10.

11.

14.

5.2

7.5

8.4

9.5

σP

0.39

1.1

1.6

2.1

48.

Birkenhead

0.31

0.51

0.69

1.0

17.

Portage

0.14

0.95

2.5

6.0

2.4

11.

Weaver

0.87

2.5

4.7

4.0

44.

Fennell

0.04

0.09

0.43

2.8

34.

1.4

4.2

41.

Scotch

0.61

2.1

4.4

9.8

101.

5.3

7.8

22.

Gates

0.26

1.3

3.2

7.6

112.

2.3

3.0

4.03

Nadina

0.25

1.1

2.5

6.0

61.

1.5

3.1

7.1

Pitt

0.05

0.07

0.09

0.12

9.6

Pitt

3.2

Capacity

13.

26.

9.9
84.

10.

3.4
59.
132.

0.29

176.

Stock-recruit Diagrams

DISCUSSION

Because the productivity and capacity parameters varied by year, and because some cases were down-weighted,
graphical presentation of the information from our models
(e.g., Table 9) required stock-recruit diagrams that displayed
more than the data and a curve for the average year (Fig. 9).
Each fitted value was based on a Fraser-wide estimate of
maximum productivity that varied each year (a virtual habitat effect), plus a CU-specific estimate of capacity that also
varied each year (Equation 9). There is a separate stock-recruit curve for each year and CU in our model, but rather
than show 27 curves for each CU, in Fig. 9 we made the association explicit between pairs of observed and predicted
values, and displayed only the curves for the highest, lowest,
and median values of productivity and capacity. These high,
median, and low values are the effect of the estimated annual values for the virtual habitat factor, Ht. Points that were
strongly down-weighted (that moved more than 5% of the
range in Rj) were indicated by arrows that showed the change
from the observed but imprecise residual to an imaginary residual with the same probability but observed with the best
precision.

Various analytical approaches were applied to predict
adult returns from spawner abundance in 17 CUs of Fraser
sockeye. Temporal patterns in survival rate, log(R/E), were
similar among CUs with nearly half of the variance in survival rate accounted for by the first (linear) principal component (Fig. 5B). The strength of this “shared survival” effect
is remarkable given the wide variety of freshwater habitats,
large differences in freshwater migratory distances, and
variation in migration timing of CUs entering the Strait of
Georgia (J. Tadey, Joe.Tadey@dfo-mpo.gc.ca, pers. comm.),
leaving the Strait of Georgia (C. Neville, Chrys.Neville@
dfo.mpo.gc.ca, pers. comm.), and traversing the continental
shelf (Tucker et al. 2009). A few “low survival events” account for much of the synchrony across CUs, giving strength
to the shared survival signal. With only six such events in
nearly six decades of data, searching for an infrequent but
consistent oceanographic or climatic phenomenon behind
these events seems warranted. Alternatively, these low survival events may represent desperate failures from various
causes among various habitats.
Estimates of log(R) from log(E) were described well
(r2 = 73%) by a single value for productivity applied to all
CUs with no consideration of density-dependent survival
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Fig. 7. Productivity estimates from models 1–6 (no variance factor) and 1A–6A (variance factor) (Table 6). Dots are the median estimate; the
dark grey, inner regions contain 50% of HMC posterior samples; the light grey, outer regions contain 95%. The 17 conservation units (CUs)
are ordered as in Table 1. For models 1, 2, and 4, productivity is fitted by CU. For models 3, 5, 6, 3A, 5A, and 6A, productivity is fitted as a
“habitat effect” for each year (Ht, between 0 and 1) that modifies a maximum productivity, Pmax, that is the same for all CUs.

spawner enumeration effort on large abundant CUs (Grant et
al. 2011); and/or (3) a compensatory increase in productivity
per spawner at extremely low spawner abundance. Given
the limitations of compositional analysis faced with small
proportions (< 1%), we do not believe this is a compensatory
effect. In general, the abundance of Fraser sockeye has little
apparent effect on their survival and/or is largely obscured
by scatter from environmental and measurement variance.
To a large extent, ignoring temporal patterns, the stock-recruit relationship for Fraser sockeye is a single number, 8.7
adult (age 4) returns per effective female spawner, based on
nothing more than log(R/E).
Simulated values of log(R) at observed values of log(E)
generally did not exceed the large estimates for the Ricker
model parameter b observed when the Ricker model was fitted to each CU. As previously noted by McKinnell (2008),
some large values for a and b were associated with small r2
values when predicting R from E (Fig. 4). The Ricker model outperformed a linear-through-origin model for only four
CUs (Quesnel, Seymour, Raft, and Nadina). Examining the
proportion of variance explained by these Ricker fits (Tables
3 and 5) indicated that attempts to manage Fraser sockeye

(Fig. 3A, Table 2). Allowing productivity to differ by CUs,
without density dependence, yielded little improvement (see
small scatter in Fig. 3D). The r2 increased to 75% (Table
2, model “17 parallel lines, slope = 1”). Adding 33 more
parameters, or even 50, so productivity and capacity both
varied by CU, increased r2 to 81% and produced the best
AIC value, but at the expense of implausible stock-recruit
curves for several CUs (over-fitting). Overall, the evidence
of capacity limitation was weak, similar to the conclusion of
Adkison et al. (1996).
For the pooled data (all CUs combined), deviation from
a line with slope = 1 (no effect of density on total survival)
appeared only at extremely low spawner abundances when
returns were higher than expected (Fig. 3B), and not at high
spawner abundances. This curvature at the lowest values of
E could be the result of: (1) overestimates of R at low R due
to sampling limitations and errors in CU identification (Millar 1987; Wood et al. 1987; Mulligan et al. 1988; Brodsiak
et al. 1992; Gable and Cox-Rogers 1993; Waldman and Fabrizio 1994; Ricker 1997; Fabrizio 2005); (2) underestimates
of E at low E, possibly associated with inadequate visual
counts when spawners are uncommon, the result of focusing
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dence (capacity) would emerge from a more sophisticated
treatment of the data: multi-level productivity, an explicit
formula for capacity, annual habitat effects, and weights for
precision of returns.
We tested seven Bayesian regression models that predicted R from E by estimating productivity and capacity
in different ways (Table 6). Three levels of pooling were
applied to the productivity estimates for 17 CUs of Fraser
sockeye: (1) complete pooling, where CUs were ignored and
each data point was treated as an independent observation
from a Fraser-wide system (Equation 6, model 0); (2) no
pooling, where each CU was treated independently (Equation 7, model 1); and (3) partial pooling, using a multi-level
model that estimated productivity among CUs and within
each CU simultaneously (Equations 7 and 8, model 2).
The simplest model, model 0, with only two parameters (σ and the slope for a line through the origin) had the
best predictive accuracy (lowest WAIC). More complicated models fit the data better (NLL, σ), but models with as
many as 20 parameters did not increase the precision of fit
(lppd) and the correction for overfitting (pWAIC) reduced
the predictive accuracy. Models with 30 or more parameters
(but substantially fewer effective parameters) suffered from
decreased precision of fit as well as potential over-fitting.
Model 3 estimated productivity by years in a multi-level
model instead of by CUs, and while σ and NLL improved,
the precision of fit was much worse (lppd increased) which,
with another 11 effective parameters, greatly increased
WAIC. Model 4 was similar to a conventional B&H model for each CU and produced median estimates for capacity that were often much larger than maximum observations
for R in each CU, suggesting that many CUs are producing
fewer returns than possible. Our interpretation of these results (e.g., Fig. 9) is that the capacity parameter for Fraser
sockeye is typically indeterminate, as opposed to limiting.
This result corresponds to the log-log regressions where curvature was not helpful, indicating little or no feedback from
capacity, and corresponds to the typically low r2 values for
Ricker curves where several estimates for b could not be distinguished from zero.
To accumulate enough observations of returns from
high levels of spawners to change this pattern would require
decades, but there is another approach that assumes rearing
lakes are the habitat that limits capacity. Thus Bodtker et al.
(2007) and Grant et al. (2011) used data from Fraser sockeye
rearing lakes (Hume et al. 1996; Shortreed et al. 2001) to
provide informative priors for capacity estimates. The concept of capacity, for specific habitats encountered by Fraser
sockeye throughout their life history, can be extended from
rearing lakes to spawning and ocean habitats (Kaeriyama et
al. 2009; Ruggerone and Connors 2015).
The area and/or quality of any Fraser sockeye habitat
will differ among years, making it harder to discern density-dependent effects from density-independent effects (productivity) based solely on survival data. We explored annual
effects in models 3, 5 and 6 (Table 6). Model 5 estimat-

Fig. 8. Capacity estimates (log10 scale) by CU from models 4–6 (4A
–6A) in Table 6, showing the 50% range of estimates (dark grey)
and the 95% range (light grey) without and with variance factors.
The 17 conservation units (CUs) are ordered as in Table 1.

by using separately fitted Ricker curves for each CU will, in
general, face the combined effect of low explanatory power
and bias. This simulation test for spurious estimates of b
might be improved by future work that considers: (1) a more
complete description of the variance in both returns and
EFS, including autocorrelation and lagged covariance, (2)
evidence that productivity varies by CUs (the CV for Ricker
model productivity is 39%, Table 5), (3) further efforts to
down-weight imprecise returns, which leads to (4) the effect
of implausibly high values for R/E at very low E (Fig. 3A;
Ricker 1997), i.e., rejecting our assumption of homogenous
variance.
We pursued estimates of capacity for each CU, despite
evidence that productivity is nearly constant between high
and low values of spawner abundance (Table 2, Fig. 3), and
despite observing that a Ricker curve was substantially better than ordinary linear regression in only 4/17 cases (Table
3). We did this partly because 11/17 observed estimates for
Ricker’s b exceeded 95% of the simulated estimates for b in
our test for spurious values of b (Table 5), but also because
we hoped that more definitive evidence for density depen382
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Table 9. Parameter estimates from a Beverton-Holt model with a capacity estimate Cj for each of 17 CUs and a single estimate of maximum
productivity, Pmax, applied to all CUs. A virtual habitat time series, Ht, affects productivity and capacity in each of 27 years. A fitted variance
factor, γW downweights return estimates suspected to be imprecise. This is model 6A in Table 6. See Figs. 7 and 8.
Parameter

2.5%

25%

50%

75%

Early Stuart

0.72

1.2

1.6

2.2

Late Stuart

2.2

3.8

5.4

8.2

Stellako

1.2

1.9

2.6

3.8

Bowron

0.058

0.12

0.24

Raft

0.20

0.66

Quesnel

5.8

9.6

Chilko

3.40

5.0

6.4

Seymour

0.78

1.8

3.0

97.5%

Parameter

2.5%

25%

50%

75%

97.5%

Maximum capacity estimates

1.6
13.

5.2

9.7

27.

Birkenhead

0.66

0.99

1.3

1.7

11.

Portage

0.40

1.5

3.3

7.9

1.1

18.

Weaver

2.00

4.7

8.6

4.0

39.

Fennell

0.064

0.11

0.15

43.

Scotch

0.94

2.80

5.4

8.4

17.

Gates

0.52

1.80

3.5

8.1

79.

6.1

46.

Nadina

0.47

1.40

2.7

5.9

52.

Pitt

0.10

0.15

0.19

0.24

18.

17.

26.

Late Shuswap

40.

20.
0.24
13.

190.
3.1
92.
190.
2.9
140.

0.40

Maximum productivity estimate
Pmax

13.1

14.7

15.7

17.

19.7
Virtual habitat estimates

BH

1.02

1.21

1.43

1.74

2.51

0.79

0.97

0.99

1.00

1.00

1980

0.55

0.71

0.80

0.89

0.98

1994

0.38

0.52

0.60

0.70

0.90

1981

0.43

0.58

0.67

0.77

0.94

1995

0.30

0.40

0.47

0.55

0.74

1982

0.49

0.65

0.75

0.85

0.97

1996

0.44

0.59

0.68

0.78

0.95

1983

0.57

0.73

0.82

0.90

0.98

1997

0.23

0.32

0.37

0.43

0.58

1984

0.53

0.69

0.78

0.87

0.98

1998

0.28

0.37

0.44

0.51

0.67

1985

0.57

0.73

0.82

0.90

0.99

1999

0.34

0.45

0.53

0.61

0.80

1986

0.55

0.71

0.81

0.89

0.98

2000

0.33

0.44

0.51

0.60

0.79

1987

0.53

0.69

0.79

0.87

0.98

2001

0.29

0.38

0.45

0.53

0.69

1988

0.43

0.56

0.65

0.75

0.93

2002

0.24

0.33

0.39

0.46

0.62

1989

0.66

0.82

0.89

0.94

0.99

2003

0.06

0.08

0.09

0.11

0.14

1990

0.32

0.43

0.51

0.59

0.78

2004

0.28

0.38

0.45

0.52

0.69

1991

0.16

0.22

0.25

0.29

0.39

2005

0.05

0.07

0.09

0.10

0.13

1992

0.46

0.62

0.71

0.81

0.96

2006

0.54

0.70

0.80

0.88

0.98

1993

0.53

0.70

0.79

0.88

0.98

σ

0.64

0.70

0.73

0.77

0.83

γW

0.01

0.04

0.05

0.07

0.10

γH

Lognormal residuals

ed productivity by year and capacity by CU. Compared to
model 4 (productivity by CU), adding ten parameters improved σ and NLL but the precision of fit (lppd) was much
worse and with 47 parameters, despite constraints that resulted in 29 effective parameters (pWAIC), WAIC increased by
a large amount. Model 6 explored the idea that capacity
and productivity could vary in parallel among years. The
parameter that controlled this effect (γH, Equation 13) had a
fitted value that was close to 1.0. This provided support for
the idea that capacity varies with productivity, however this
was introduced in models where over-fitting was evident and
this modification did not improve the regression statistics

compared to model 5. The idea behind model 6 stems from
the original “simplest hypothesis” for population dynamics,
when Verhulst (1838) determined
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎 � 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
��
2

𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎0 𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
,
𝑏𝑏𝑏𝑏 𝑎𝑎𝑎𝑎0 𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 + 𝑎𝑎𝑎𝑎 − 𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎0

where a is the density-independent mortality rate (“productivity” for negative mortality rates), b is the density-dependent mortality rate, and N0 is the initial population
abundance or density. As t → ∞ then Nt → a/b so capacity
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Fig. 9. Results from a multi-level regression model fitted to 27 brood years for 17 Fraser sockeye CUs (model 4A in Table 6; see parameters in Table 9). Black dots are R/S data, circles are
what the model fitted. Each year has a different stock-recruit curve so data (dots) and fitted values (circles) in each year are joined by a grey line. The curves are the highest, median, and
lowest years for productivity and capacity. The down-weighting effect from considering relative precision of returns estimates (using proportion of spawners by run) is indicated by an arrow
for cases where that effect was large, > 5% of the maximum return. The arrowhead represents where an observed but down-weighted return would be if measured with the best precision and
with the higher probability assigned by down-weighting; it would therefore be closer to the fitted value (i.e., not down-weighted but same leverage).
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(Verhulst’s “la limite supériere de la population”) is a linear
function of productivity. From the 20th century rediscoveries
of Verhulst’s model (Lotka 1925; Volterra 1926),

outliers; these are indicated by arrows in Fig. 9. Many cases
that were not outliers were down-weighted, for example in
the Scotch CU, 17 out of 27 years were down-weighted by
more than 33%. Because only a few cases with large values
of E control the capacity estimates for each CU (see Figs. 2
and 9), down-weighting a single case can have a large effect.
When E is relatively close to zero, down-weighting has a
small effect because the fitted curve must go through (0, 0).
The WAIC ranking of models was the same with and
without the variance factor (models 0, 2, 1, 4, 3, 5, 6; Δ WAIC,
Table 6). Overall, the variance factor did not improve the results to an useful extent (Table 6), possibly because: (a) our
variance factor was an overly-simplified description of the
relative precision of returns; (b) there was sufficient observation error at low estimates of EFS that the proportion of EFS
in a run was a poor indicator of proportion of returns in a run;
(c) the fits before applying a variance factor were so imprecise that small changes to the probability of specific residuals
had little effect (for a lognormal distribution of residuals with
σ = 0.91 (Table 6, model 3) and μ = log(1), the 50% range is
0.54–1.8 and the 95% range is 0.17–6.0); and (d) few of the
points that were down-weighted were important outliers with
a large effect on parameter estimates (Fig. 9), reflecting that
data points where E is relatively small have little effect in a
stock-recruit curve.
For a similar model applied to just the Chilko CU (Akenhead et al. 2016), the variance factor based on proportion
of spawners had a stronger effect γW = 0.26 (50% range =
0.20–0.32), nearly five times the Fraser-wide estimate in this
study, γW = 0.054 (50% range = 0.039–0.069; Table 6, model
6A). As in this study, they noted how a variance factor was
more effective when the residual variance was reduced by
other means such as separation of life stages or including
covariates. One possible explanation for the difference in
γW is that the Chilko CU was unique in having large estimates of returns in years when the Chilko CU contributed a
small fraction of its run of co-migrating CUs. That means
that the variance factor affected high-leverage points in the
Chilko case, but that was generally not the case for the other
Fraser sockeye CUs, so the fitted value for γW in this study
was lower. Alternatively, there are so many cases, among
all CUs, where the returns were a small fraction of a run that
a low value for γW was sufficient to affect many cases. Not
including Early Stuart (the only CU in the Early Stuart run),
11% of EFS observations were < 1% of their run and, σ, the
lognormal standard deviation was increased by > 28% of all
of those cases. In seven cases, fraction of run was < 0.1%
and σ increased by > 45%. The 1989 brood year was an
extreme outlier for the Chilko CU and a small proportion of
the 1989 summer run, 3.2% (Akenhead et al. 2016). For this
case (Chilko CU, brood 1989), σ was increased by 0.0320.054
= 20% in our Fraser-wide study, but σ was increased by
0.032-0.26 = 144% in the Chilko-only study.
Our approach to the relative precision of estimates of
returns showed that data quality can be addressed within a
stock-recruit model, but our results were inconclusive be-

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= 𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑 �1 − � = 𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 − 𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑 2 ,
𝐾𝐾𝐾𝐾
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
where r is productivity and K is capacity, the parameter b is
equivalent to r/K so K = a/b and again capacity is a function
of productivity. Capacity for a stock-recruit curve is a function of productivity in the derivations by Beverton and Holt
(1957, p. 32) and Walters and Korman (1999, their Equation11):

𝑏𝑏𝑏𝑏
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = �1 − 𝑒𝑒𝑒𝑒−𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 � .
𝐶𝐶𝐶𝐶

Because capacity is not a strong effect in these data, we could
not examine the utility of model 6 in a satisfactory manner.
The relationship of smolts to spawners in the Chilko CU
does show a clear effect from capacity after accounting for
the effect of a spawning channel, and provides further empirical evidence that capacity and productivity are not independent (Akenhead et al. 2016).
Variance Factor
Due to varying sample sizes and observation methods
among years, not all data in a stock-recruit time series will
have been estimated with the same precision (Ogden et al.
2015). We should heed the warning by Ricker (1997, his
Appendix 2) regarding errors in catch allocation when returns to a CU are a small fraction of a run timing group,
“When a Ricker curve is fitted by [log(R/E) vs. E] the value
of b… can be estimated as at least 5–50 times its true value, so that both the maximum number of recruits … and the
parent stock that produces them … will be grossly underestimated. ... all the estimates of a and b for small lines returns
compared, if made by this method, are of little value.” In
this quote, “small lines” refers to non-dominant year returns
within the four-year cyclic abundance that characterizes
some Fraser sockeye CUs. To pursue this idea, we assumed
that the precision of estimates for R was smaller than usual
when the proportion of spawners in a run (Wtj) was small,
and that the expected scatter of residuals in imprecise cases
would be larger than for more precise cases. In our B&H
models, the residuals are lognormally distributed because R
cannot be a negative number. The nature and strength of the
effect of Wtj on σ was estimated by the parameter γW. When
γW is close to zero, only values of Wtj that are close to zero
have an effect. Our final value of γW = 0.054 increased σ by
more than 29% for 10% of the cases and by more than 47%
for 1% of the cases. The effect of weighting on a regression
depends on the leverage of each point that is down-weighted. Only a few cases were both strongly down-weighted and
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Ruggerone 2016). The influence of marine conditions on
Fraser sockeye survival is widely recognized (Mantua et
al. 1997; Peterman et al. 2010; Peterman and Dorner 2012;
McKinnell et al. 2014) but studies examining growth versus
salmon abundance (Bigler et al. 1996; Pyper and Peterman
1999; Jeffrey et al. 2016) suggest there may also be a limitation to high-seas capacity for salmon. Friedland (1998)
concluded that a significant proportion of variation in North
American Atlantic salmon recruitment is driven by marine
winter habitat area influencing intraspecific competition for
space and food resources and on predation of post-smolts.
More attention to marine (Chen and Irvine 2001; Beamish et al. 2004) and freshwater (Akenhead et al. 2016),
habitat indicators is warranted—absence of evidence is
not evidence of absence when discussing habitat effects on
salmon survival. The examination of habitat quality indicators for freshwater and marine habitats requires a search
for covariates within stock-recruit models that improve outof-data prediction accuracy (e.g., WAIC) using models that
consider lags, interactions, optima, and thresholds, and that
consider the precision of each data point. Insight into the
nature of environmental covariates was provided by Ye et
al. (2015), wherein, for the Seymour CU of Fraser sockeye,
“ocean temperatures have a stronger effect on recruitment
when spawner abundance is low,” an indication that interaction terms are important. Fishery biologists would benefit
from discovering the mechanisms whereby such interactions
cause poor survival, such as (high sockeye abundance) ×
(low food production) or (low sockeye abundance) × (high
predator abundance) instead of parameterizing these interactions as heterogeneous variance or as lognormal residuals. Explaining why variability in returns increases at high
spawner abundance is more valuable than describing it as
a lognormal variance model because that down-weights
scarce and important cases of high escapement that strongly
affect estimates for habitat capacity as opposed to opening
possibilities to predict those important events.

cause the variance factor was only important when WAIC
indicated overfitting. We believe this approach can be improved with factors that describe the relative precision of
returns better, and by including factors that describe the relative precision of estimates of spawners, catch, and the age
compositions of returns as recently estimated for sockeye,
pink, and chum salmon in BC (Ogden et al. 2015). Different enumeration methods for spawners were used among
Fraser sockeye CUs, and among years within CUs, e.g.,
visual surveys, mark-recapture surveys, and hydroacoustic
approaches. Because methods have differed among spawning sites within a year for some Fraser sockeye CUs (Grant
et al. 2011), determining a variance factor for spawners
will often not be simple.
Capacity
In some CUs, spawner abundances appear to be far below capacity, while in other cases capacity effects may be
hidden. Based on model 4 (parameter estimates in Table
8, fit statistics in Table 6) for six CUs, the upper 50% range
for capacity was more than 10 times the maximum return
(Nadina, Portage, Fennel, Raft, Gates, Bowron), and without
more information we conclude that these CUs are probably
below levels of E where capacity had a strong effect. Late
Shuswap has the largest returns of sockeye salmon in the
Fraser River watershed. For brood 2006 of Late Shuswap,
R = 17.5×106 from E = 1.2×106. The median capacity estimate for Late Shuswap was 13.5×106 returns (50% range =
8.2–25.8), but the 95% range of HMC samples extends to an
implausible 176 ×106 returns. On the other hand, model 4
illustrated that the upper 95% range for the capacity estimate
was less than five times the maximum return for five CUs
(Table 8: Quesnel, Birkenhead, Pitt, Chilko, and Late Stuart). Pronounced curvature for these CUs (Fig. 9) supported
the conclusion that an effect from capacity had been reliably
determined for these CUs, despite imprecise estimates of
that capacity. The Scotch CU has little evidence of density
dependence in our dataset, and consequently an unrealistic
estimate of capacity (the upper 95% range for HMC samples of the estimate was > 101 million, Table 8). Scotch
may eventually be limited by the area of suitable spawning
in Scotch Creek rather than by the pre-smolt capacity of
Shuswap Lake (Grant et al. 2011). Further work—with updated information, more covariates, more variance factors,
and better models—is clearly required.
To address the productivity and capacity of a sequence
of habitats encountered by sockeye salmon will require, as a
minimum, estimates of smolt abundance by CU to separate
freshwater from marine effects (as available for Chilko sockeye), and would benefit from estimates of marine abundance
to separate the effects of coastal habitats from the effects of
high-seas ocean climate and inter-species competition. Indices of high-seas biomass of salmon are promising correlates
for sockeye survival based on smolt survival and high-seas
salmon abundance (Irvine and Akenhead 2013; Irvine and

CONCLUSIONS
Shared survival (PC-1) accounted for nearly half of the
variance in log(R/E) among CUs. A trend or shift to low survival starting at about 1990 accounted for about half of the
shared survival. Most of the short-term variability in shared
survival was due to six “low survival events” that involved
seven years in the period 1950–2006.
Based on log-log regressions of adult returns (R) versus
effective female spawners (E), there is little evidence of habitat capacity limitation (i.e., density-dependent survival) for
most CUs of Fraser sockeye. For CUs where capacity might
be limiting, capacity estimates are poorly determined.
Ricker models generally provided poor fits for Fraser sockeye (r2 values were low) indicating that attempts to
manage and/or assess Fraser sockeye using Ricker curves
fitted to individual CUs will, in general, face low explana386
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tory power. The results were worse than a simple mean in
two of the 17 CUs and accounted for more than 50% of the
variance in R for only three CUs. The Ricker model was
“substantially better” than a straight line through the origin
(no effect of density on survival) for only four CUs and a
parabola that goes through the origin was as good as, and
frequently better than, the Ricker model.
Many estimates of returns are from years when the return was a small proportion of a run and therefore likely to
be an imprecise estimate, suggesting a low signal-to-noise
ratio for some small stocks that are typically a small proportion of a run.
• Until the residuals from observation variance and environmental effects are greatly reduced, estimates of capacity (density-dependent survival) will be imprecise, with
ramifications for stock status assessment and fisheries
management. We were able to demonstrate that reducing residuals is possible by (a) developing multi-level
models to take advantage of similar productivity across
CUs; (b) extracting an annual “virtual habitat factor” that
changed productivity by years (this was similar to shared
survival); and (c) applying a variance factor, based on
proportion of spawners for each CU in a run of co-migrating CUs, to down-weight imprecise observations (at
the cost of accepting fewer effective cases). It should be
possible to link changes in capacity to changes in productivity so that capacity also varies by years.
• In a suite of progressively more complicated B&H
models, improvements in fit (σ, NLL) came with deterioration of accuracy of fit (lppd) and predictive accuracy
(WAIC), resulting in the simplest model having the best
predictive accuracy (Table 6). This simple model did
not include a capacity effect and all CUs had the same
productivity (median = 6.5 R/E, 95% range 5.9–7.2).
More complicated models indicated higher productivity (Model 4, Table 8: mean among CUs = 8.3 R/E,
SD among CUs = 1.6; Model 6A, Table 9: Pmax/BH =
15.7/1.43 = 11 R/E).
• Headway on clarifying the sources of productivity
changes and improving the precision of habitat capacity
estimates will require mobilizing biological knowledge
about each CU (e.g., precision of observations) and assembling multi-stage survival data with accompanying
freshwater and marine habitat indicators (e.g., area and
quality of spawning grounds and nursery lakes, biomass
of potential competitors in marine habitats).
• Researchers analyzing stock recruitment data for these
as well as other populations and species are strongly encouraged to pay attention to factors affecting the various
data in their models, i.e., examine associated metadata.
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Appendix 1. Stan code for model 6A. An example of fitted parameters are in Table 9 and Fig. 9.
data {
int N;						# years
int J;						
# CUs
matrix [N,J] E;					
# EFS
matrix [N,J] R;					
# returns
matrix [N,J] W;					
# precision factor
}
parameters {
real <lower=0.0>			
P_max;		
# productivity, best year, over CUs
vector<lower=0.0,upper=1.0>[N]
H;		
# virtual habitat by year
real <lower=1.0>			
beta_H;		
# shape of freq. distr. shape for H_t
real <lower=0.0,upper=1.0>
gamma_H;
# controls effect of H_t on C_j
vector<lower=0.0>[J]		
Cap;		
# capacity by CU
real <lower=0.0>			
gamma_W;
# controls effect of W on sigma
real <lower=0.0>			
sigma;		
# SD of lognormal residuals
}
transformed parameters {
matrix [N,J] R_hat;				
# logged predicted returns
for(j in 1:J){ for(n in 1:N){
R_hat[n,j] <- log(E[n,j]/(1.0/(P_max*H[n])+E[n,j]/(Cap[j]*(1.-gamma_H)+Cap[j]*H[n]*gamma_H)));
}}
}
model {
# priors
Cap
~ cauchy(0,3);				
# allows small capacities
P_max
~ normal(14,3);				
# from experience but wide SD
beta_H ~ uniform(1,3);				
# anticipate mode about 0.8 so beta_h about 1.25
gamma_H ~ beta(.5,.5);				
# higher at zero and one than between.
gamma_W ~ normal(0,1);				
# expect << 1
sigma
~ gamma(2,1);				
# lognormal std.dev., about 1.0
# among groups model
H ~ beta(2,beta_H);				
# habitat effect by year. mode at 1/beta_H
# residuals model and accumulate log likelihood
for(j in 1:J){ for(n in 1:N){
R[n,j] ~ lognormal(R_hat[n,j],sigma*pow(W[n,j],-gamma_W));
}}
}
generated quantities {
vector[N*J] log_lik;				
# log pointwise probability: lppd and WAIC.
for(j in 1:J){ for(n in 1:N){			
# for every data point in every MC sample.
log_lik[N*(j-1)+n] <- lognormal_log(R[n,j],R_hat[n,j],sigma*pow(W[n,j],-gamma_W));
}}
}
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Akenhead, S.A., J.R. Irvine, K.D. Hyatt, S.C. Johnson, C.G.J. Michielsens, and S.C.H. Grant. 2016. Habitat
manipulations confound the interpretation of sockeye salmon recruitment patterns at Chilko Lake, British Columbia. N. Pac. Anadr. Fish Comm. Bull. 6: 391–414. doi:10.23849/npafcb6/391.414.
Abstract: An examination of metadata associated with a population of sockeye salmon (Oncorhynchus nerka)
changed our interpretation of the purported benefits of salmon enhancement projects and improved our
understanding of the stock-recruitment relationship. Efforts to increase the production of sockeye salmon from
Chilko Lake (Fraser River watershed in British Columbia, Canada) included simultaneously fertilizing the lake and
operating a spawning channel. To investigate the effects of these manipulations, we analyzed data for spawners,
smolts, and returns including metadata associated with these fish and their watershed. Incorporating factors
derived from metadata in stock-recruit analyses reduced the total variance to be explained before considering
stock density effects, and allowed us to explore the effect of imprecise data. When Beverton and Holt models were
applied to data for smolts from spawners and returns from spawners, estimates of productivity and capacity for
broods affected by the spawning channel (1988–2003) were lower than for broods before and after its operation.
Observations during this period suggested that many salmon fry, emerging from natural spawning areas downstream
of the channel and destined for Chilko Lake, entered the channel or could not pass it, and perished. Applying
metadata related to the precision of annual return estimates reduced our confidence in published conclusions
about a positive effect on egg-to-smolt survival from adding fertilizer to Chilko Lake. We further investigated a
factor for smolt-to-adult survival based on the survival of other populations of Fraser River sockeye, noting that
this factor, and others, affect estimates for both capacity and productivity. Lastly we investigated changes in the
fecundity of spawners and in the primary productivity of Chilko Lake, establishing that both have changed on a
decadal scale. In summary, adding categorical and ordinal variables (factors) to account for natural and manmade habitat manipulations reduced the variance to be explained by stock-recruit models, thereby enabling more
effective analyses of habitat capacity and density-dependent survival, which should lead to improved fisheries
management decisions. The importance of analysts becoming familiar with metadata cannot be overstated.
Keywords: Fraser River, sockeye salmon, stock-recruit, variance factor, Chilko Lake, spawning channel

INTRODUCTION

possible to partition mortality into freshwater and marine
stages, along with associated metadata (historical information relevant to interpreting data, not necessarily quantitative), in order to improve understanding of the relative
importance of these life-history stages. For example, eggto-smolt survival for sockeye salmon (Oncorhynchus nerka) from Chilko Lake (Fig. 1) is marked by a large increase
starting with brood year 2004 (Irvine and Akenhead 2013)
and brood years 2005 and 2006 produced record numbers

When investigating time series of adult returns per
spawner for Pacific salmon, without information on the
relative importance of factors at different stages of the life
cycle, there is a tendency to attribute changes to events occurring in the ocean (Beamish et al. 1997, 2012; Mantua
et al. 1997; Mueter et al. 2005). It is therefore important
to closely examine those few time series for which it is
All correspondence should be addressed to S. Akenhead.
e-mail: scott@s4s.com
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ter the channel, the channel population may have included
a substantial number of lake fish which were unsuited to
spawning in a riverine environment.” The spawning channel was closed in October 2004 after reports that naturally-produced fry migrating upstream in the shallows on the
east side of the Chilko River could not navigate past the
spawning channel and presumably suffered high mortalities (T. Whitehouse, Timber.Whitehouse@dfo-mpo.gc.ca,
pers. comm.) on the way to Chilko Lake. Brood 2004, the
first in a series of high egg-to-smolt survivals, did not encounter the spawning channel (in the spring of 2005). To
what extent did the spawning channel depress egg-to-smolt
survival during the 17 years that it was open?
Following the recommendations of Shortreed and
Stockner (1983, also see Shortreed et al. 2001), Chilko
Lake was fertilized in 1988, the same year the spawning
channel was opened, and again in 1990–1993. About 100
tonnes of inorganic fertilizer (48 mg P∙m-2∙year-1) were applied throughout spring and summer to the central third of
Chilko Lake during 1990–1993. The application in 1988
did not extend past spring and only about half the fertilizer
of other years was added (Bradford et al. 2000). Primary
and secondary production increased greatly each year that
fertilizer was applied, but the effect on survival of smolts
from eggs was less pronounced and was difficult to determine, in part because smolts were not counted in 1991
when a flood destroyed the smolt counting fence (Bradford
et al. 2000). Negative impacts of the spawning channel on
smolt production may also have confounded the potential
to detect lake fertilization outcomes.
To examine how the analysis of metadata can improve
our understanding of time series models of returns per
spawner, we examined the influence of freshwater events
on recruitment variability for Chilko sockeye. Our primary
objective was to evaluate the effects on survival from two
factors: fertilizer additions and the operation of a spawning
channel. We examined these effects within three life-history intervals: smolts from EFS (pre-smolt survival, entirely
in fresh water; EFS is effective female spawners), returns
from smolts, (smolt survival, largely marine but includes
freshwater periods when smolts are migrating downstream
and adults are migrating upstream), and returns from EFS
(adult returns per spawner, total survival).
Other factors may contribute to the scatter around
stock-recruit curves for these three life-history intervals
and potentially confound the interpretation of the fertilizer
and spawning channel effects. As examples of those other
factors, we investigated:
• natural changes in primary productivity of Chilko Lake,
• the survival of the other conservation units (CU) of
Fraser River sockeye salmon, and
• changes in the fecundity of Chilko spawners.
We also evaluated the role of measurement error in the
spawner and adult return data by examining a factor related
to the relative precision of estimates of adult returns (the
proportion of Chilko CU in co-migrating CUs).

Chilko Lake

Fig. 1. A map locating Chilko Lake (185 km2; see arrow) in the
context of the Fraser River watershed (220,000 km2).

of smolts despite average spawner abundance (Table 1).
McKinnell et al. (2012) remarked on “recent, unexplained
high freshwater survival of the 2005 and 2006 brood years
in Chilko Lake” as did Grant et al. (2011) who noted “freshwater production has been exceptional in recent years;
numbers of outmigrating smolts in the 2005 (77 million
age-1 smolts) and 2006 (71 million age-1 smolts) brood
years were well above average (1954–2009 brood years:
20 million age-1 smolts).” What happened to cause this
freshwater-determined increase in smolt numbers, and how
important is that to returns of adult salmon? We looked for
answers in the associated metadata.
Our metadata for Chilko Lake sockeye salmon
(“Chilko sockeye”) included information on a spawning
channel ~2 km below the outlet of Chilko Lake that operated from 1988 to 2004. The spawning channel was apparently not well used by spawners and, at least in some
years, spawning success was also low. Schubert and Fanos
(1997) reported that the proportion of total spawners that
used the channel for the seven years 1988–1994 was: 1.5%,
2.3%, 1.2%, 1.7%, 1.4%, 1.0%, 0.2%, with a mean of 1.3%
(SD = 0.6). They speculated “Because the channel operated from the start of the run and did not provide a means
for fish to return to the river, and because actively migrating, shore-oriented lake spawners were more likely to en392
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Table 1. Chilko sockeye data, broods 1948–2012. E is egg abundance estimated as effective female spawners, EFS × 10-6, S is estimated
smolt abundance × 10-6, and R is estimated adult returns × 10-6. Preliminary estimates for R have an asterisk and were not used. Smolts
were not counted for brood year 1989.
Brood

E

S

Brood

R

E

S

R

1948

0.365

1.95

1980

0.293

35.0

4.44

1949

0.033

0.62

1981

0.020

1.7

0.21

1950

0.007

0.21

1982

0.143

14.0

1.60

1951

0.058

1952

0.234

0.75

1983

0.214

19.7

2.12

23.0

1.86

1984

0.283

9.8

0.68

0.62

1985

0.035

5.6

0.57

3.0

0.71

1986

0.166

18.9

4.80

1953

0.095

1954

0.021

1955

0.076

1.51

1987

0.268

21.7

4.42

1956

0.369

2.44

1988

0.206

20.9

3.30

1957

0.083

0.14

1989

0.043

1958

0.070

6.9

0.43

1990

0.498

34.2

3.12
2.63

1959

0.273

32.6

2.21

1991

0.598

39.7

1.38

1960

0.245

33.8

1.05

1992

0.320

12.9

1.87

1961

0.015

1.6

0.07

1993

0.322

27.3

3.96

1962

0.042

8.8

0.99

1994

0.254

17.0

1.42

1963

0.057

9.3

1.21

1995

0.298

39.8

1.27

1964

0.132

23.6

2.04

1996

0.505

18.7

1.36

1965

0.021

2.3

0.16

1997

0.509

21.8

0.89

1966

0.108

16.8

0.80

1998

0.468

11.1

0.54

1967

0.090

8.8

2.00

1999

0.433

20.0

1.57

1968

0.182

31.8

2.48

2000

0.396

19.5

0.50

1969

0.026

3.6

0.40

2001

0.331

35.7

1.16

1970

0.051

3.8

0.70

2002

0.215

19.6

1.24

1971

0.091

7.6

0.85

2003

0.335

23.3

0.38

1972

0.332

20.3

2.11

2004

0.049

10.8

0.42

1973

0.030

4.3

0.25

2005

0.285

77.1

0.35

1974

0.071

7.2

0.71

2006

0.262

71.9

4.80

1975

0.134

14.2

1.51

2007

0.157

25.2

0.96

1976

0.228

26.0

1.70

2008

0.069

11.8

1.16

1977

0.020

2.3

0.20

2009

0.127

34.4

1.80

1978

0.086

16.5

1.27

2010

1.181

55.3

2.70

1979

0.148

21.1

1.72

2011

0.458

44.2

0.77*

2012

0.091

11.4

MATERIALS AND METHODS

grow for, typically, one year before migrating to the ocean
as smolts during a six-week period in the following April
and May. About 4% of the fry stay in Chilko Lake for a second year and migrate as age-2 smolts (Irvine and Akenhead
2013). Age-3 smolts are rare; the first recorded at Chilko
Lake was in 2010 (brood 2006) despite many thousands of
smolts examined annually since 1948. Marine juveniles
(post-smolts) generally migrate north through the Strait of
Georgia, Johnstone Strait, and Queen Charlotte Strait to the
continental shelf, and have been found from Queen Charlotte
Sound to Kodiak Island (central Alaska) by the end of July in
their first marine summer (Tucker et al. 2009; Beacham et al.

Background
Chilko sockeye eggs are mainly spawned in coarse
gravel in the Chilko River in late September, in the outflow
of this large lake (185 km2, Shortreed et al. 2001). Chilko
Lake rarely freezes (Bradford et al. 2000) and its size buffers
fluctuations in Chilko River temperature and flow, thereby
protecting salmon eggs from freezing and scouring. The
eggs hatch during winter and fry emerge in April and May.
These fry swim upstream to Chilko Lake where they live and
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2014). Their location during their first marine winter is not
known. Fraser sockeye typically rear for two winters in the
Gulf of Alaska before returning to Chilko Lake four years
after their parents did. A small fraction return as jacks, precocious males, after one marine winter (Healey et al. 2000).
Since 1970, an increasing fraction of adults have returned
after three marine winters instead of two (Irvine and Akenhead 2013).

et al. 2011). Since 2006, imaging sonar (DIDSON) has
been used to estimate spawner abundance (Cronkite et al.
2006; Holmes et al. 2006). DIDSON and mark recapture
estimates have been similar enough to rely on DIDSON estimates alone beginning in 2009 (K. Benner, Keri.Benner@
dfo-mpo.gc.ca, and T. Cone, Tracy.Cone@dfo-mpo.gc.ca,
pers. comm.). Carcasses were sampled to estimate the proportion of eggs successfully spawned, and female escapement estimates were converted to EFS by multiplying by
these proportions (Grant et al. 2011). Mixed-stock fisheries for salmon were sampled for stock composition to estimate the numbers of Chilko sockeye caught on their return
migration. Allocation of sockeye salmon to discrete CUs
was based on distinctive freshwater growth patterns seen on
the scales (Gable and Cox-Rogers 1993), supplemented by
DNA markers beginning in 2000 (Grant et al. 2011). Annual
run size adjustments have also been added to return abundances, to account for en-route loss of adults during their
upstream migration, and for error in escapement or catch
estimates (Grant et al. 2011). Annual fecundity estimates
(1946–2011) were based on random samples of 50 females
obtained near the peak of the run, with the exception of two
years: five females in 2004, and four females in 2009.
We wanted to clarify stock and environmental effects by
applying ordinal (ordered but not quantified) and categorical (unordered) metadata to stock-recruit models for Chilko
sockeye. There are many and diverse forms of metadata for
Chilko sockeye, including indicators for habitat quantity
(e.g., lake area) and habitat quality (e.g., net primary production), indicators for terrestrial and oceanic climate (which
are proxy data for changes in salmon habitat), man-made
changes to freshwater habitats (e.g., lake fertilization), and
changes in sampling methods (e.g., hydroacoustics replacing
mark-recapture to estimate spawner numbers).
Metadata for Chilko Lake (Table 2) continue to be assembled (Grant et al. 2011; Grant and Pestal 2012; DFO
2014) and were used to identify potentially influential biological or methodological factors contributing to observed
variations in returns of adult Chilko sockeye. These included lake fertilization, spawning channel operation, and a variance factor related to the precision of estimates of Chilko
sockeye returns.

Data Sources
There are 24 sockeye salmon CUs in the Fraser River
watershed (and five extirpated) that contribute to mixedstock fisheries managed by the Pacific Salmon Commission
(PSC) and Fisheries and Oceans Canada (DFO). A CU is
“a group of wild salmon sufficiently isolated from other
groups that, if extirpated, is very unlikely to recolonize naturally within an acceptable timeframe” (DFO 2005). Chilko
sockeye comprise two CUs, Chilko-ES and Chilko-S (Holtby and Ciruna 2007), parts of the “early summer-run” and
“summer-run” of Fraser River sockeye salmon (Grant et al.
2011) that are assessed as a single unit (DFO 2014). A run
is a group of co-migrating CUs. Sampling the abundance
of spawners and smolts occurred primarily at or below the
outlet of Chilko Lake, with the timing of the two Chilko CUs
overlapping. Prior to the introduction of DNA identification, it was necessary to aggregate data for the two CUs.
Our primary data (Table 1) were the most recent estimates
of EFS by brood year, the smolts surviving from those eggs
after typically one winter in fresh water and the adult returns
surviving from those smolts after, typically, two winters in
the NE Pacific Ocean. These data are maintained by DFO
Fraser Stock Assessment (www.pac.dfo-mpo.gc.ca/fm-gp/
fraser/docs/Escapement/sockeye-rouge-eng.html). Salmon
ages are presented as, for example, 1.2, the dominant age
class, where the number preceding the dot is the number of
winters spent in a rearing lake and the number after the dot
is the number of winters in the ocean. For descriptions of
how data quality and consistency have been maintained for
over 60 years, see Gable and Cox-Rogers (1993), Schubert
and Fanos (1997), Grant et al. (2011), and references therein.
Smolt and spawner sampling methodologies were reviewed by Henderson and Cass (1991), Roos (1991), Grant
et al. (2011), and Irvine and Akenhead (2013). A counting
fence for enumerating smolts from Chilko Lake has been operated with relatively consistent protocols every spring since
1960 with the exception of 1991. The outflow from Chilko
Lake in 1991 was the highest recorded before or since, and
included mats of filamentous algae that are uncharacteristic
of an oligotrophic lake. High flows, plus clogging due to
algae, washed out the smolt counting fence in 1991 (brood
1989). The number of Chilko sockeye escaping fisheries
and returning to Chilko Lake to spawn were estimated prior
to 2009 by mark recapture (e.g., Schubert and Fanos 1997),
except for 1967, when they were estimated by expanding visual counts at Henry’s Bridge, 12 km below the lake (Grant

Proportion of Run
The variance factor that we explored was the proportion
of Chilko sockeye in the summer run each year. For each
year, this proportion was estimated from Chilko sockeye
EFS divided by EFS summed over all CUs in the summer
run (data from Ogden et al. 2015). Two assumptions were
made: (1) the early summer run was a negligible component of the amalgamated estimate of EFS for Chilko sockeye, and (2) the fishing mortality within years was similar
among CUs so that EFS is representative of adult returns.
Further work to improve this factor (using returns by age,
year, brood, CU, and run) is indicated. We assumed that
Chilko return estimates would be less precise when Chilko
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Table 2. Metadata for Chilko Lake sockeye salmon as examples of ordinal and nominal (unordered) data that can be treated as weights
(variance factors) or as covariates (productivity and capacity factors) when fitting a stock-recruit curve.
Event or change

Years

Reference

Type of
metadata

Type of factor

Used in paper

Mark-recapture estimates for
spawners (versus acoustic)

1948–2008

Grant et al. (2011)

ordinal

variance

no

Univariate scale analysis for
catch composition (versus
multivariate or DNA)

1948–1986

Gable and Cox-Rogers
(1993)

nominal

variance

no

Visual count for spawners

1967

Grant et al. (2011)

ordinal

variance

no

Lake fertilization

1988, 1990–1993

Bradford et al. (2000)

nominal

productivity?

yes

Spawning channel open

1988–2004

Grant et al. (2011)

nominal

capacity?

yes

Disease or parasites

1963 spawners
1971 spawners
1973 fry
2007 smolts
2010 spawners

Gilhousen (1990)
Williams (1977)
Williams and Amend (1976)
Miller et al. (2013)
Miller et al. (2014)

nominal

productivity

no

Returns for one CU as
proportion of returns for all
CUs in a run

all years

Run composition from
Grant et al. (2011)

rational

variance

yes

Fecundity samples

1945, 1946, 1948,
1956–1976,
1986–present

DFO, unpublished data.

rational

productivity

yes
(not as a factor)

sockeye were a small proportion of the summer run timing
group than when they were a large proportion, as documented by Gable and Cox-Rogers (1993), Cass and Wood (1994),
and Ricker (1997). We explored the impact of this assumption on model results (below) by fitting a parameter that controlled the effect of this variance factor.

creasing total survival that started about 1990. As a habitat
indicator, shared survival has the advantage of being measured by salmon (via their survival), as opposed to human
measurements of the environment, but has the disadvantage
of not being useful to predict the survival of smolts before
they return as adults. We used shared survival after it was
scaled to range between 0 and 1, such that “poor” years (as
experienced by broods 2003 and 2005) were zero or near-zero, and “good” years (as experienced by many broods prior
to 1990) were close to 1; median shared survival = 0.74.

Fecundity Data
Changes in fecundity are a possible confounding factor for stock-recruit analysis. Because the mean length of
Fraser River sockeye females varies among years and because fecundity increases with length, the number of effective female spawners may not be an accurate indicator
of eggs spawned. Fecundity data for Chilko sockeye have
been collected since the 1940s, following methods described
by Schubert and Fanos (1997) but there were periods when
these data were not collected: 1949–1955 and 1977–1985.
We did not have access to a separate dataset of annual length
distributions, typically 300 observations from multiple samples per year, that could be used to improve the fecundity
estimate for each year from a more accurate description of
female lengths.

Analysis
Stock-recruit Model
We chose the Beverton and Holt (B&H) stock-recruit
model (Beverton and Holt 1957; Walters and Korman 1999)
because we wanted to include habitat quality factors to modify productivity (P, the slope at the origin) and capacity (C,
the asymptote) following Moussalli and Hilborn (1986),
Scheuerell et al. (2006), and Mantua et al. (2009). The B&H
model differs from the similar Ricker (1954) model mainly
in the response of R (adult returns of all ages, pre-fishery) at
levels of E (EFS) above EMSY (EFS required for a theoretical
maximum sustainable yield). However, because variance in
R is proportional to E, i.e., scatter is homogenous on log(R)
versus log(E) plots (McKinnell 2008; Akenhead et al. 2016),
neither model fits well at high E. Proportional variance was
documented for returns from smolts of Fraser sockeye salmon and explained theoretically by Peterman (1981). Furthermore, because salmon fisheries management is designed to
prevent an overabundance of E in comparison to EMSY, cases
with high E are rare. With few and variable cases to discern

Shared Survival
An accompanying paper (Akenhead et al. 2016) determined that the first principle component of log (Returns /
EFS) by year by CU for 11 Fraser sockeye CUs explained
46% of the variance of that variable. The resulting time series identifies the extent to which fluctuations in total survival fluctuations are parallel among CUs, as opposed to
idiosyncratic, and was termed “shared survival.” About half
of the variance in shared survival is due to a trend toward de395
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the effects of density-dependent survival, estimates of C will
be imprecise.
Capacity was viewed as a measure of the area of limiting
habitat, ideally modified by measures of the quality of that
habitat. Examples are the area of useful spawning gravel and
the area of a rearing lake, the latter potentially improved by
considering primary and secondary productivity (e.g., Hume
et al. 1996; Hyatt et al. 2004). Spawning channels are an
attempt to increase capacity by increasing spawning habitat, with the explicit assumption that spawning habitat limits
overall capacity. We expected capacity to be related to area
of freshwater habitats for spawning and rearing (i.e., competition for area) and for the area and quality of these habitats
to differ among CUs of Fraser River sockeye salmon, but to
be constant over time unless there were alterations to the area
of habitat such as opening a spawning channel. Productivity
was viewed as the quality of habitat, independent of competition effects, and changing from year to year due to weather, predators, or, in this case, lake fertilization. For instance,
Peterman et al. (2003) used a Kalman filter to track decadal
changes in salmon productivity based on the determination
by Adkison et al. (1996) that density effects (i.e., capacity)
were small and inconsistent across multiple sockeye stocks.

(1)

where N refers to the normal distribution, σ is the estimated
�𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 �𝑅𝑅𝑅𝑅̂�,𝜎𝜎𝜎𝜎 �value for returns:
standard deviation,
Pr �𝑅𝑅𝑅𝑅and
− 𝑅𝑅𝑅𝑅̂�is=the
𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁predicted

𝑅𝑅𝑅𝑅̂𝑡𝑡𝑡𝑡 =

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡
.
1 + 𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡
𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶

(2)

Habitat factors modified values for P and C each year. Our
models assumed linear effects proportional to the levels of
factors affecting P and C. For a habitat factor Gt that affects
capacity C,

𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 = 𝐶𝐶𝐶𝐶0 + 𝛾𝛾𝛾𝛾𝑐𝑐𝑐𝑐 𝐺𝐺𝐺𝐺𝑡𝑡𝑡𝑡 ,

(3)

where C0 is the capacity without G, and γC is the estimated
effect of G. Similarly, a factor F will have a linear additive
effect on base productivity P0,

𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑃0 + 𝛾𝛾𝛾𝛾𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡 .

(4)

Scheuerell et al. (2006) applied factors as linear and non-linear modifiers to the capacity and productivity terms of the
B&H model on the basis of experts’ judgment. We estimated γP and γC as additional parameters for B&H curves in order to calibrate categorical and ordinal factors.

Parameter Estimation
We took a Bayes/Laplace approach for fitting models to
data (Gelman et al. 2013) and used a specialized computer
language Stan (Stan Development Team 2014) to generate
samples from the joint distribution of parameter estimates
for the B&H models we explored. Features of Stan included ease of use, automatic differentiation (similar to ADMB,
Fournier et al. 2011), and algorithms that efficiently sample highly dimensional models. For all models, four sets
of Monte Carlo sampling chains were run (“MC samples”).
Each sampling chain ran for 2,000 samples, the first 1,000
samples were discarded, and the chains were compared to
determine convergence to a stationary distribution for the
joint posterior distribution of parameter estimates. Convergence was determined with the potential scale reduction statistic of Gelman and Rubin (1992) and all of these relatively
simple models converged.
We provided positive non-zero prior distributions for C,
P, and σ as gamma (2,1/μ) with values for the mode, μ, that
were based on fits from trial runs. These are mildly informative priors as recommended by McElreath (2016). The
main effect from these priors was avoidance of extremely
high estimates of C, precluding a straight line as a stock-recruit curve (infinite capacity). Factors for which near-zero
estimates of effect were a possibility had priors that were a
normal distribution with mean zero but with negative values
rejected for MC samples (i.e., half-normal) and with standard deviations large enough to encompass but not constrain
the estimates observed in trial runs.
For all models, the probability distribution of residuals
was assumed to be log-normal,

Maximum Sustained Yield
Changes to the uncertainty in a benchmark for fisheries
management will demonstrate how additional factors can
improve fisheries management decisions by increasing the
precision of predictions, or, from adding noisy data and/or
imprecise estimates of additional parameters, decrease the
precision of predictions. We chose maximum sustainable
yield (MSY) as a simplistic but widely recognized benchmark: the number of spawners that maximizes returns after subtracting the number of spawners required to replace
themselves. This was calculated as
𝐸𝐸𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =

𝐶𝐶𝐶𝐶
√𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃 − 1�,
𝑃𝑃𝑃𝑃 �

(5)

(adapted from Johnston et al. 2002) where C/P is the
half-saturation value for the B&H model, and r is the ratio
of EFS to returns (the gender ratio of spawners). We assumed 0.5 for r but recognize that a better estimate can be
determined by considering (a) annual observations of the
gender ratio of returns, (b) fecundity, and (c) pre-spawning
mortality of female spawners. RMSY was calculated from
EMSY using Equation 2 and both were calculated for 4,000
Monte Carlo (MC) samples of the joint distribution of P
and C.
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changes to marine habitats for Fraser sockeye measured as
total survival across multiple CUs of sockeye salmon, thus
avoiding events and patterns unique to individual CUs. We
treated shared survival as a factor Ht, scaled to range from
0 to 1, that affected estimates for both capacity and productivity (having concluded that these are not independent) for
returns from EFS for Chilko sockeye. This model also included factors to represent the spawning channel, G0 before
it opened, G1 during operations, and G2 after it closed. Because G0 and G2 were expected to have a positive effect, and
G1 a negative effect, we fit the capacity (and productivity)
with reference to the period when the spawning channel was
operating, and then estimated just the effect of G0 and G2.
Two factors were necessary because egg-to-smolt survival
was noticeably higher after the spawning channel was closed
compared to before it opened (Fig. 2). These three factors,
G0, G2, and H, were estimated as additive effects through six
linear parameters:

Fertilization of Chilko Lake had the potential to affect
broods 1987–1992 as parr growing in the lake during the
summers of 1988–1993. This period overlapped the period
of operation of the spawning channel, which had the potential to affect broods 1988–2003 as fry migrating upstream to
Chilko Lake. We examined the effects of lake fertilization
and spawning channel operation (as productivity and capacity factors, respectively) for egg-to-smolt survival for Chilko
sockeye.
Fertilization was represented as a factor with levels 1
for 1987 and 1989–1992 and 0 for other years. Although
the fertilizer added in 1988 was one half that of 1990–1993,
the effect on egg-to-smolt survival was not expected to be
one half that of years 1990–1993. Despite quantitative information on fertilizer added, this was an ordinal factor: the
expected effect from fertilizer in 1988 was merely less than
the effect from 1990–1993. There were insufficient data to
fit multiple levels for this factor, given that (a) smolts were
not counted in spring 1991 after experiencing fertilizer in
summer 1990 (leaving four cases), and (b) a modification
in only one year of those four. The effect of this factor was
quantified by fitting a single additive parameter, γfert.
The spawning channel was represented as a nominal
factor with three levels: before operations (1948–1987),
during (1988–2003), and after (2004–present). The possibility of undocumented changes to channel operations during
1988–2003 is recognized (e.g., Shubert 1998). Two estimated parameters quantified the effect of the channel on capacity: γopen for broods affected by the spawning channel, and γshut
for those subsequent to channel effects. Those parameters
described a change in B&H capacity relative to the broods
before 1988 (before the channel effect). One of the questions examined was whether these channel factors should be
used to modify productivity or capacity or both.
Twelve separate B&H models (Equation 2 with residuals as in Equation 1) examined (a) how a change in
freshwater habitat (opening spawning channel) would be
interpreted when changes in marine habitats were included,
and (b) the independence of capacity and productivity parameters. Three life-history intervals were assessed: smolts
from EFS, returns from smolts, and returns from EFS.
Data from each life-history interval were examined in four
periods: before, during, and after the spawning channel,
and all years. The same Bayesian priors were used for all
four periods.

=

=
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+
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Fig. 2. Temporal patterns of survival for Chilko Lake sockeye
salmon. A spawning channel affected survival of fry from brood
years 1988 to 2003. Data before, during, and after the spawning
channel have different symbols. Horizontal lines indicate the
median log survival for each interval. A. Pre-smolt “survival,”
smolts/EFS, on a log scale. Smolts from brood 1989 were not
counted. B. Smolt survival, returns/smolt, on a log scale. Survival
of smolts after brood year 1989 has typically been far below the
previous mean, with dramatic failures for broods 2003 and 2005.
C. Total survival, returns/EFS, on a log scale. Brood 1989 is an
outlier.

Effect on Productivity and Capacity of a Marine Habitat
Indicator, “Shared Survival”
A factor representing marine habitat quality was available as a time series derived as the first principle component
of log(R/E) for 11 CUs of Fraser sockeye salmon (Akenhead et al. 2016). This “shared survival” is an indicator of
397

Akenhead et al.

NPAFC Bulletin No. 6

and the resulting time series, Pt and Ct, were used in Equation 2. Thus, productivity after the channel closed (G0,t = 0,
G2,t = 1) and for the highest shared survival (Ht = 1) would be
P0 + γPG2 + γPH and similarly for capacity. The distributions
of EMSY and RMSY were calculated from MC samples from the
joint distribution of P0, γPG2, γPH, C0, γCG2, and γCH.

by year. Only seven years in the time series had more than
three fecundity observations for age-1.3 females. We did not
use fecundity as a covariate in stock-recruit models.

Variance Factor
The variance factor described how the residuals in a returns-from-EFS regression will be more scattered in those
years when observations of returns are relatively imprecise.
Variance factors are uncalibrated regression weights, but can
be calibrated as part of fitting a regression. Gelman et al.
(2013) suggest

Stock-recruit Curves for Three Life-history Intervals

𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡 − 𝑅𝑅𝑅𝑅̂𝑡𝑡𝑡𝑡 = 𝑁𝑁𝑁𝑁 �0, 𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊𝑡𝑡𝑡𝑡

−𝛾𝛾𝛾𝛾𝑊𝑊𝑊𝑊

�,

(7)

−𝛾𝛾𝛾𝛾−𝛾𝛾𝛾𝛾
𝑊𝑊𝑊𝑊 𝑊𝑊𝑊𝑊
𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑅𝑅𝑅𝑅−𝑡𝑡𝑡𝑡-−
𝑅𝑅𝑅𝑅̂𝑡𝑡𝑡𝑡𝑅𝑅𝑅𝑅is
=̂𝑡𝑡𝑡𝑡 a=
𝑁𝑁𝑁𝑁residual
𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊
where
normal distribution about
𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡 − 𝑅𝑅𝑅𝑅̂𝑡𝑡𝑡𝑡,
𝑁𝑁𝑁𝑁
𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊
�0,�0,
𝑡𝑡𝑡𝑡with
𝑡𝑡𝑡𝑡 �a �
the predicted value for that return (note that we used log-normal residuals), and Wt is a variance factor that expands σ, the
standard deviation. The estimated parameter γW controls the
effect of W. When γW = 0, the variance factor has no effect.
When γW = 1, σ is proportional to W (conventional weighted regression). The parameter γW acts exponentially on the
standard deviation that in turn acts exponentially when applied as a log-normal distribution.

RESULTS

To characterize the uncertainty in stock-recruit models for Chilko sockeye salmon, before considering metadata from the salmon escapement and habitat manipulations,
three stock-recruit curves were fitted: smolts from EFS (presmolt survival), returns from smolts (smolt survival), and
returns from EFS (total survival) (Table 3, Fig. 3). Capacity estimates from the three models had CVs (coefficient of
variation, standard deviation of samples / mean of samples)
−𝛾𝛾𝛾𝛾𝑊𝑊𝑊𝑊
ranged
= 𝑁𝑁𝑁𝑁 �that
0, 𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊
�from 22% to 37%, but the distributions for ca𝑡𝑡𝑡𝑡
pacity estimates were skewed toward high values, with values for skew measured as (97.5 percentile–50 percentile) /
(50 percentile–2.5 percentile) that ranged from 2.1 to 3.1.
In contrast, productivity estimates were more constrained,
with CVs of 13 to 24% (Table 3). Like capacity estimates,
the distribution of productivity estimates also had asymmetrically high values for the 97.5 percentile.
Factors for EFS-to-Smolts Productivity and Capacity

Fecundity
We examined Chilko sockeye salmon fecundity data in relation to the spawning channel via analyses of variance (ANOVA), and as a function of length, year, and age using ordinary
linear regression. We calculated the mean of annual mean
lengths as a reference length for the predominant age-1.2 females. Because fecundity-at-length can change with time, we
calculated the annual fecundity for age-1.2 and -1.3 females at
that reference length using regressions of fecundity on length

To observe the effects of freshwater factors on the productivity and capacity parameters of a B&H model, we
created a baseline model (Table 4A) that was similar to the
preceding model for smolts from EFS (Table 3A) with no
factors related to lake fertilization or the spawning channel. Small differences between this baseline model and its
equivalent in Table 3 are due to the stochastic process of MC
sampling.

Table 3. Results from applying the B&H model for three life stages of Chilko Lake sockeye, without factors. The fitted standard deviation of
log-normal residuals is σ. Columns marked 2.5%, 25%, etc. are percentiles from 4,000 Monte Carlo samples (after convergence) of the joint
posterior distribution of parameter estimates; a subset of those samples was used for the curves in Fig. 3. N means the number of cases
(years) used in the regression. SD means “standard deviation” and CV means “coefficient of variation” estimated as SD/mean. NLL means
“negative log likelihood” and is a measure of fit expressed as the probability of the data given the model (including priors and constraints).
See Appendix 1 for computer code.
Parameter

Mean

SD

CV (%)

2.5%

25%

50%

75%

97.5%

(A) Smolts from EFS N = 54, σ = 0.46, NLL = 30.6
Productivity
Capacity

159

20

13

125

145

158

171

205

61

19

31

39

49

57

67

99

(B) Returns from Smolts N = 54, σ = 0.64, NLL = 7.2
Productivity

0.13

0.03

23

0.09

0.11

0.13

0.14

0.19

Capacity

3.8

1.4

37

2.1

2.8

3.4

4.3

7.4

(C) Returns from EFS N = 63, σ = 0.72, NLL = 5.7
Productivity
Capacity

21.0

5.0

24

13.0

17.0

20.0

23.0

33.0

2.3

0.5

22

1.6

2.0

2.2

2.6

3.6
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Models B through E show the results of fitting factors
for the state of the spawning channel (via fitted parameters
γopen and γshut) on the capacity and productivity estimates, as
indicated in Table 4. Adding a factor for lake fertilization that
affected productivity (model B, Table 4) had little effect. The
productivity estimate increased from 165 S/E (SD = 17) for
the unfertilized years to 165 + 9 = 174 S/E (SD = 16) during
the fertilized years, roughly a 5% increase. That increase was
an imprecise estimate with a 17% chance of being zero or less.
This weak response might reflect a confounding effect from
the spawning channel. In contrast, the effect of the spawning
channel on B&H capacity was larger, a decrease from 62 S/E
(SD =12) before the channel (broods 1950–1987) to 62 – 23 =
39 S/E (SD =15) when the channel was open (model B, Table
4), with a 0.5% chance of that effect being zero or greater.
Compared to broods before the channel, capacity was lower
by 37% during the channel and higher by 42% after the channel. Capacity increased (62 + 26) / (62 - 23) = 225% after
the channel compared to during the channel. The unfertilized
productivity estimate and the pre-channel capacity estimate
for model B were similar to model A, but more precisely estimated. This finding was re-examined in model C (Table 4), a
simpler model in which fertilization was ignored and capacity
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was modified with one factor: channel open or not. The effect
of the channel in this model, compared to model A, was to
halve the capacity (44%).
Model D was like model C, but distinguished three states
for the channel: before, during, after. In model D, closing
the channel increased capacity by (63 + 25) / (63 - 23) =
220%. Model D differed from model B only by dropping the
fertilizer effect, and the estimates are nearly identical. This
was further evidence that the effect of fertilization on smolts
from EFS was small.
To summarize these four models (Table 4, A–D): (a)
the spawning channel halved the asymptotic capacity for
smolt production compared to previous years, (b) when the
spawning channel was subsequently closed, capacity immediately doubled, and (c) lake fertilization had little effect on
productivity. From these results, we hypothesized that the
greater effect on capacity of closing the spawning channel,
compared to opening it, might be due to a coincidental increase in the net primary productivity of Chilko Lake. We
therefore redirected the factor γshut to affect the productivity
parameter (Table 4E). The result indicated that smolt-fromEFS productivity had increased by 53% from 1950–2003 (144
S/E, SD = 14) to 2004–2008 (221, 19). That new description

Fig. 3. Bayesian fits for B&H curves that predict Chilko Lake sockeye smolts and adult returns. Points are the observations (in millions)
from each brood year, 1948–2010 (Table 1). Statistics for the fitted parameters are in Table 3. The uncertainty of those parameters is
demonstrated by 1,000 curves (grey lines) sampled from the joint posterior distribution of estimates for productivity and capacity. The black
curve is from the marginal means for productivity and capacity. A. Smolts (S) from EFS (E). B. Returns (R) from smolts. C. Returns from
EFS. There are nine more cases for returns from EFS because smolt abundance data were not collected for every brood.
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Table 4. Productivity and capacity estimates for B&H curves fitted to Chilko Lake sockeye smolts from EFS. Five models (A to E) with factors
affecting productivity and capacity are compared. The factors γopen and γshut represent a spawning channel which was open to affect fry from
broods 1988–2003, and shut for broods 1949–1987 and 2004–2010. The factor γfert represents lake fertilization that affected parr from broods
1988 and 1990–1993. The factors are linear additive effects. All models had the same mildly informative prior distributions: Productivity was
gamma(2,1/150) with mode at 150; Capacity was gamma(2,1/50); and σ was gamma(2,1/2). The prior distribution for γopen was N(10,10), γshut
was N(-20,10), and γfert was N(20,10). For example, in model E, the fitted mean productivity for broods 2004–2009 is approximately 144 (SD
= 14) + 77 (18) = 221 smolts/EFS with SD ≈ (142+182)½ = 23, calculated from the marginal distributions. Columns are the same as in Table 3.
See Appendix 1 for computer code.
Parameter

Mean

SD

CV (%)

2.5%

25%

50%

75%

97.5%

(A) No factors. σ = 0.45 (SD = 0.05)
Productivity
Capacity

160

20

13

125

146

159

174

204

60

17

28

39

49

57

68

102

153

164

176

203

(B) Fertilizer (as productivity), channel (as capacity). σ = 0.41 (0.04)
Productivity

165

10

135

10

109

-11

3

9

16

29

Capacity

62

12

19

42

54

62

70

88

γopen

-23

9

39

-41

-28

-22

-17

-6

γshut

26

9

36

8

19

26

32

44

131

149

160

171

194

γfert

9.3

17

(C) Channel open (as capacity). σ = 0.43 (0.04)
Productivity

161

16

10

Capacity

70

12

17

50

62

69

78

98

γopen

-26

9

33

-43

-31

-26

-20

-9

(D) Channel open and closed (as capacity). σ = 0.42 (0.04)
Prod

165

17

10

134

153

163

174

202

Cap

63

12

19

42

55

62

70

89

γopen

-23

9

39

-40

-28

-23

-17

-5

γshut

25

10

38

7

19

25

32

44

134

143

153

174

(E) Channel open (as capacity) and closed (as productivity). σ = 0.39 (0.04)
Productivity

144

14

10

118

γshut

77

18

23

42

65

77

89

114

Capacity

77

13

17

55

68

75

84

105

γopen

-27

9

32

-44

-33

-27

-22

-10

spawning channel (before, during, after, and all years), a
total of 12 regressions (Table 5, Fig. 4). For smolts from
EFS (Fig. 4A), capacity was halved (-56%) when the channel opened compared to the years before the channel, as
per results above, and after the channel was closed, capacity increased by 300% and was 1/3 higher than before the
channel. Productivity increased across all three periods,
with productivity after the channel twice as high as before
the channel.
For adult returns from smolts (Fig. 4B), it is evident
that the effect of the spawning channel on smolt survival
was small compared to the residual variability, presumably due to freshwater migration mortality and/or marine
rearing effects. Productivity estimates were similar for the
three periods, whereas capacity estimates were lower by
2/3 for the period during and after the spawning channel,
i.e., poor smolt survival 1988–2010. Estimates for both
productivity and capacity were imprecise during and after
the channel, reflecting highly variable smolt survival.

of the post-channel years had a similar effect on capacity as
opening the channel, (similar γopen among models B–E) but a
higher and less precise estimate of capacity from pooling the
before-channel and after-channel periods. Whether expressed
as productivity or capacity (models D and E), or simply as S/E
(Fig. 3A), pre-smolt survival improved after the channel was
closed (broods 2004–2010) compared to before it was opened
(broods 1949–1987).
Three Life-history Intervals and Spawning Channel Operation
The preceding results (Table 4) suggested that a single habitat change (in this case, one that resulted in a brief
interval of high mortality events) could affect estimates
for both productivity and capacity in the B&H model. We
investigated further, considering how productivity and capacity in three life-history intervals (smolts from EFS, returns from smolts, returns from EFS) were affected by the
400
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For returns from EFS (total survival, Fig. 4C and Table
5C), when the spawning channel was opened the capacity
estimate dropped by 2/3 compared to the preceding years
(68%), a combination of reduced survival in both freshwater
and marine habitats. Reflecting the pattern of smolts from
EFS, capacity doubled after closing the spawning channel,
but the trend of decreasing returns from smolts resulted in
capacity for returns from EFS after the channel being 1/3
less than before the channel (38%). It is evident from Fig.
4C that the capacity estimate for the period after the channel
is strongly influenced by the data for brood 2010 (E = 1.2,
Table 1). Productivity estimates (for returns from EFS) before and after the spawning channel operation were similar,
but much higher during channel operation largely due to the
influence of the extreme value for R/E for brood 1989.

Table 5. A summary of parameters of B&H models fitted to (A)
sockeye smolts from EFS, (B) returns from smolts, and (C) returns
from EFS (see Fig. 4). Depending on the life-history interval (A,
B, or C) used in the B&H models, parameter values affected by
spawning channel operation (“all year” and “during” categories)
exhibit variable levels of contrast (A > B > C) relative to “before” and
“after” years of no channel effect. Values in brackets are the CV
(SD/mean) where SD was estimated from the curvature at the best
fit. See Appendix 1 for computer code.
Spawning
Channel

Productivity

Capacity

σ

(A) Smolts from EFS
All Years

161 (12%)

54 (20%)

0.44 ( 9%)

Before

139 ( 9%)

76 (37%)

0.33 (12%)

During

207 (61%)

33 (30%)

0.38 (18%)

After

290 (23%)

99 (33%)

0.37 (27%)

3.3 (27%)

0.60 (10%)

(B) Returns from Smolts
All Years

0.13 (15%)

Before

0.12 (17%)

7.9 (48%)

0.47 (13%)

During

0.13 (85%)

2.5 (72%)

0.61 (18%)

After

0.11 (91%)

2.3 (70%)

0.77 (25%)

2.3 (17%)

0.69 ( 9%)

Factors for Spawning Channel and Shared Survival Affect Productivity and Capacity for Returns from EFS
The effect of three factors (spawning channel, shared
survival, precision of returns), individually and in combinations, required 23 regressions (Table 6). Model 6A (Table
6) is the base case for assessing the effect of adding habitat
factors and a variance factor and is the same as model 5C
“Returns from EFS, All Years” (Table 5) and the results are
similar. The datum for brood 1989 was deleted as an outlier
for the models in Table 6 (see Discussion: Lake Fertilization).
Deleting that point resulted in the high estimate for productivity in our earlier model (i.e., 5C “Returns from EFS” in the
period during the spawning channel) declining from 43 R/E

(C) Returns from EFS
All Years

19 (21%)

Before

15 (13%)

4.7 (43%)

0.59 (12%)

During

43 (58%)

1.5 (20%)

0.70 (17%)

After

16 (62%)

2.9 (66%)

0.75 (25%)

A

S

B

R

E
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C

R

S

E

Fig. 4. The spawning channel affected estimates of both productivity and capacity for three intervals of survival for Chilko sockeye. For
broods before the channel had an effect, points are marked “+” and the fitted B&H curve is a dotted line; during the channel: “o” and solid line;
after the channel: “*” and dashed line. A. Smolts from EFS. B. Returns from smolts. C. Returns from EFS.

401

Akenhead et al.

NPAFC Bulletin No. 6

Table 6. Eight B&H models for Chilko sockeye returns from EFS, exploring the effects of factors for the spawning channel (before, during, and
after) that affected broods 1988–2003, for annual shared survival (ranging from poor to good), and for a variance factor related to the precision
of estimates of returns. Data for brood 1989 were not included. The fitted estimates for the effect of these factors (i.e., γPG0 in Equation 6)
have been applied (via 4,000 Monte Carlo samples of parameters) to produce estimates for productivity and capacity for the corresponding
situations. See text for equations for these models. NLL is the mean of negative log likelihood, an indicator of fit. The abundance of EFS (E,
in millions) at maximum sustainable yield is EMSY (again the joint distribution of productivity and capacity) and the corresponding adult returns
(in millions) is RMSY. In models B and D, EMSY is for the period after the spawning channel was closed (broods 2004–2010), and for models C
and D, EMSY is for the highest shared survival (good). The variance factor was fitted to model D, the most saturated model, yielding median
γW = 0.20 (50% range = 0.13–0.27, 95% range = 0.027–0.41). That variance factor was applied without fitting to models A–C to generate the
right-hand side of this table. See Appendix 1 for computer code.
Parameter

No variance factor

With variance factor

Median

50% range

95% range

Median

50% range

95% range

17.0
2.4
0.27
1.6

NLL = 5.3 σ = 0.70
15–20
2.1–2.8
0.23–0.32
1.4–1.8

12–27
1.6–4.0
0.17–0.48
1.2–2.5

20.0
2.3
0.25
1.6

NLL = 3.7 σ = 0.56
17–24
2.1–2.7
0.21–0.3
1.4–1.8

13–35
1.7–3.7
0.16–0.43
1.2–2.4

15.0
11.0
15.0
4.3
2.2

NLL = 5.3 σ = 0.70
14–17
8.2–13
12–18
3.5–5.4
1.8–2.8

11–22
4.8–18
8.1–27
2.5–8.8
1.3–5.8

17.0
12.0
17.0
3.9
2.0

NLL = 3.7 σ = 0.56
15–19
9.1–15
13–20
3.3–4.9
1.7–2.4

12–26
5.2–21
9–29
2.4–7.7
1.3–4.6

2.9–4.7
0.33–0.55
1.9–2.9

2.0–8.1
0.21–1.0
1.3–4.7

NLL = -1.1 σ = 0.60
12–17
16–20

7.6–22
13–25

0.41–0.82
3.3–4.2
0.36–0.48
2.2–2.8

0.21–1.7
2.6–5.5
0.27–0.63
1.8–3.5

6.0–19
1.7–16
4.0–24
10–27
0.84–7.5
0.25–4.7
0.62–7.1
2.7–9.2
0.29–1.1
1.8–5.6

6A. No Factors
Productivity
Capacity
EMSY
RMSY
6B. Spawning Channel
Prod. Before
Prod. During
Prod. After
Cap. Before
Cap. During
Cap. After
EMSY
RMSY

3.6
0.42
2.3

3.4
0.39
2.2

2.8–4.4
0.31–0.5
1.8–2.8

2.0–7.5
0.21–0.91
1.3–4.4

6C. Shared Survival
Prod. Poor
Prod. Good
Cap. Poor
Cap. Good
EMSY
RMSY

15.0
18.0
0.57
3.7
0.41
2.5

6D. Spawning Channel and Shared Survival
NLL = 1.0 σ = 0.62
Prod. Before+Poor
12.0
9.9–15
Prod. During+Poor
8.2
5.5–11
Prod. After+Poor
13.0
9.5–16
Prod. After+Good
16.0
14–19
Cap. Before+Poor
2.7
1.8–4
Cap. During+Poor
0.9
0.57–1.6
Cap. After+Poor
2.1
1.4–3.2
Cap. After+Good
4.7
3.9–5.6
EMSY
0.53
0.43–0.65
RMSY
3.0
2.6–3.6

to 11 (model 6B, “Prod. During”). The latter value is more in
accordance with the corresponding productivity estimates for
smolts from EFS and returns from smolts. We were interested primarily in the magnitude and precision of estimates for

NLL = -3.1 σ = 0.48
15–20
18–23

9.9–28
15–30

0.54
3.5
0.38
2.4

0.40–0.76
3.2–4.0
0.33–0.44
2.2–2.7

0.21–1.6
2.5–5.1
0.25–0.58
1.8–3.3

14.0
9.9
15.0
18.0
2.3
0.8
1.9
4.4
0.49
2.9

NLL = 1.2 σ = 0.49
12–17
7.0–13
11–18
15–21
1.6–3.3
0.51–1.2
1.3–2.8
3.7–5.3
0.40–0.60
2.5–3.4

7.0–23
2.1–19
5.2–26
11–29
0.78–6.4
0.25–3.7
0.65–6.0
2.8–8.1
0.29–0.97
1.9–5

17.0
20.0

capacity because certainty about density-dependent mortality
is important and difficult to ascertain. We were also interested in the precision of EMSY because that integrates most of the
uncertainties in the model and is directly related to fisheries
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management (e.g., optimal escapement goals). The values
for σ and NLL (negative log likelihood) are also important
because these describe how well each model predicted the
observed returns. The base case values, as medians and 50%
ranges, were capacity = 2.4 returns (2.1–2.8) and EMSY = 0.27
EFS (0.23–0.32). We reported medians and MC sample percentiles in Table 6, instead of means and SDs, because some
parameter estimates had skewed distributions (Fig. 5) that resulted in MC samples with rare but extremely large estimates
that had a misleading effect on the mean and SD.
The spawning channel effect was large (model 6B), indicating that median capacity was twice as high before the
spawning channel was opened, and 2/3 higher after it closed.
As noted above for freshwater survival, median productivity
was higher by 1/3 before and after the channel. The estimate
for EMSY for the period after the channel, compared to not including the channel in calculations (models 6B and 6A), increased by 1/2 to 0.42 E (50% range = 0.33–0.55) from 0.27
(0.23–0.32). There were only seven cases for the post-channel estimate of EMSY during a period of highly variable smolt
survival (Fig. 2: broods 2004–2010) so it was less precise
(MAD/median increased from 24% to 36%, where MAD is
the median absolute difference from the median).

NPAFC Bulletin No. 6

The shared survival factor (which ranges from 0 to 1)
predicted the observed returns (R) from EFS (E) data better than the spawning channel, as measured by decreased
σ and NLL (model 6C). Results marked “Prod. Good”,
“Prod. Poor”, “Cap. Good”, and “Cap. Poor” in Table 6C
represent the range of effects for this factor when applied
as an additive covariate. Shared survival accounts for less
than half of Chilko sockeye total survival (r2 = 39% without brood 1989). The effect of good versus poor shared
survival differed greatly between capacity and productivity: capacity changed by a factor of six, but productivity
changed by only 1/5. This reflects the strong effect of variability in smolt survival on variability of returns, but also
suggests that tracking variability in log(R/E) (Peterman et
al. 2003) might be improved by splitting that into Beverton-Holt productivity and capacity and tracking variability
in both. The change in median EMSY between years with
good shared survival (EMSY = 0.42) and poor shared survival (EMSY = 0.07) reflected that change in capacity. EMSY for
years with good shared survival was similar to EMSY for the
period after the spawning channel, but was more precisely
estimated (EMSY MAD/median = 21% versus 37% for model
6B). Despite the fact that the shared survival factor injects

Shared Survival: Low

Capacity (x5)

Estimate

Productivity

Shared Survival: High

Channel
Fig. 5. Distributions for B&H estimates for productivity and capacity corresponding to the spawning channel (“during” refers to broods 19882003) and to good and poor years for the shared survival factor. The polygons (“violins”) represent the distribution of estimates derived from
4,000 samples of the joint distribution of parameter estimates from the model in Table 6D. Areas of polygons are comparable within panels,
but are scaled differently between panels.
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the best-case capacity is 30% higher than with the spawning channel alone (6B) or shared survival alone (6C). At
present, with the spawning channel closed, this model with
these data suggest productivity of 13 to 16 and capacity of
2.1 to 4.7. A reasonable approximation, based on the median
shared survival (0.74) is productivity = 15 (MAD = 4.1) and
capacity = 4 (MAD = 1.3), leading to EMSY = 0.46 and RMSY
= 2.6 (but note the 95th percentile for EMSY in Table 6D is 1.1
and these estimates involve Bayesian priors that constrain
high estimates for capacity). All of the parameter estimates
in model 6D involve substantial uncertainty, with MAD/median (this is the CV for normally distributed data) about 25%
for productivity and capacity when shared survival is good,
and about 38% for productivity and about 58% for capacity
when shared survival is poor.
Effect of a Variance Factor
Including “proportion of run” as a variance factor
(Equation 7, see the right-hand side of Table 6) suggested
a four-year cycle of low returns (including 1989) with increased standard deviations for the distribution of expected
residuals for those years (Fig. 6). The estimated regression
weights reduced the effect of those cases (down-weighted
them). The estimate for the effect of the variance factor was
median γW = 0.20 (50% range = 0.13–0.27), based on the

Fig. 6. The proportion of Chilko Lake returns in the summer run of
Fraser River sockeye (broods 1949–2010) was used to describe
the relative precision of return estimates for Chilko sockeye (a
variance factor). The dashed line at σ = 0.49 (Table 6D) represents
the most precise estimates corresponding to a large proportion
of the summer run. The dots are fitted values for the lognormal
standard deviation (SD) of expected residuals. High values mean
less weight for a case. This result highlights a four-year cycle of
low abundance (1961, 1965, … 1993) where the SD is 60% to 90%
larger. Brood 1989, deleted for the models in Table 6, is marked by
a square.

noise into the model, the estimate of capacity in a good
year is slightly more precise than when it was estimated
without the shared survival factor (EMSY MAD/median =
24% for model 6A).
Separately, both habitat factors appear useful; now we
consider them together (model 6D). The two factors are not
independent, shared survival was lower after the spawning
channel was opened than before (39% of the variance in
shared survival is accounted for by that shift). No causation
is implied, it is a coincidence that a spawning channel for the
Chilko sockeye CU was open during a period when marine
survival of many Fraser River sockeye salmon declined in the
1990s. The value for σ (model 6D) was similar to considering
just shared survival (6C), and about 12% better than fitting
just the spawning channel (model 6B). This model reflects
six situations: before, during, and after the spawning channel,
and for each of these, good and poor values for shared survival. These two habitat factors operate independently (additive but correlated, no interaction terms) in their effect on
productivity. Comparing the best situation (After + Good) to
the worst (During + Poor), productivity differed by a factor
of two, changing from 8.2 R/E (50% range = 5.5–11) to 16
(14–19), while capacity differed by a factor of five, changing
from 0.9 R (0.57–1.6) to 4.7 (3.9–5.6). The lowest productivity value is ¼ lower than with the spawning channel alone,
but the upper level is similar to preceding models. Notably,

Fig. 7. Beverton-Holt curves for Chilko sockeye with and without
factors from metadata for the spawning channel and shared
survival. For each curve, EMSY is indicated by a vertical line and
the corresponding RMSY is the point where that line intersects the
curve. The dotted line has slope = 2 and shows the adult returns
(R) required to replace the female spawners (E). The upper thin
curve represents good years for the shared survival factor during
the period after the spawning channel closed (broods 2004–2010,
Table 6D): Productivity = 16, Capacity = 4.7, EMSY = 0.53, RMSY = 3.0.
The lower thin curve is poor shared survival in the same period: 13,
2.1, 0.25, 1.3. The thick line is for all years (1949–2010, Table 6A)
without considering factors from metadata: 17, 2.4, 0.27, 1.6.
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Fig. 8. Fecundity by length for Chilko sockeye. A. Individual fecundity observations by year. Sample size is typically 50 but sample sizes were
small in 2004 (n = 5) and 2009 (n = 4). B. Fecundity in relation to the spawning channel (see Table 7). Median fecundities before, during
and after the channel are 2997 (MAD = 159), 2791 (300), and 2912 (433). C. Mean length (cm) by age, from fecundity samples, did not have
a temporal trend. Age 1.3 females (grey dots) have increased to about 12% of spawners from near-zero in 1970. D. Fecundity by age at a
standard reference length (53.45 cm, the mean) has declined by about 15% between 1950 and 2010. Females of age 1.2 and age 1.3 were
pooled for this plot and the high values for 2004 and 2009 are poorly determined.

most complicated model (6D) where an effect of precision
would be strongest, essentially as outliers became more distinct. With brood 1989 included, the effect of the precision
factor was stronger (γW = 0.26, 0.20–0.32). Brood 1989 had
the lowest proportion of run in this 62-year series (0.032)
and the SD for log-normal residuals for the 1989 case would
have been 0.032-0.26 = 2.5 times larger than the SD for the
most precise observations (median σ = 0.49 (50% range =
0.40–0.60), Table 6D).
In models where this variance factor was included (the
right-hand side of Table 6), the residual log-normal variance,

σ, is consistently 20% lower that without the variance factor. It is tempting to see that as evidence that the models fit
better, but this inference is unwarranted because the datasets
are now different (consider that a case can be essentially deleted with regression weights). A revealing calculation is
neff = ∑Wγ to estimate the number of effective observations
given that some are downweighted (note change of sign). In
this case, neff = 51.4 instead of n = 61. It is reasonable to
ask how results from the same models with the new dataset differed from results with the previous dataset. Cases
with small estimates for R were downweighted, and mainly
405

Akenhead et al.

NPAFC Bulletin No. 6

somewhere between 2.1 and 4.7 (despite wide 95% confidence limits) depending on marine conditions, instead of 2.3
based on the long-term mean (Tables 6A and 3C) makes a
large difference in escapement targets (Fig. 7).

Table 7. Analysis of variance showed that annual values of fecundity varied for different states of the spawning channel (before, during,
after) in a way that explained only 5% of the variance. There is a
32% chance that the three periods had the same mean fecundity.
Parameter

Estimate

SE

Pr(>|t|)

Before

2956

47.8

<0.001

During

2838

76.1

0.13

After

2913

103.8

0.68

Residuals
Fit

Fecundity as a Potential Confounding Factor
The mean fecundity for 2,420 observations (Fig. 8A)
was 2,900 (SD = 455; range = 1,254–4,770) and the mean
annual fecundity for 50 years (1945–2011) was also 2,900
(245; 2,399–3,326). The SD among individuals is 1.86 times
the SD among years, indicating about half of the variation in
fecundity is due to the differences among years. After partitioning the years into before, during, and after the spawning
channel was open, the statistics for annual fecundity were
compared with ANOVA (Table 7), which indicated that annual mean fecundity did not differ before, during, and after
the spawning channel: only 5% of the variance among years
was related to the three periods (a value this large or larger
has a 32% chance of appearing when the periods actually
have the same mean). Increasing variability in fecundity
with time was indicated by increasing interquartiles (Fig.
8B) and by the MAD for annual fecundity: before, 159 eggs
per female; during, 300; after, 433.

SD = 244
r2 = 5%

Pr(F2,47 > 1.16) = 0.32

before the spawning channel was opened. These are associated with small E (but not always, e.g., broods 1993, 2001,
and 2002). Removing cases with small values of R at low
values of E should lead to higher estimates for productivity,
and, comparing the left and right sides of Table 6, this was
always the case. Similar logic applies to capacity, where
points above the median for E have the greatest effect, and
if the cases that are downweighted are overestimates of R,
then capacity should be lower. This was also the case, but
the effect is not as pronounced. Taken together, higher productivity and lower capacity means lower EMSY and RMSY and
in fact adding this variance factor reduced the estimates for
EMSY, however the effect was slight (< 8%).
After addressing one part of precision for one part of
the data, are the stock-recruit parameters more precise? We
compared the 50% and 95% ranges of MC samples, divided by the median, before and after considering precision of
estimates of returns, for all of the parameters determined in
the four models in Table 6. The only useful difference was
that the capacity estimates had 95% ranges that were smaller
by 38% (MAD/median = 95%), apart from those affected by
the shared survival factor where the 95% ranges increased
by 220% (28%) after considering precision. The overall result, expressed as EMSY, was a decrease of 8.5% (52%) in
the 95% range, a small change. The 50% ranges for capacity estimates were all smaller by 6.5% (23%) but there was
no improvement in precision for EMSY (smaller by 1.5% for
which MAD/median = 99%). In summary, although we
have a method for considering the precision of data in stock
recruit analyses, the categorical variance factor we used did
not usefully improve the precision of parameter estimates.
Our objective, improved understanding of Chilko returns from EFS via factors derived from metadata, can be
measured as improved fits between the simplest model (Table 3C) and the most complicated (Table 6D with variance
factor). The standard deviation of log-normal residuals, σ,
decreased from 0.72 (Table 3C) to 0.70 by eliminating brood
1989 (Table 6A), then to 0.62 by considering the spawning
channel and shared survival (Table 6D), and then to 0.49 by
considering precision of returns (Table 6D, right-hand side).
Similarly, the negative log likelihood (NLL) decreased greatly: from 5.7 (Table 3C) to 1.0 or 1.2 (Table 6D). From a
practical perspective, understanding that recent capacity is

Fecundity at Length
A regression for fecundity against length for all years
combined was compared to a similar regression with separate
lines before, during, and after the spawning channel. The value for r2 increased from 25% to 48% (ANCOVAR, Pr(F4,42
> 4.64) < 0.004). To examine this, we broke fecundity into
two constituent parts: length at age and fecundity at length
by age. There was no trend in length at age for age 1.2 or age
1.3 females (Fig. 8C), although the variability in length at age
for age 1.2 females was greater in recent years. There was,
however, a trend of decreasing fecundity corrected to a standard length (Fig. 8D). The loss from 1950 to 2010 has been
about 550 eggs per reference-length female. In the fecundity
samples there was a strong tendency to an increased proportion of age 1.3 females that were 9% longer (57.9 cm, n = 128,
SD = 2.77) than age 1.2 females (53.2 cm, n = 1,968, SD =
2.42) and 20% more fecund (3,459 eggs, n = 129, SD = 499)
than age 1.2 females (2,873 eggs, n = 2,201, SD = 434). This
corresponds to the observation that age-1.3 returns in Chilko
sockeye have increased linearly to 20% of total returns in
2010 from near-zero before 1970 (Irvine and Akenhead 2013).
DISCUSSION
The time series for Chilko sockeye is the longest and
most consistently measured survival record for Pacific
salmon in Canada. It is valuable for understanding sockeye
salmon ecology because survival can be partitioned into presmolt survival (freshwater) and smolt survival (largely ma406
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rine). The time series is sometimes used as an index of smolt
survival for other populations of Fraser sockeye. A previous
study (Irvine and Akenhead 2013) focused on smolt survival
in Chilko sockeye. This study focused on pre-smolt survival, particularly the effects of adding and then removing a
spawning channel. Even without a reference (control) system in the Fraser River watershed to compare Chilko survival with, detailed examination of metadata, including those
pertaining to the habitat manipulations considered here, improved our understanding of factors responsible for recruitment variability.
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possibility of a change within Chilko Lake, as opposed to a
change within the salmon population. The mean daily primary production during the May to October growing season
in Chilko Lake in 2009–2014 was 126.6 mg C∙m-2∙day-1 (n
= 5, SD = 10.6) compared to 73.1 (n = 4, SD = 113.9) in
1985–1995, a 73% increase in about 20 years (Pr(t5.5 > 6.3) =
0.001) (Dan Selbie, DFO, unpublished data). Recent levels
of primary production now exceed those from years when
the lake was fertilized (range 65–125, mean 93.1, n = 5, SD
= 26.8). At present there is no published explanation for this
increase. A time-varying nutrient budget for Chilko Lake
may be needed to assess possible effects of naturally varying
nutrient loading from retreating glaciers, water replacement
time (stream flow), and carcass accumulation from increases
in sockeye spawning in streams that enter Chilko Lake and
along the shores of Chilko Lake.
It appears that a naturally induced change in the net primary productivity of Chilko Lake increased smolt production more than the intentional lake fertilization. The reasons
for this are not clear although McQueen et al. (2007) have
previously noted the potential for variable smolt production outcomes given differential responses of algal taxa to
consecutive years of similar inorganic fertilizer additions at
Woss Lake, BC.
Long-term changes in lake habitat quality further confound analyses of the salmon enhancement projects. This
large and recent change in primary production in isolated
and pristine Chilko Lake suggests that habitat quality in other sockeye nursery lakes in the Fraser River watershed is not
stationary. This suggestion is supported by evidence from
Quesnel Lake, where net primary productivity in 2003–2007
(n = 5) was 50% higher than in 1984–1994 (n = 5) (Selbie et
al. 2010).
Our conclusion is that a useful increase in the survival
rate of Chilko sockeye from lake fertilization could not be
demonstrated, especially after excluding the extreme value
of R/E for brood 1989. On the other hand, we were able
to associate the high values of S/E after 2003, compared to
before 1987, with a large but natural increase in primary production. Bradford et al. (2000) concluded that an increase
in the length of Chilko Lake smolts was a fertilizer effect,
but we note that the effect of smolt abundance on the size of
smolts (density-dependent growth) was not considered. Despite the small sample size, we are hopeful that some future
close examination of size, condition, and density for parr
and smolt —as well as the size and abundance of smolts and
returns at various ages—may clarify the effects of Chilko
Lake fertilization within the context of similar projects reviewed by Hyatt et al. (2004).

Lake Fertilization
Our analysis of Chilko Lake fertilization in 1988 and
1990–1993 was limited to survival estimates. We did not
examine the length-frequency data for smolts or the survival
of the comparatively rare age-2 smolts. Analysis was difficult because the fertilizer effect was confounded by: (1)
simultaneously opening a spawning channel in 1988 that reduced the egg-to-smolt survival of broods 1988–2003; (2)
an increase in escapement: mean EFS for the five broods
exposed to fertilization as parr (1987, 1989–1992) was 2.9
times the mean of the preceding 38 years (0.35 million (SD
= 0.22) compared to 1.2 (0.10)); and similarly (3) variable
smolt survivals, specifically the low survival rate for smolts
from broods 1990 and 1991 (Fig. 3B) compared to broods
1992 and 1993. We note that lower fishing mortality was
required for this increase in escapement for broods affected
by the fertilizer, particularly when smolt survival was low.
The value for returns from EFS for Chilko sockeye from
brood year 1989 was a remarkable outlier (Figs. 3C and 5B),
with R/E = 73, which is more than 9 SD from the mean excluding 1989 (mean R/E = 10.6 (SD = 7.6)). In 1989 the proportion of Chilko spawners in the summer run of Fraser sockeye was 0.032, the lowest value in the series. This suggested
an overestimate of returns, given that brood 1989 is part of a
weak cycle, similar to 1977, 1981, and 1985 (the mean R/E
for those three years was 12 (SD = 2.3)). Brood 1989 was one
of five that used the lake when it was fertilized but this case is
problematic because (a) smolt abundance was not estimated,
(b) the returns estimate was an extreme outlier, and (c) the
returns estimate had the smallest value for the precision of
returns factor (Fig. 5). We did not use brood 1989 when fitting
the models in Table 6.
Including fertilizer as a productivity effect in the freshwater survival models (Table 4B) produced an estimate for
the fertilizer effect that was small (9.3 R/E higher in fertilized
years is an increase of 5.6% over the baseline of 165 S/E) and
imprecise (CV= 107%, 95% range = -11–29). In addition,
the estimates for productivity and capacity did not change
when the factor for fertilizer was excluded (Table 4D).
Smolt production (S/E) from Chilko Lake was higher
for broods without fertilizer or a spawning channel (broods
2004 and subsequent) than for broods before those projects
were undertaken (broods before 1987). This indicated the

Spawning Channel
The channel at Chilko Lake operated for 16 years despite
at least one report (Schubert and Fanos 1997) that indicated
little additional spawning. As mentioned for the fertilizer
experiment, the effect of the spawning channel was possi407

Akenhead et al.

NPAFC Bulletin No. 6

bly confounded by increased escapement. Escapement was
280% higher when the spawning channel was open compared to previously (mean EFS 1988–2003 = 0.36 (SD =
0.14), mean EFS 1949–1987 = 0.13 (0.11)). This increase
in escapement occurred during a period of low smolt survival
(Fig. 3) and required a lower fishing mortality. Low fishing
mortality and increased competition between spawners in the
Chilko River spawning ground could conceivably shift the
ratio of lake-spawning sockeye to river-spawning sockeye.
Based on the time series for smolts from EFS (Fig. 3A),
pre-smolt survival was lower for broods during spawning
channel operation (1988–2003) than either before or after.
In conjunction with decreased smolt survival (Fig. 3B), total
survival was also lower during spawning channel operation
compared to either before or after. Modeled as B&H curves
for smolts from EFS, opening the spawning channel in 1988
reduced the capacity for smolts by 57% (from 76 to 33 million, Table 5A) or 37% (from 63 to 40 million, Table 4D).
Modeled as B&H curves for returns from EFS (total survival), the channel decreased capacity for returns by 49% (from
4.3 to 2.2 million, Table 6B) or, after removing some of the
marine survival effect, by 67% (from 2.7 to 0.9 million, Table 6D). Although it is possible that the decrease in salmon production observed at Chilko Lake during the period of
channel operation was due to an unknown factor that coincided with channel operation, we consider this unlikely because after the channel was closed in 2004, the capacity for
smolts doubled (Table 4D: (63 + 25) / (63 - 23) = 2.1) or tripled (Table 5A: 99 / 33) compared to when the channel was
open. The initial benefits of closing the spawning channel in
2004 were hidden by unusually low spawner abundance for
brood 2004 and by low marine survival events in 2005 and
2007 that affected broods 2003 and 2005. Similarly, the drop
in capacity for smolts after the spawning channel opened in
1988 was masked by the outlier for estimated returns from
EFS for brood 1989 (age-1 smolts were not counted for that
brood) and by declining post-smolt survival in the 1990s.
This example demonstrates that identification of associated
and confounding effects on salmon survival from freshwater
and marine events is warranted.

of the variation in fecundity (small compared to the changes
in smolts per EFS, S/E) and in particular did not account for
the enormous increase in S/E 2004–2010 compared to 1987–
2003. The increasing proportion of age 1.3 females—larger,
more fecund, and possibly with better egg survival—may
play a role in explaining why S/E 2004–2010 was double
that of 1960–1987, but a better explanation seems to be the
73% increase in primary productivity in Chilko Lake.
Density-dependent growth has been documented for
sockeye salmon (Peterman 1984; Pyper and Peterman 1999),
but our observation of a linear decline in fecundity-at-length
from the 1950s to the 2010s is a different phenomenon. Because the skeletal length-at-age of Chilko sockeye salmon
females has not changed, but their fecundity has declined,
this appears to represent a factor such as less food, increased
temperature, or longer migration (or combinations thereof)
that affects fecundity after spawners have reached maximum
length, perhaps shortly before they reach Chilko Lake. We
do not know how the decline in fecundity-at-length might
be related to the increasing proportion of age-1.3 females
starting in 1970 (Irvine and Akenhead 2013), but shared
causation behind these two indicators of adult female energetics is an intriguing possibility. Additional work should
examine potential interactions between Fraser River sockeye salmon with pink salmon (O. gorbuscha), for instance to
detect differences in length and/or fecundity between even
and odd numbered years (Ruggerone and Connors 2015).
In most of the earliest years (before 1964, M. Forrest,
reichardt@psc.org, pers. comm.), spawning ground age was
estimated with scales rather than otoliths. Resorption of
portions of scales is typical in sockeye salmon, and leads
to the possibility that marine annuli could be lost and age
underestimated (S. Latham, latham@psc.org, pers. comm.).
Although some age-1.2 females in the early years may have
actually been age-1.3 females, the ratio of age-1.3 to age1.2 females was consistently low before 1970 (Irvine and
Akenhead 2013).
The usual protocol at Chilko Lake was to take fecundity
samples (n = 50) near the day of peak abundance (Schubert
and Fanos 1997). Because size, age, and fecundity can vary
through the spawning period, those samples may not be
representative of the entire population of female spawners,
resulting in biased fecundity estimates. The Chilko sockeye CU (“Chilko-ES”) that spawns on submerged beaches
within Chilko Lake (a) returns before the CU that spawns
downstream of the lake in Chilko River (Schubert and Fanos
1997; Grant et al. 2011), (b) is shorter by age, and (c) has
a different age structure (Schubert and Fanos 1997; Healey
et al. 2000; Grant et al. 2011). If this earlier population
was over-represented in fecundity samples, this is another
possible source of bias in fecundity estimates (S. Latham,
latham@psc.org, pers. comm.). On the other hand, if similar
sampling protocols were followed in all years, even if fecundity estimates are biased they may still be relatively precise,
reducing concerns regarding these data.

Fecundity
Female length distributions for sockeye salmon have
changed substantially over time (Peterman 1984; McKinnell
1995, 2008; Bigler et al. 1996; Pyper and Peterman 1999;
Welch et al. 2000). With the exception of 2010, when small
females were associated with an unusually large abundance
of returns, the female salmon returning to Chilko Lake, after
the spawning channel was closed, were usually larger than
average, so an increase in fecundity due to an increase in
size was a potential explanation for higher pre-smolt survival after the channel was closed. When we examined
fecundity before, during, and after the channel, changes in
annual mean fecundity appeared to have relatively little effect. Comparing these three periods accounted for only 5%
408
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σ) was 3, 7, 5, and 9. When we included a variance factor
for precision of returns, the models responded (right-hand
side of Table 6 compared to left-hand side) in a way that
was predictable just from considering the smaller returns to
be downweighted. The improvement in precision of EMSY
from this particular variance factor was, as stated previously,
small and not useful.
We look forward to better factors being extracted from
the metadata for Chilko sockeye in order to provide better
explanations for historical returns and to improve the precision of reference points for fisheries management such as
EMSY. In particular, better indicators of the relative precision of returns appear warranted, perhaps leading to stronger
downweighting of cases such as adult returns from brood
1989. In contrast, factors for the relative precision of estimates of spawner abundance will be difficult to compile
because of (a) the large number of spawning sites for Fraser River sockeye CUs (Grant et al. 2011), (b) the variety
of field approaches that have been used from 1949–present
(e.g., Table 2), and (c) different methods by spawning sites
and by years were used to estimate the spawners for each
CU, and different methods within sites by years (Schubert
1998). The methods explored in this paper can be used to
apply improved variance factors that describe the year-toyear changes in the relative precision of spawners, smolts,
and adult returns. Estimates of the effect of these variance
factors might be improved by analyzing multiple CUs simultaneously (Akenhead et al. 2016). The utility of such
variance factors is likely to improve as better habitat factors
are applied because that will reveal outliers that can independently be identified as imprecise.

For a Chilko sockeye salmon fry, the process of migrating upstream past the spawning channel outlet, or failing to
do so, probably applies to less than one day in its life. Should
that effect from the spawning channel be ascribed to productivity or to capacity? We found that this factor (the spawning
channel) required fitting two effects instead of one: the capacity and the productivity estimates both changed (Tables
5 and 6). Nevertheless, there really was one event. This
suggests there should be a better approach to parameterize
the inclusion of habitat factors in stock-recruit models, such
that one parameter, not two, describes the effect of a specific change to a specific habitat. In general, the B&H and
Ricker models were designed to average across year-to-year
variability in the habitats that fishes migrate through. When
habitat variables are incorporated into these models, as we
are proposing, the result is a different stock-recruit curve
for different states of habitat (e.g., spawning channel open
or closed) and different ocean climate regimes (i.e., marine
survival indicators: Beamish et al. 1997; Chen and Irvine
2001).
Imprecise Estimates (Variance Factor)
Adult returns of Chilko sockeye may be a small fraction of the co-migrating CUs within an abundant summer
run of Fraser River sockeye and consequently poorly sampled and imprecisely determined (Millar 1987; Wood et al.
1987; Cass and Wood 1994; Ricker 1997). As mentioned,
the smallest proportion of Chilko sockeye in the summer
run corresponds to brood 1989, and that brood was exposed
to fertilizer effects during their lake year, in 1990. Discounting returns from brood 1989 as imprecise will affect the interpretation of Chilko Lake fertilization. For instance, the
conclusion of Bradford et al. (2000) that adding fertilizer in
1990 had a beneficial effect on the survival of this brood (in
the absence of a smolt abundance estimate) might need to be
re-examined.
We expected that uncertainty about the effect of shared
survival (a noisy predictor of R/E for Chilko sockeye) would
lead to lower precision in EMSY when shared survival was part
of the MSY calculation, i.e., that including this factor would
lower the signal to noise ratio in a model. Inspection of Table 6 confirmed that expectation, but the effect was small:
the 50% range of MC samples for EMSY is larger with shared
survival (0.48 - 0.36 = 0.12, Table 6C) than without (0.32 0.23 = 0.09, model 6A), despite the reduction in σ between
these models. The largest effect on precision of individual
parameters (P, C, γG0, γG2, γH) and values derived from those
parameters (EMSY, RMSY, “Prod. After + Good”, etc.) was simply the number of parameters to be estimated. Across the
sequence of models in Table 6, the log-likelihood surface
became less curved, indicating overall less precision: MAD/
median for NLL was 0.22, 0.57, 1.1, 3.3 for models 6A–D,
and the number of parameters being estimated (including

Marine versus Freshwater Effects
McKinnell et al. (2012) noted the CV for total survival for Chilko sockeye was approximately double the CV for
pre-smolt survival because the former includes variation in
post-smolt survival (from Table 1, CV = 94.5% for returns
from EFS and CV = 51.1% for returns from smolts). Consequently, “returns per spawner, the normal measure of Fraser
River sockeye salmon productivity, includes significant yearto-year variability from both freshwater and ocean sources.
Because it has not been measured routinely at other lakes, the
relative influence of each habitat on total survival cannot be
determined” (McKinnell et al. 2012, p. 89). We concur and
emphasize that the effects of freshwater factors on pre-smolt
survival can be confounded by variability in smolt survival.
For example, the deleterious effect of the spawning channel
on pre-smolt survival was apparently overlooked because of
a concurrent decline in smolt survival. An important advance
to address this issue is the quantitative sampling, with DNAbased identification to CU, of all sockeye salmon smolts
leaving the Fraser River, started in 2010 by DFO (T. Whitehouse, Timber.Whitehouse@dfo-mpo.gc.ca, pers. comm.).
In general, this analysis provides an example of how
changes in habitat quality at various life stages can confound
409
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This paper demonstrates that it is important to be aware
of the metadata for any stock being studied as this can help
to explain some of the variance in stock-recruit data.
• This study of Chilko Lake sockeye salmon provided an
example of how factors derived from metadata can be
usefully incorporated within stock-recruit analyses in
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Appendix 1. Computer code for Stan models in Tables 3–6.
data {
int
N;					
vector[N] X;					
vector[N] Y;					
vector[N] H;					
vector[N] G0;					
vector[N] G2;					
vector[N] W;					
vector[10] P;					
}
parameters {
real<lower=0>
real<lower=0>
real<lower=0>
real<lower=0>
real<lower=0>
real<lower=0>
real<lower=0>
real<lower=0>
real<lower=0>
real<lower=0>
}
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British Columbia. J. Fish. Res. Board Canada 33:
1564-1567.
Wood, C.C., S. McKinnell, T.J. Mulligan, and D.A. Fournier. 1987. Stock identification with the maximum-likelihood mixture model: sensitivity analysis and application to complex problems. Can. J. Fish. Aquat. Sci. 44:
866–884.

#
#
#
#
#
#
#
#

Prod; 				
#
g_PG0;				#
g_PG2;				#
g_PH;				#
Cap;					#
g_CG0;				#
g_CG2;				#
g_CH;				#
sigma;				#
g_W;					#

model {
# internal variables
vector[N] p;					#
vector[N] c;					#
vector[N] s;						#
vector[N] Yfit;
#
# prior distributions.
Prod
~ gamma(2,1/P[1]);
g_PG0
~ gamma(2,1/P[2]);
g_PG2
~ gamma(2,1/P[3]);
g_PH
~ normal(0, P[4]);
Cap ~ gamma(2,1/P[5]);
g_CG0
~ gamma(2,1/P[6]);
g_CG2
~ gamma(2,1/P[7]);
g_CH
~ normal(0, P[8]);
sigma
~ gamma(2,1/P[9]);
g_W ~ normal(0, P[10]);

413

number of years
parents
survivors
habitat factor, shared survival, 0 to 1
habitat factor, before channel, 0 or 1
habitat factor, after channel, 0 or 1
variance factor, 0 to 1
priors

inital productivity
effect on Prod of G0
effect on Prod of G2
effect on Prod of H
asymptotic capacity
effect on Cap of G0
effect on Cap of G2
effect on Cap of H
SD of lognormal residuals
effect on sigma of W

Prod by year
Cap by year
sigma by year
predicted, compare to data
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# factor effects
c <- Cap + g_CG0*G0 + g_CG2*G2 + g_CH*H;
p <- Prod + g_PG0*G0 + g_PG2*G2 + g_PH*H;
for(n in 1:N){s[n] <- sigma*pow(W[n],-g_W);} # weighted SD
# prediction and likelihood
Yfit <- X ./ ( 1 ./ p  + X ./ c);
Y ~ lognormal(log(Yfit), s); # add to log likelihood
}
generated quantities {
real Prod0; real Prod2; real Prod3;
real Cap0; real Cap2; real Cap3;
real Emsy;
real Rmsy;
Prod0 <- Prod+g_PG0; Prod2 <- Prod+g_PG2; Prod3 <- Prod+g_PG2+g_PH;
Cap0 <- Cap+g_CG0; Cap2 <- Cap+g_CG2; Cap3 <- Cap+g_CG2+g_CH;
Emsy <- (Cap3/Prod3) * (sqrt(0.5*Prod3) -1.0);
Rmsy <- Emsy / (1.0 / Prod3 + Emsy / Cap3);
}
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Genetic Identification of Juvenile Pink Salmon Improves Accuracy
of Forecasts of Spawning Runs in the Okhotsk Sea Basin
Nina Yu. Shpigalskaya, Anna I. Kositsina, Uliana O. Muravskaya, and Oleg N. Saravansky
Kamchatka Research Institute of Fisheries and Oceanography (KamchatNIRO)
18 Naberezhnaya St., Petropavlovsk-Kamchatsky 683600, Russia
Shpigalskaya, N.Yu., A.I. Kositsina, U.O. Muravskaya, and O.N. Saravansky. 2016. Genetic identification of juvenile pink salmon improves accuracy of forecasts of spawning runs in the Okhotsk Sea basin. N. Pac. Anadr.
Fish Comm. Bull. 6: 415–420. doi:10.23849/npafcb6/415.420.
Abstract: Genetic methods were applied to identify the origin of juvenile even-year pink salmon (Oncorhynchus
gorbuscha), collected from 12 locations in the Okhotsk Sea surveyed by the RV TINRO in October and November
2013. According to the results we have obtained, the proportion of the ’northern’ group of populations in the
Okhotsk Sea basin, including western Kamchatka and the northern continental coast of the Okhotsk Sea, in mixed
aggregations of juvenile pink salmon, is relatively small—about 24%. The largest proportion (58%) of the juvenile
aggregations was identified as Sakhalin-Kuril stocks. The proportion identified as populations from the Amur River
and Primorye was about 17%, with fish of ’unknown’ origin making up < 1%. It should be noted that the results we
obtained for 2013 did not correspond to the existing regional ratios for pink salmon runs of even-year generations
in the Okhotsk Sea basin.
Keywords: pink salmon, Okhotsk Sea, mitochondrial DNA, haplotypes, stock identification

INTRODUCTION

This work was carried out in order to estimate how the
results of regional identification of pink salmon mixed fall
aggregations in the Okhotsk Sea correspond to the regional
ratios among spawning returns in the basin of the Okhotsk
Sea.

Juvenile pink salmon aggregate in the Okhotsk Sea in
their early marine period following emigration from streams
in western Kamchatka, the continental coast of the Okhotsk
Sea, Sakhalin and the Kuril islands, the Amur River, and
Primorye. Estimation of juvenile stock abundance for these
regions is based on annual trawl surveys. Materials for genetic analysis have been collected during these surveys since
2009. The first results from the genetic identification of the
Okhotsk Sea juvenile pink salmon were obtained in 2010,
and now this kind of work is regularly performed (Shpigalskaya et al. 2011a, b; 2012; 2013; Bugaev et al. 2012;
Shevlyakov et al. 2014).
The high commercial value of pink salmon requires an
accurate forecast of the abundance of spawning populations.
This, in turn, requires the identification and assessment of
the contribution(s) of regional complexes and principal population systems into mixed marine aggregations during feeding and pre-spawning migrations.
Identification of the regional composition of juvenile
Pacific salmon feeding in the Okhotsk Sea in autumn can
serve as an additional information source to determine the
relative contribution of regional spawning runs and can provide a reliable foundation for an organizational strategy for
the fishing fleet.
All correspondence should be addressed to N. Shpigalskaya.
e-mail: shpigalskaya.n.u@kamniro.ru

MATERIALS AND METHODS
A series of twelve samples was collected during a research cruise of RV TINRO in the Okhotsk Sea during October and November 2013 (Table 1, Fig. 1). The baseline
survey consisted of the analysis of over 1,900 pink salmon
from 29 populations ranging from western Kamchatka, the
continental coast of the Okhotsk Sea, Sakhalin and the Kuril
islands, the Amur River, and Primorye (Fig. 1). We unfortunately had no samples from the islands of northern Japan in
the baseline and thus can only suggest the possible presence
of Japanese pink salmon from Hokkaido in the mixed fall
aggregations in the Okhotsk Sea, although three individuals were identified on the basis of hatchery otolith markings
in a survey in 2012 (Chistyakova and Bugaev 2013b). By
contrast, the survey in 2011, revealed no Japanese hatchery
otolith marks (Chistyakova and Bugaev 2013а). Thus, it is
not possible to estimate the contribution of Japanese juvenile
pink salmon to the fall aggregations and how much it might
increase the error in the identifications we have made.
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Tissue samples from the marine and river samples were
collected and preserved in 96% ethanol prior to DNA extraction. Standard genetic methods were followed, including the method of proteinase hydrolysis to obtain the total
DNA, the polymerase chain reaction (PCR), RFLP-analysis (restriction fragment length polymorphism) of CytoB/D-loop region in the mtDNA with the use of six restriction
endonucleases (Сfr13.I, RsaI, MspI, Hin6.I, HinfI, DdeI),
and electrophoresis in agarose gel (Sambrook et al. 1989;
Shpigalskaya et al. 2011a).
The amplification was made with using sets of ready-touse lyophilized mixture for the PCR (Gene Pak PCR Core,
IsoGen Life Sciences Ltd., Moscow, Russia). Ten µl of buffer solution were added into the tubes with the mixture for
the PCR, plus 5 µl of genome DNA and 5 µl of the mixture
of specific primers:
5’ TGAA(G/A)ACCACCGTTGTTATTCAA 3’;
5’ TAGGGCCTCTCGTATAACCG 3’.
The PCR of the CytoB/D-loop region has been described earlier (Shpigalskaya et al. 2011a).
For cluster analysis based on genetic chord distances
and constructing phylogenetic trees, we used the software

Table 1. Location, date of collection, and number (N) of juvenile
pink salmon samples collected in the Okhotsk Sea during cruises in
October and November 2013.
Samples

Date

Latitude/Longitude

N

1

27 October

51º83’/150º23’

50

2

29 October

51º30’/152º65’

49

3

30 October

50º51’/151º92’

50

4

31 October

49º09’/150º43’

50

5

01 November

48º76’/148º17’

50

6

02 November

48º20’/147º23’

50

7

02 November

47º87’/148º43’

50

8

02 November

47º30’/147º41’

49

9

03 November

47º71’/146º22’

48

10

03 November

46º82’/146º34’

50

11

04 November

48º04’/145º08’
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Fig. 1. Location of juvenile pink salmon samples (1–12) collected in the Okhotsk Sea during October and November 2013, and genetic
sampling locations for 29 samples of pink salmon collected from locations draining into the Okhotsk Sea basin: continental coast of the
Okhotsk Sea—Nikolaya Bay (13), Tauy R. (14), Jama R. (15), Nayahan R. (16); western Kamchatka—Palana R. (17), Khairuzova R. (18),
Krutogorova R. (19), Kolpakova R. (20), Vorovskaya R. (21), Kol R. (22), Utka R. (23), Bolshaya R. (24), Opala R. (25); Kuril Islands—Kurilka
R. (26); Sakhalin Island—Poronay R. (27), Dudinka R. (28), Firsovka R. (29), Nayba R. (30), Bakhura R. (31), Ochepukha R. (32), Partizanka
R. (33), Urum R. (34), Orlovka R. (35), Ainskaya R. (36), Vodopadnaya R. (37); Primorye—Serebranaya R. (38), Maximovka R. (39), Botchi R.
(40), Amur R. (41).
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Fig. 2. WPGMA-dendrogram created using genetic chord distances and based on the frequencies of 41 composite haplotypes of 29 evenyear pink salmon populations (1—western Kamchatka, 2—continental coast of the Okhotsk Sea, 3—Sakhalin Island, 4—Kuril Islands, 5—
Amur River and Primorye); r = 0.714, P < 0.001 (NTSYS, ver. 2.0; Rohlf 1998).

on the population variety of pink salmon even-year generations indicate genetic heterogeneity with a clearly expressed
regional character (Fig. 2). Statistical assessments for interregional variety are markedly higher than assessments at the
interpopulation level (Table 2).
The differences in the composite haplotype frequencies
of pink salmon from the rivers of western Kamchatka and
the continental coast of the Okhotsk Sea (the regional group
of ’northern’ populations of the Okhotsk Sea basin), from
the rivers of Sakhalin and the Kuril islands (the group of
’southern’ populations), and from the Amur River and Primorye were the basis for making a probabilistic assessment
of the identification accuracy for the fish from these regions
(Table 3). Assessment of the composition of simulated samples has revealed a high (90%) identification accuracy for
the northern regional group compared to the southern populations and the Amur River basin and Primorye regional
group. The results make possible a highly accurate identification assessment for mixed marine aggregations of pink
salmon at the regional level only. It should be noted, however, that this method can overestimate the identification accuracy (Anderson 2010), especially in view of the fact that
the fragment CytoB/D-loop we examined is a single locus.
To increase the identification accuracy it was necessary to
increase the number of informative molecular markers of
population variability.
According to our results, the contribution of the ‘northern’ group of populations of the Okhotsk Sea basin, includ-

package NTSYS, ver. 2.0 (Rohlf 1998). Hierarchical analysis (AMOVA) was done using the ARLEQUIN program
(Schneider et al. 2000). Baseline simulations for the three
regional groupings and estimates of stock proportions present in the juvenile pink salmon from the Okhotsk Sea were
made using the program SPAM (Masuda et al 1991; Pella
et al. 1996; www.adfg.alaska.gov/index.cfm?adfg=fishinggeneconservationlab.software_spamfaq_citing).
RESULTS AND DISCUSSION
The genetic identification of the even-year juvenile pink
salmon generations that returned to spawning regions as parents in 2014 was based on the distribution of composite haplotype frequencies in samples of adult fish from 29 spawning rivers of western Kamchatka, the continental coast of the
Okhotsk Sea, Sakhalin and the Kuril islands, the Amur River, and Primorye. The total sample size in the baseline river
dataset included 1,910 pink salmon. Analysis of the variety
of composite haplotype frequencies at spawning locations
was completed earlier (Shpigalskaya et al., in press). We
also had demonstrated frequencies of composite haplotypes
of pink salmon mtDNA from the basin of the Okhotsk Sea.
There are 41 haplotype variants in the samples examined. Regional characteristics of the variety of mtDNA haplotype frequencies of the even-year pink salmon broodline
in the Okhotsk Sea basin have been confirmed. The data
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Table 2. The relative (%) genetic variation among and within populations and regional groups that was observed in even-year Okhotsk Sea
basin pink salmon populations. Variation was estimated by hierarchical analysis of molecular variation (AMOVA).
Analyzed pool

Percentage of
variation

Source of variation

All samples

Among populations

5.02

Within populations

94.98

Among groups

4.01

3 regional groups of populations:
northern (west Kamchatka, northern shore Okhotsk Sea),
southern (Sakhalin Island, Kuril Islands),
Amur R. and Primorye.

Among populations within groups

1.26

Within populations

94.73

2 regional groups of populations:
northern (west Kamchatka, northern shore Okhotsk Sea, Amur R. and
Primorye),
southern (Sakhalin Island, Kuril Islands).

Among groups

5.31

Among populations within groups

1.33

Within populations

93.36

2 regional groups of populations:
northern (west Kamchatka, northern shore Okhotsk Sea,),
southern (Sakhalin Island, Kuril Islands, Amur R. and Primorye).

Among groups

3.21

Among populations within groups

2.24

Within populations

94.55

even-year generations in 2009 and 2011 were rather similar
to the regional abundance ratio of spawners, respectively,
in 2010 and 2012 (Shpigalskaya et al. 2011a, 2013). It can
be suggested, based on these results and assuming that juvenile pink salmon from different spawning regions in the
Okhotsk Sea had already passed the critical stage of adaptation (the highest risk of mortality) in the early marine period
in October and November, that the ratios among different
regional complexes, assuming a consistent mortality level
at sea, remain stable by the time adults return to regions for
spawning. In 2014, however, the ratio changed because of a
decrease in the northern populations. This result can be explained if we assume that mortality of pink salmon emerging
from the rivers of western Kamchatka increased in 2013. It
also would be most likely that the mortality of western Kamchatka pink salmon, compared to those from other regions,
was higher not only in the early marine period, but in some
later phases of the life cycle.
Results of ichthyological research indicate that pink
salmon juvenile escapement is well correlated with parental abundance, but poorly correlated with the consequent
spawning return (Shevlyakov et al. 2014). This provides
evidence that, in general, factors affecting abundance trends
for a pink salmon generation take place during the early
marine period. It also can be suggested that increasing juvenile mortality during this period is a result of a poor forage base that is insufficient to cover energy requirements

ing western Kamchatka and northern continental coast of the
Okhotsk Sea, to mixed aggregations of juvenile pink salmon is relatively small—about 24% (Table 4). The majority
(58%) of the juvenile aggregations was identified as Sakhalin-Kuril stock. The contribution from populations of the
Amur River and Primorye is about 17%. Fish of unknown
origin comprised < 1%. It should be noted that the results
we obtained for 2013 were not consistent with the existing
regional ratios for pink salmon runs from the even-year generations in the Okhotsk Sea basin. For instance, in recent
years the contribution of western Kamchatka even-year pink
salmon was similar to (or even exceeded) the contribution of
Sakhalin-Kuril pink salmon, whereas the identifications we
have provided for juvenile mixed aggregations during the
early period of feeding at sea in 2013 show the contribution
of the western Kamchatka juvenile fish is visibly lower. The
returns of pink salmon in 2014 to the spawning regions within the Okhotsk Sea basin also showed a significant reduction in the western Kamchatka stock. The northern regional
group contributed only about 10% of the total catch in the
Okhotsk Sea basin. Hence, even if we assume a relatively
low (23.7%) contribution of the ‘northern’ group based on
the genetic identification of juvenile fish in the early period
of feeding at sea, the spawning run forecast error in 2014 is
still quite high.
Earlier results of the regional identification of samples
collected in mixed aggregations of feeding juveniles of the

Table 3. Average percent (SD in parentheses) correct and incorrect allocations (read vertically) by region for simulated mixtures based on the
number of even-year pink salmon regional groups. Expected value for estimates shown in bold is 100%.
Region

1

2

90.2 (6.5)

9.2

Southern populations (Sakhalin Island and Kuril Islands)

4.7

83.0 (8.9)

Amur R. and Primorye

4.5

7.6

61.2 (12.7)

0.6

0.2

0.4

1

Northern populations (west Kamchatka and continental coast of the Okhotsk Sea)

2
3
Unknown
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Table 4. Estimated stock compositions (percentage, SD in parentheses) of mixed-stock samples of pink salmon sampled in Okhotsk Sea
during October and November 2013.
Samples

Northern populations

Southern populations

1

11.3 (37.09)

31.0 (25.58)

57.7 (37.78)

0.0

2

100.0 (0.00)

Amur River and Primorye

Unknown

0.0 (0.00)

0.0 (0.00)

0.0

3

75.8 (23.09)

24.2 (25.58)

0.0 (0.00)

0.0

4

17.8 (33.03)

82.1 (33.01)

0.1 (0.07)

0.0

5

0.1 (0.17)

60.8 (31.13)

39.1 (31.13)

0.0

6

30.0 (28.59)

63.7 (20.45)

6.3 (24.41)

0.0

7

00.0 (0.00)

9.5 (9.78)

86.5 (9.78)

4.0

8

69.2 (16.59)

26.7 (16.59)

0.1 (0.12)

4.0

9

20.4 (29.59)

75.4 (23.99)

4.2 (21.43)

0.0

10

1.5 (8.11)

98.4 (8.31)

0.1 (0.26)

0.0

11

30.0 (34.79)

43.7 (18.73)

26.3 (3.,28)

0.0

12

23.2 (17.31)

76.8 (17.31)

0.0 (0.00)

0.0

All samples

23.7 (10.88)

58.3 (8.95)

17.3 (11.57)

0.7

(Shevlyakov et al. 2014). In this way, the smolts that survive under conditions of high coastal mortality appear not
to be ready, physiologically, for distant oceanic migrations.
The results we have obtained indicate that the genetic
identification of Okhotsk Sea juvenile pink salmon in the
fall mixed aggregations can be used to better predict regional forecasts of spawning runs and the assessment of
survival and conditions of feeding. Increasing the identification accuracy requires a larger baseline, including
the addition of samples from the islands of Japan. Using
sequencing results and the molecular markers such as microsatellite loci or SNPs in the analysis also can improve
results of the genetic identification of the mixed juvenile
pink salmon aggregations in the Okhotsk Sea.
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Beacham, T.D., J.R. Candy, S. Sato, and S. Urawa. 2016. Microsatellite identification of sockeye salmon rearing
in the Bering Sea during 2009, and 2011–2014. N. Pac. Anadr. Fish Comm. Bull. 6: 421–432. doi:10.23849/
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Abstract: Stock composition of sockeye salmon (Oncorhynchus nerka) caught in the southern central Bering Sea
during Japanese research cruises in the summers of 2009, 2011, 2012, 2013, and 2014 was estimated through an
analysis of microsatellite DNA variation. Ocean age x.1 individuals were well separated from ocean age x.2 and
x.3 individuals in fork length, with a bimodal distribution observed in fork length for all five sampling years. Body
weight distributions were similarly well defined between age x.1 and x.2 individuals, with x.1 individuals typically
less than 800 g in weight, reflective of the bimodal distribution of body weight. Based upon geography and relative
abundance, sockeye salmon of Bristol Bay origin should be expected to dominate catches of immature sockeye
rearing in the Bering Sea, with sockeye salmon originating from Russia the next most abundant stock. These were
precisely the results observed from our analysis of immature sockeye salmon rearing in the central Bering Sea
in July and August (2009–14). Alaskan-origin sockeye salmon were the most abundant in the catch, comprising
approximately 85% of all sockeye caught, with the catch dominated by sockeye of Bristol Bay origin. Russianorigin salmon accounted for approximately 10% of the annual catch, while Canadian-origin sockeye accounted for
5% of the annual catch.
Keywords: sockeye salmon, microsatellite DNA, Bering Sea, stock composition

INTRODUCTION

cause differences in these patterns may lead to differences
among populations in growth and survival (Mueter et al.
2002b; Quinn et al. 2005). Analysis of DNA variation provides a technique whereby the origin of juveniles sampled
in a marine environment can be identified to population or
stock of origin. The initial application of DNA-based genetic
markers to the estimation of sockeye salmon (Oncorhynchus
nerka) stock composition in the Bering Sea was reported by
Habicht et al. (2010). By applying a set of 45 single nucleotide polymorphisms (SNPs) to identify population structure
in a Pacific Rim distribution of populations, Habicht et al.
(2010) defined eight regional stocks of sockeye salmon in the
baseline, with a single eastern Gulf of Alaska (EGOA) stock
comprised of sockeye salmon from southeast Alaska, British
Columbia, and Washington. This EGOA stock, which comprised a mixture of Canadian and American populations, was
reported to comprise up to 10% of immature sockeye salmon
sampled in the south central Bering Sea during September
of 2002 and 2003. Seeb et al. (2011) subsequently reported
that juvenile sockeye salmon of Bristol Bay origin were the
dominant stock in the eastern Bering Sea.
In an initial analysis of sockeye salmon stock composition in the Bering Sea obtained during a Japanese research

The application of DNA-based genetic markers to
salmon stock identification studies has provided greater
resolution of stock composition relative to other biological
markers (Beacham et al. 2005) such as scale pattern analysis (Ishida et al. 1989), parasites (Bennett et al. 1998), and
otolith characteristics (Sohn et al. 2005). High resolution
stock composition of sockeye salmon mixed-stock samples
to lake or river of origin is crucial to our understanding of
their population-specific responses to recent climatic regime
shifts in the North Pacific Ocean (Welch et al. 2000; Mueter
et al. 2002a). DNA markers provide a natural tag with which
the origin of all individual fish within a sample can be determined if required (Beacham et al. 2005). This is in marked
contrast to physical tags, where recovery rates of individually marked juvenile fish are typically well under 1% (Hartt
and Dell 1986; Trudel et al. 2009). By using DNA-based genetic markers for stock identification, larger scale sampling
of juvenile salmon in the ocean can be undertaken in order
to determine migration routes and areas of marine residence.
Determination of population-specific or stock-specific
migration patterns of juvenile salmonids is important beAll correspondence should be addressed to T. Beacham.
e-mail: Terry.Beacham@dfo-mpo.gc.ca
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vessel cruise, Beacham et al. (2011) reported that stock composition of juvenile sockeye salmon captured between 15 July
to 9 August 2009 in the central and northern Bering Sea was
86% Alaskan origin, 10% Russian origin, and 4% Canadian
origin. Since then, sockeye salmon from four additional annual surveys have been collected and analyzed for size variation
and stock composition. In the current study, we outline the information obtained from the five annual surveys, and evaluate
variation in size and stock composition of immature sockeye
salmon caught during Japanese research cruises in the south
central Bering Sea in 2009, 2011, 2012, 2013, and 2014.

from 415 populations from Japan, Russia, Alaska, Canada,
and Washington as outlined by Beacham et al. (2014a). New
additions to the baseline from that outlined by Beacham et al.
(2014a) included two populations from the Copper River in
central Alaska, four populations from the Chignik River on
the Alaska Peninsula, two populations from the Kuskokwim
River, and three populations from Norton Sound in western
Alaska. The baseline populations were organized into 50
reporting groups, with 46 reporting groups as outlined by
Beacham et al. (2011), plus the addition of four reporting
groups (Copper River, Chignik River, Kuskokwim River,
and Norton Sound) as indicated previously.

MATERIALS AND METHODS

Estimation of Stock Composition in Mixed-stock Samples

Sample Collection and Analysis

Stock compositions of mixture samples were estimated
with the genetic stock identification software ONCOR (Kalinowski et al. 2007) that incorporated the likelihood model
of Rannala and Mountain (1997). Allocations were made
to 415 individual populations, and these were summed to
provide estimates to 50 regional stock groups. Regional
stock groups were not listed in Tables 1, 2, and 3 if the estimated stock composition of the reporting group was zero.
Precision of the stock composition estimates were calculated
through 100 bootstrap simulations of both the baseline and
mixture data. Accuracy of estimation of stock composition
was evaluated by Beacham et al. (2014a). We used a probability of 50% as a lower limit to assign an individual to a
reporting group or specific population (Beacham et al. 2005;
Tucker et al. 2009).

Juvenile sockeye salmon were captured between late
July and early August during a research cruise conducted
on the Japanese research vessel Hokko-maru in the central
and southern Bering Sea during 2009, 2011, 2012, 2013,
and 2014. The cruises were designed to conduct the annual survey of Japanese stocks of chum salmon (O. keta) in
the southern central Bering Sea; cruise tracks and details are
designed annually by Japanese investigators (e.g. Morita
et al. (2011)). Sampling was conducted at transects along
the 175°E, 180°, and 175°W lines of longitude typically between 53°N and 59°N latitude. Details of the trawl nets and
sampling regimes are also outlined in Morita et al. (2011).
The juvenile sockeye salmon captured were weighed to the
nearest 10 g, fork lengths measured (nearest mm), and a
tissue sample collected for subsequent analysis of genetic
variation. Fish age was determined from scales by the staff
of the Hokkaido National Research Fisheries Institute, Fisheries Research Agency, Japan. Age reporting followed the
method outlined by Koo (1962). An individual designated
as x.1 spent 1-3 winters rearing in fresh water (x years), and
one winter in the ocean, having been sampled during the
summer in their second ocean year. Similarly, individuals
identified as x.2 reared for two winters in the ocean, with
subsequent capture and sampling during their third summer
of ocean rearing. Individuals identified as x.3 were in their
fourth summer of ocean rearing. Tissue samples were preserved in 95% ethanol, and sent to the Molecular Genetics
Laboratory at the Pacific Biological Station of Fisheries and
Oceans Canada in Nanaimo, BC. Fourteen microsatellites
(Beacham et al. 2005) were surveyed with an ABI 3730 capillary DNA sequencer, and genotypes were scored by GeneMapper software 3.0 (Applied Biosystems, Foster City, CA)
using an internal lane sizing standard as outlined by Beacham et al. (2005).

RESULTS
Location, Size, and Age of Catch
The sockeye salmon analyzed were typically captured
between 53° N and 59° N and 175° E and 175° W in the central Bering Sea (Fig. 1). Abundance was higher along the
175° W transect compared with the 175° E transect. Ocean
age x.1 individuals were well separated from ocean age x.2
and x.3 individuals in fork length, with a bimodal distribution observed in fork length for all five sampling years
(Fig. 2). Age x.1 individuals were typically less than 400
mm. Mean fork lengths of x.1 individuals were 348 mm
(SD = 26 mm), 349 mm (24 mm), 344 mm (33 mm), 349
mm (24 mm), and 363 mm (34 mm) for individuals caught
in 2009, 2011, 2012, 2013, and 2014, respectively. Mean
lengths of age x.2 individuals were 476 mm (27 mm), 468
mm (27 mm), 463 mm (32 mm), 462 mm (49 mm), and 472
mm (41 mm) for individuals caught in 2009, 2011, 2012,
2013, and 2014, respectively. Mean fork lengths of x.3
individuals were 548 mm (40 mm), 540 mm (53 mm), 503
mm (35 mm), 526 mm (49 mm), and 480 mm (28 mm),
respectively. The proportion of x.2 and x.3 individuals in
the catch in 2013 was lower than that observed in previous

Baseline Populations
The baseline used for estimation of stock composition consisted of a survey of about 73,000 sockeye salmon
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Table 1. Mean catch per unit effort (CPUE 17 stations (Fig. 1)) and estimated stock compositions (%, 95% confidence limits in parentheses) of
mixed-stock samples of sockeye salmon from the central Bering Sea, 2009 and 2011–2014. Extra stations sampled in 2009 were not included
in the CPUE estimate. Estimated stock compositions were derived from applying a 415-population baseline for each sample, with a Pacific
Rim distribution of the baseline ranging from Japan, Russia, Alaska, British Columbia, and Washington State as outlined by Beacham et al.
(2014a). Reporting regions with no estimated stock composition are not listed. N is sample size.
Year

2009

2011

CPUE

27.9

N

446

Major region

Stock

Washington State

Washington

British Columbia

Fraser River

1.9 (0.0, 2.9)

Vancouver Island

0.2 (0.0, 0.8)

2012

2013

2014

10.5

9.4

18.0

15.6

177

159

313

255

Estimate
0.6 (0.0, 1.6)

0.8 (0.0, 1.2)

0.5 (0.0, 1.5)

0.3 (0.0, 1.0)

Central Coast

0.8 (0.0, 2.6)

Haida Gwaii

0.3 (0.0, 1.0)

Skeena River

0.2 (0.0, 0.7)

0.8 (0.0, 1.7)

0.6 (0.0, 1.9)

Nass River
Stikine River

0.6 (0.0, 3.0)

Taku River

0.8 (0.0, 2.1)

Alsek River

1.3 (0.2, 3.4)

1.7 (0.0, 5.5)

0.9 (0.0, 2.0)

0.3 (0.0, 1.0)

0.4 (0.0, 1.2)

0.5 (0.0, 2.5)

0.4 (0.0, 2.4)

1.0 (0.2, 5.1)

1.0 (0.2, 4.1)

0.3 (0.0, 1.2)

0.4 (0.0, 1.4)

0.7 (0.0, 4.2)

3.4 (1.4, 5.4)

1.7 (0.0, 4.2)

1.6 (0.0, 5.9)

3.1 (0.4, 5.3)

0.5 (0.0, 3.8)

6.1 (0.0, 9.0)

2.2 (0.0, 6.9)

0.3 (0.0, 5.7)

1.9 (0.0, 5.4)

10.2 (5.7, 18.0)

4.3 (1.8, 14.7)

16.8 (6.3, 24.5)

19.1 (10.6, 25.6)

23.9 (14.3, 28.1)

10.4 (6.4, 17.3)

24.4 (10.5, 27.6)

17.7 (5.3, 21.3)

13.5 (6.2, 18.5)

9.2 (1.6, 14.5)

SE Alaska

Central Alaska

Cook Inlet

1.0 (0.2, 2.3)

3.4 (1.2, 7.4)

Kodiak Island

0.5 (0.0, 2.7)

3.8 (0.0, 6.8)

Ugashik River

5.8 (1.1, 7.5)

Egegik River
Naknek River

2.3 (0.0, 9.4)

1.7 (0.0, 3.6)

Alagnak River

3.5 (1.3, 5.2)

7.3 (2.3, 12.8)

0.1 (0.0, 3.4)

4.0 (1.0, 5.8)

5.6 (1.9, 9.0)

Kvichak River

30.0 (20.0, 31.5)

12.5 (4.7, 22.7)

18.4 (6.4, 28.9)

22.9 (12.2, 27.5)

17.4 (9.5, 25.2)

Nushagak River

4.8 (1.2, 6.8)

7.7 (1.5, 11.6)

8.9 (2.5, 17.3)

3.0 (0.2, 7.9)

7.5 (2.7, 13.5)

Wood River

14.7 (9.1, 19.3)

6.0 (2.7, 11.7)

11.6 (3.1, 16.5)

7.5 (2.9, 10.2)

9.0 (5.0, 14.2)

Igushik River

1.2 (0.0, 5.0)

2.3 (0.0, 5.7)

1.2 (0.0, 3.1)

2.7 (0.0, 5.2)

King Salmon River

2.9 (0.0, 4.7)

2.9 (0.0, 6.4)

4.3 (0.0, 5.9)

Chignik River

2.5 (0.6, 6.1)

2.7 (0.8, 7.5)

5.7 (2.0, 9.7)

1.8 (0.0, 6.4)

Kuskokwim

0.8 (0.0, 2.1)

1.2 (0.0, 4.8)

1.0 (0.0, 2.9)

Norton Sound
Russia

0.6 (0.0, 2.0)

2.9 (1.3, 4.2)

1.1 (0.0, 4.2)

Southeast Alaska

Bristol Bay

0.7 (0.0, 1.6)

0.3 (0.0, 1.0)

1.5 (0.0, 3.9)

1.2 (0.0, 3.5)

Chukotka

0.9 (0.0, 1.4)

0.6 (0.0, 2.8)

Karaginsky Bay

2.2 (0.0, 4.3)

1.2 (0.0, 5.0)

Olutorsky Bay

0.4 (0.0, 2.0)

Kamchatka River

1.8 (0.0, 4.1)

NW Kamchatka

0.3 (0.0, 0.9)

1.7 (0.0, 2.9)

SE Kamchatka

0.7 (0.0, 3.1)

0.3 (0.0, 2.3)

0.6 (0.0, 1.8)

0.2 (0.0, 1.2)

0.4 (0.0, 1.1)

7.5 (0.9, 13.6)

0.5 (0.0, 4.3)

5.9 (1.0, 10.1)

0.8 (0.0, 3.3)

0.9 (0.0, 3.4)

2.2 (0.0, 6.5)

0.6 (0.0, 2.1)

1.6 (0.0, 3.7)

2.1 (0.4, 4.3)

0.4 (0.0, 4.7)

0.5 (0.0, 1.3)

Kuril Lake

0.5 (0.2, 3.3)

Sea of Okhotsk

0.2 (0.0, 0.7)

Bolshaya River

1.0 (0.0, 1.6)

4.4 (0.6, 8.4)

3.5 (0.7, 8.7)

3.3 (0.0, 4.5)

1.8 (0.0, 3.4)

Palana River

0.5 (0.0, 1.9)
0.6 (0.0, 1.3)

years, but in 2014 x.2 and x.3 individuals comprised 40%
of the catch (Figs. 2, 3).
Body weight distributions were similarly well defined
between age x.1 and x.2 individuals, with x.1 individuals
typically less than 800 g in weight, reflective of the bimod-

al distribution of body weight (Fig. 3). Mean weights of
age x.1 individuals were 490 g (SD = 104 g), 510 g (114
g), 491 g (143 g), 496 g (111 g), and 576 g (180 g) for
individuals caught in 2009, 2011, 2012, 2013, and 2014,
respectively. Mean weights of age x.2 individuals were
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Table 2. Mean catch per unit effort (CPUE 17 stations (Fig. 1)) and estimated stock compositions (%, 95% confidence limits in parentheses)
of mixed-stock samples of age x.1 sockeye salmon from the central Bering Sea, 2009 and 2011–2014. Extra stations sampled in 2009 were
not included in the CPUE estimate. Estimated stock compositions were derived from applying a 415-population baseline for each sample, with
a Pacific Rim distribution of the baseline ranging from Japan, Russia, Alaska, British Columbia, and Washington State as outlined by Beacham
et al. (2014a). Reporting regions with no estimated stock composition are not listed. N is sample size.
Year

2009

2011

2012

2013

CPUE (age x.1)

21.2

4.5

5.3

13.7

9.5

N

339

76

89

238

153

Major region

Stock

Washington State

Washington

British Columbia

Fraser River

Estimate
1.3 (0.0, 2.7)
1.8 (0.0, 3.2)

1.3 (0.0, 2.9)

0.4 (0.0, 1.3)

Haida Gwaii
Skeena River

0.3 (0.0, 0.9)

Stikine River

1.8 (0.0, 4.7)

1.1 (0.0, 3.3)

1.5 (0.0, 6.4)

Taku River

1.1 (0.0, 2.2)

Alsek River

0.2 (0.0, 3.7)

1.1 (0.0, 3.7)

3.8 (1.7, 6.3)
0.4 (0.0, 1.3)

0.7 (0.0, 2.4)

0.3 (0.0, 1.8)

0.7 (0.0, 2.3)

1.4 (0.0, 3.8)
0.8 (0.0, 7.9)

1.9 (0.0, 6.2)

1.1 (0.0, 4.6)

0.5 (0.0, 1.7)

0.7 (0.0, 2.7)

4.8 (1.4, 7.5)

1.6 (0.0, 6.0)

4.0 (0.5, 7.7)

1.1 (0.0, 6.2)

19.8 (5.5, 30.3)

17.8 (9.8, 25.4)

25.8 (11.1, 32.7)

20.5 (3.7, 27.0)

14.3 (5.6, 19.6)

7.0 (0.5 (13.3)

Southeast Alaska

SE Alaska

Central Alaska

Cook Inlet

1.5 (0.2, 2.9)

8.3 (2.4, 16.3)

Kodiak Island

0.2 (0.0, 2.6)

5.4 (0.0, 11.0)

Ugashik River

4.1 (0.0, 6.9)

8.6 (0.0, 14.1)

4.8 (0.0, 9.5)

Egegik River

10.8 (4.8, 17.5)

3.6 (0.6, 20.9)

Naknek River

10.7 (5.6, 17.4)

29.8 (8.5, 35.3)

1.5 (0.0, 6.6)

0.2 (0.0, 6.5)

Alagnak River

2.9 (0.5, 5.5)

3.4 (0.0, 7.2)

0.5 (0.0, 4.6)

3.6 (0.0, 6.7)

3.3 (0.0, 6.8)

Kvichak River

31.9 (19.7, 35.4)

12.7 (2.4, 28.6)

12.6 (1.6, 26.3)

25.0 (14.6, 31.5)

22.8 (11.5, 28.7)

5.0 (1.4, 9.9)

4.6 (0.0, 9.4)

Nushagak River
Wood River

15.2 (9.7, 19.9)

Igushik River

1.1 (0.0, 4.8)

King Salmon River

2.2 (0.0, 4.5)

Chignik River

3.7 (1.0, 7.5)

Kuskokwim

0.3 (0.0, 2.0)

Norton Sound
Russia

1.3 (0.0, 2.6)

0.4 (0.0, 0.8)

Nass River

Bristol Bay

2014

11.9 (2.7, 24.4)

3.4 (0.3 9.0)

10.1 (2.7, 16.0)

13.5 (3.1, 17.9)

5.9 (1.9, 9.5)

6.6 (2.6, 12.4)

1.3 (0.0, 3.0)

3.5 (0.0, 7.8)

3.8 (0.0, 7.3)

1.2 (0.0, 7.2)

7.0 (0.9, 15.8)

3.7 (0.6, 8.6)

3.1 (0.0, 8.2)

1.5 (0.0, 4.3)

1.5 (0.0, 3.9)

2.9 (0.0, 5.9)

1.4 (0.0, 5.3)

Chukotka

1.2 (0.0, 2.5)

Karaginsky Bay

2.4 (0.0, 6.4)

2.3 (0.0,5.5)

0.4 (0.0, 1.9)

0.7 (0.0, 2.1)
1.0 (0.0, 2.0)

7.6 (0.0, 14.0)

Olutorsky Bay

0.5 (0.0, 2.4)

Kamchatka River

1.3 (0.0, 3.8)

NW Kamchatka

0.4 (0.0, 1.2)

Kuril Lake

0.2 (0.0, 2.1)

1.2 (0.0, 4.6)

2.6 (0.0, 7.4)

Bolshaya River

1.0 (0.0, 2.1)

1.5 (0.0, 4.2)

0.3 (0.0, 3.1)

3.5 (0.0, 7.9)

6.2 (1.0, 11.2)

1.2 (0.0, 5.6)

1.0 (0.0, 4.0)

1.2 (0.0, 6.4)

0.4 (0.0, 2.3)

0.2 (0.0, 2.7)

1300 g (221 g), 1270 g (230 g), 1251 g (251 g), 1272 g (367
g), and 1371 g (330 g) for individuals caught in 2009, 2011,
2012, 2013, and 2014, respectively. Mean weights of age
x.3 individuals were 2140 g (573 g), 2060 g (730 g), 1530
g (303 g), 1933 g (589 g), and 1462 g (309 g), respectively.

comprised 87.0% (SD = 12.6%) of all sockeye salmon
caught during the 2009 cruise, 77.1% (10.7%) during the
2011 cruise, 77.3% (10.7%) during the 2012 cruise, 81.3%
(9.4%) during the 2013 cruise, and 81.5% (9.4%) during
the 2014 cruise (Table 1). Russian-origin salmon accounted for 8.0% (3.8%), 12.1% (4.7%), 18.1% (5.2%), 4.4%
(1.9%), and 9.4% (4.6%) of the catch during 2009, 2011,
2012, 2013, and 2014 cruises, respectively. Canadian-origin sockeye salmon accounted for 4.2% (1.4%), 1.2%
(0.6%), 1.4% (0.6%), 6.9% (1.8%), and 3.4% (1.6%) of
the catch during 2009, 2011, 2012, 2013, and 2014 cruis-

Stock Composition of Bering Sea Samples
Alaskan-origin sockeye salmon were the most abundant in the annual catch of immature individuals in the
central Bering Sea. Bristol Bay origin immature sockeye
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Table 3. Mean catch per unit effort (CPUE 17 stations (Fig. 1)) and estimated stock compositions (%, 95% confidence limits in parentheses)
of mixed-stock samples of age x.2 sockeye salmon from the central Bering Sea, 2009 and 2011–2014. Extra stations sampled in 2009 were
not included in the CPUE estimate. Estimated stock compositions were derived from applying a 415-population baseline for each sample, with
a Pacific Rim distribution of the baseline ranging from Japan, Russia, Alaska, British Columbia, and Washington State as outlined by Beacham
et al. (2014a). Reporting regions with no estimated stock composition are not listed. N is sample size.
Year

2009

2011

2012

2013

2014

CPUE (age x.2)

6.4

5.6

3.7

3.3

5.8

N

102

94

63

57

98

Major region

Stock

Washington State

Washington

British Columbia

Fraser River

Estimate
1.0 (0.0, 3.1)
2.0 (0.0, 4.9)

Central Coast

3.1 (0.0, 8.0)

Skeena River

2.1 (0.0, 4.9)

Stikine River
Alsek River
Southeast Alaska

SE Alaska

Central Alaska

Cook Inlet

Bristol Bay

2.0 (0.0, 8.0)
4.4 (0.0, 8.0)

0.6 (0.0, 3.1)

3.9 (0.0, 15.4)

1.7 (0.0, 7.1)

1.5 (0.0, 7.2)

1.4 (0.0, 5.2)

2.0 (0.0, 5.4)

Kodiak Island

1.6 (0.0, 6.4)

1.0 (0.0, 7.4)

Ugashik River

12.0 (0.0, 15.5)

3.6 (0.0, 9.6)

Egegik River

10.3 (4.4, 22.6)

6.0 (0.0, 14.4)

9.8 (1.8, 23.5)

20.1 (6.7, 31.9)

20.8 (7.6, 32.7)

13.7 (1.7, 20.5)

5.2 (0.0, 21.7)

11.0 (1.9, 18.0)

Naknek River

8.5 (1.8, 18.1)

20.8 (6.9, 28.6)

Alagnak River

5.9 (0.0, 10.6)

9.9 (2.4, 17.1)

Kvichak River

23.5 (9.6, 32.2)

13.4 (6.2, 26.6)

Nushagak River
Wood River

23.1 (1.8, 33.2)

11.0 (2.2, 16.3)

11.9 (3.3, 31.9)

3.3 (0.0, 17.4)

5.0 (0.0, 12.4)

11.5 (0.4, 19.1)

11.6 (1.4, 18.0)

14.9 (3.9, 20.0)

1.6 (0.0, 4.8)
0.9 (0.0, 5.0)

2.5 (0.0, 8.3)
1.2 (0.0, 4.2)
1.0 (0.0, 4.7)

Chukotka

1.3 (0.0, 3.9)
1.5 (0.0, 8.1)

3.2 (0.0, 11.9)

Olutorsky Bay

2.0 (0.0, 7.4)
4.0 (0.0, 12.6)

6.1 (0.0, 12.4)

1.3 (0.0, 6.7)

3.4 (0.0, 8.6)
2.7 (0.0, 10.2)

5.2 (0.0, 10.7)

1.4 (0.0, 4.3)

4.0 (0.0, 12.6)

2.6 (0.0, 7.1)

7.2 (1.7, 15.3)

8.1(0.1, 16.4)

5.7 (0.0, 14.7)

1.8 (0.0, 8.5)

5.1 (0.0, 7.8)

3.2 (0.0, 7.4)

1.7 (0.0, 6.3)

2.9 (0.0, 6.9)

1.5 (0.0, 4.6)

Palana River
Bolshaya River

1.0 (0.0, 3.2)

2.6 (0.0, 5.7)

SE Kamchatka
Kuril Lake

5.8 (0.0, 12.0)
6.6 (0.0, 13.6)

2.7 (0.0, 7.5)

Norton Sound

Kamchatka River

9.2 (0.9, 16.4)

10.1 (3.7, 18.7)

Igushik River

Karaginsky Bay

8.9 (3.6, 15.8)

25.2 (2.3, 30.8)

6.1 (0.9, 14.3)

King Salmon River
Kuskokwim River

4.3 (0.0, 11.6)

13.8 (5.7, 22.2)

Chignik River

Russia

1.1 (0.0, 6.7)

2.2 (0.0, 5.2)

2.2 (0.0, 3.4)

es, respectively. Immature sockeye salmon from Washington State were observed in catches in 2011 and 2014.
Sockeye salmon from Bristol Bay dominated the catch of
Alaskan-origin salmon, with those from the Kvichak River
drainage the largest contributor to the catch on average,
with an average annual contribution of 20.2% of individuals estimated to be of Kvichak River origin (Table 1, Fig.
4). Sockeye salmon from the Naknek River drainage were
estimated to be the next most important contributor to the
catch, comprising an average of 15.0% of the salmon sampled. Sockeye salmon from the Egegik River drainage
were estimated to comprise an average of 14.9% of annual

samples. Sockeye salmon from the Wood River drainage
were estimated to comprise an average of 9.8% of immature sockeye salmon sampled during the cruises, and those
from the Nushagak River, 6.4% of the individuals sampled
(Table 1, Fig. 4).
Russian-origin sockeye salmon caught in the central
Bering Sea during 2009, 2011, 2012, and 2013 were estimated to originate primarily, on average, from Karaginsky
Bay (3.5%), Kuril Lake (2.2%), and Kamchatka River (1.6
%) (Table 1). Russian-origin sockeye comprised 7.2% (SD
= 2.8%), 7.5% (3.1%), 12.8% (4.6%), 4.2% (2.0%), and
7.2% (3.6%) of the age x.1 immature sockeye salmon sam425
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pled in 2009, 2011, 2012, 2013, and 2014, respectively, for
an average of 7.8% of the age class (Table 2). However,
Russian-origin age x.2 immature sockeye salmon comprised
9.4% (4.4%), 18.7% (8.4%), 24.5% (10.3%), 12.5% (5.2%),
and 18.2% (8.2%) of the age x.2 sockeye salmon, respectively, during the cruises, for an average of 16.7% of the age

class (Table 3). Russian-origin salmon were also in higher
proportion in catches along longitude 175°E (30.2%) than
farther east (6.9%) (p < 0.01).
Canadian-origin salmon were estimated to originate
primarily from the Skeena River and river drainages to the
north and comprised both age x.1 and x.2 individuals (Tables 2, 3).

2009

Stock-specific Size
Age x.1 sockeye salmon from Washington and the Fraser
River, BC, caught in the Bering Sea had greater fork lengths,
on average (359.8 mm, n=12), than those originating from
other areas in British Columbia (344.9 mm, n=29), Bristol
Bay (352.5 mm, n=700), or Russia (342.3 mm, n=50) (Table
4). Similar trends were also observed for age x.2 sockeye
salmon, with the mean length of individuals from Washington and the Fraser River (496.7 mm, n=3) larger than that
observed from other areas of British Columbia (468.8 mm,
n=11), Bristol Bay (472.1 mm, n=320), or Russia (468.5
mm, n=52). The fork length of age x.1 sockeye salmon from

2011

2013

2012

2014

Fig. 1. Catch locations of immature sockeye salmon during the 2009, 2011, 2012, 2013, and 2014 research cruises on the Hokko-maru in the
central Bering Sea, with catch abundance outlined by size of symbol.
Figure 1. Catch locations of immature Sockeye Salmon during the 2009, 2011, 2012, 2013, and 2014 research
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cruises of the Hokko-maru in the central Bering Sea, with catch abundance outlined by size of the symbol.
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DISCUSSION

Bristol Bay was typically larger than that of sockeye salmon
originating from Russia.
Size variation was observed among stocks within geographic regions. For example, in western Alaska, mean fork
lengths of immature sockeye salmon originating from the
Kuskokwim River (age x.1 329.0 mm, n=4; age x.2 462.5
mm, n=4) were less than those originating from Norton
Sound (age x.1 339.0 mm, n=4; age x.2 473.0 mm, n=2)
(Table 4). In Russia, sockeye salmon originating from the
Chukotka region were notably larger (age x.1 375.6 mm,
n=5; age x.2 537.0 mm, n=1) than sockeye salmon from any
other stock in Russia (Table 4).
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Analysis of stock composition indicated that the catch
was dominated by stocks of Bristol Bay origin, similar to
results of tagging experiments (Myers et al. 1996), scale
pattern analysis (Bugaev and Myers 2009), and previous
analyses of genetic stock composition (Habicht et al. 2010;
Beacham et al. 2011). Juvenile sockeye salmon catches in
the eastern Bering Sea were also reported to be dominated
by salmon of Bristol Bay origin (Seeb et al. 2011). Based
upon geography and relative abundance, sockeye salmon of
Bristol Bay origin should be expected to dominate catches
of immature sockeye rearing in the Bering Sea, with sockeye originating from Russia the next most abundant stock.
These were precisely the results observed from our analysis
of immature sockeye salmon rearing in the central Bering
Sea in July and August of 2009, 2011, 2012, 2013, and 2014.
Our analysis, along with the results of Habicht et al. (2010)
and Beacham et al. (2011), indicated that some small portion
of Canadian sockeye salmon rear in the Bering Sea during
16
summer, with perhaps some trace contribution by sockeye
14
from12Washington. Recent genetic and otolith2012
mark analyses
indicated
that
Canadian
chum
salmon
(O.
keta)
were also
10
distributed
in
the
Bering
Sea
(Urawa
et
al.
2009).
As out8
lined 6by Habicht et al. (2010), it is uncertain whether rearing
of Canadian-origin
salmon in the Bering Sea is something
4
new, 2perhaps brought on by changes in climate, or is in fact
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typical of a normal rearing pattern of summer movement in
the Bering Sea and winter rearing in the Gulf of Alaska.
Scale pattern analysis has been used to identify sockeye salmon originating from different regions. For example,
sockeye salmon from Bristol Bay displayed relatively few
circuli in the first year of ocean growth, and the spacing between the circuli was relatively wide (Anas and Murai 1969;
Mosher 1972). This pattern was in contrast to that displayed

by Russian-origin sockeye salmon, and these characters
were used for stock identification analysis (Anas and Murai
1969). Growth rate is thought to be reflective of circuli spacing, with faster growing fish displaying wider circuli spacing
(Beamish et al. 2004). Differences in size between Bristol
Bay and Russian sockeye persisted into the second summer
of ocean rearing, with an approximate 10-mm differential in
size of immature salmon between the two regions. These individuals corresponded to the age x.1 sockeye salmon sampled in the Bering Sea.
The mean fork lengths of Washington and Fraser River,
BC, sockeye salmon caught in the Bering Sea were typically larger than those of sockeye salmon from other regions.
Beacham et al. (2014a) reported that for Fraser River
12
stocks, there was a relationship between the timing of north10
ward migration from the Strait of Georgia in southern Brit2012
8
ish Columbia
and juvenile body size, with
individuals from
populations of larger body size migrating northward earlier
6
than individuals from stocks of smaller body size, which
4
remain
resident in waters of southern British Columbia for
longer
periods.
Beacham et al. (2014b) indicated that some
2
juvenile sockeye salmon from the Fraser River and Wash0 migrated in a northwest direction along the continenington
tal shelf, and were widely distributed in continental shelf
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waters by the summer and fall in the first year of marine
rearing. Larger individuals were observed in more northern
locations (Tucker et al. 2009; Beacham et al. 2014a). These
individuals could overwinter in continental shelf waters in
the Gulf of Alaska, with perhaps some overwintering as far

west as the southern Aleutian Islands (Farley et al. 2011).
Beacham et al. (2014b) indicated that some of these individuals could move into the Bering Sea for their second summer of marine rearing (age x.1), and thus would have been
vulnerable to capture during the research vessel surveys in
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the Bering Sea. The larger size of the sockeye salmon from
the Fraser River and Washington compared with individuals
from other regions likely reflects that only the larger members of the stocks would have migrated as far north and west
as the Bering Sea, with smaller individuals from the stocks
rearing in the Gulf of Alaska.
In the surveys in the Bering Sea, age-x.2 Fraser River-origin sockeye salmon were observed only in 2009. The
dominant age of return of Fraser River sockeye salmon is
age 1.2 (Killick and Clemens 1963), so any maturing age-1.2

individuals would have left the Bering Sea to begin the journey to the Fraser River prior to the schedule of the research
cruises, resulting in very few age-x.2 individuals of Fraser
River origin remaining in the Bering Sea. In contrast, the
dominant ages of return for Russian-origin sockeye salmon
are ages 1.3 and 2.3 (Bugaev 2011), which accounts for the
relatively high proportions of Russian-origin individuals in
the age-x.2 catch during the research surveys. In addition,
our study indicated that when immature sockeye salmon
were caught along the 175°E transect line, Russian-origin

Table 4. Mean fork length (FL, mm) for age x.1 and x.2 sockeye salmon for mixed-stock samples from the central Bering Sea, 2009 and
2010–2014. N is sample size, and the standard deviation is in parentheses. Dashes indicate that the standard deviation could not be
calculated because only one individual was sampled from the particular stock.
Age x.1

Age x.2

Major region

Stock

British Columbia

Washington

2

398.0 (1.9)

1

505.0 (-)

Fraser River

10

Central Coast
Haida Gwaii
Skeena River

N

FL

N

FL

352.1 (18.4)

2

492.5 (81.3)

1

337.0 (-)

1

475.0 (-)

1

339.0 (-)
2

467.5 (10.6)

1

471.0 (-)

10

336.0 (21.2)

Nass River

2

383.0 (1.4)

Stikine River

4

330.3 (12.7)

Taku River

3

350.3 (27.2)

Southeast Alaska

Alsek River

8

353.5 (19.4)

7

467.9 (29.1)

Central Alaska

SE Alaska

2

313.0 (33.9)

2

451.0 (1.4)

Cook Inlet

22

340.6 (35.6)

2

451.0 (22.6)

Kodiak Island

17

355.5 (24.0)

6

476.3 (26.7)

Bristol Bay

Russia

Ugashik River

28

354.3 (24.5)

15

482.3 (28.9)

Egegik River

130

356.3 (29.4)

53

480.6 (33.0)

Naknek River

111

354.0 (26.8)

58

473.8 (30.0)

Alagnak River

27

347.0 (29.5)

26

470.2 (31.7)

Kvichak River

237

359.4 (26.5)

84

469.2 (38.1)

Nushagak River

43

347.0 (28.1)

25

467.4 (27.4)

Wood River

93

332.8 (24.1)

46

463.4 (23.8)

Igushik River

11

359.8 (25.4 )

5

479.8 (15.7)

King Salmon River

20

342.6 (21.5)

8

480.3 (25.5)

Chignik River

26

342.9 (29.0)

4

457.5 (70.9)

Kuskokwim River

4

329.0 (49.7 )

4

462.5 (9.9)

Norton Sound

4

339.0 (14.6)

2

473.0 (24.0)

5

375.6 (47.5)

1

20

338.4 (32.0)

12

Chukotka
Karaginsky Bay
Olutorsky Bay
Kamchatka River
Northwestern Kamchatka

3

344.0 (3.6)

2

444.5 (13.4)

10

342.0 (29.2)

10

484.5 (22.0)

1

338.0 (-)

Southeastern Kamchatka
Kuril Lake

1
5

334.4 (12.5)

Palana River
Bolshaya River

537.0 (-)
455.2 (48.2)

6

334.3 (29.8)
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15
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2
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9
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salmon constituted a higher proportion of the catch than that
observed along more easterly transects. Given the physical
location of Russian spawning streams, this may have been
expected.
Improved information on location and timing of specific stocks of sockeye salmon in the Bering Sea and North
Pacific Ocean can be obtained through the application of
DNA technology to salmon stock identification problems.
The major limitation at the present time to refine knowledge
on stock-specific areas of ocean residence and timing of migration movement is the difficulty and cost associated with
obtaining the appropriate samples from ocean rearing areas
and migration routes.
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Abstract: Rare white-fleshed coho salmon (Oncorhynchus kisutch) have been known to occur in certain marine
waters of northern Southeast Alaska since at least the 1960s. These fish, unlike regular coho salmon that have
normal complements of dietary carotenoid pigments in muscle tissue, lack the carotenoid astaxanthin responsible
for red and pink flesh coloration in most salmon. Unlike white-fleshed Chinook salmon (O. tshawytscha), whitefleshed coho salmon (WFCS) are largely unknown to the public and even within most fisheries communities.
No published accounts of WFCS in fisheries literature have been found. The primary purpose of this study
was to document more fully and report on the available information about this phenomenon. Interviews were
conducted with commercial and recreational fishermen, processors, and Alaska Department of Fish and Game
port samplers and tag laboratory personnel who examine large numbers of coho salmon to collect data about
WFCS. The interviews provided detailed knowledge about where WFCS are caught in marine waters of this
region and apparently nowhere else. Available coded wire tag (CWT) data suggests most if not all WFCS may
originate in the Chilkat and Taku rivers, two major systems within the region.
Keywords: coho salmon, flesh color, northern Southeast Alaska

INTRODUCTION

Although no previous published accounts of WFCS were
found, there is a considerable body of literature and information about the occurrence and distribution of white-fleshed
Chinook salmon (Milne 1964; Ricker 1972; Scott and Crossman 1973; Godfrey 1968, 1975; Fraser et al. 1982; Hard
1986; Hard et al. 1989). There also is important detailed
research about the genetics of white-fleshed and red-fleshed
Chinook salmon (Withler 1986; McCallum et al. 1987; Ando
et al. 1992, 1994), and general flesh color in salmonids (Rajasingh et al. 2007). As discussed by Rajasingh et al. (2007)
the intensity of reddish flesh pigmentation in salmonids is
transferred during maturation into egg coloration that likely
influences oxygen transport across the egg during incubation
and into breeding coloration during spawning.

This study documents the occurrence and tentative
known distribution of adult white-fleshed coho salmon
(WFCS) (Oncorhynchus kisutch) that lack the normal complement of red carotenoid pigment in their flesh. Unlike
white-fleshed Chinook salmon (O. tshawytscha) known to
occur widely along the North American Pacific coast (Hard
et al. 1989), WFCS are rare and only have been reported
from certain marine waters of northern Southeast Alaska.
WFCS are mostly known by commercial salmon troll fishermen who catch them, by processors who buy salmon, by
operators of packer vessels that move catches from fishing
grounds to canneries and cold storages, and by Alaska Department of Fish and Game (ADF&G) personnel who sample catches at ports and other locations.
Even though awareness or direct knowledge of WFCS
have been known by these regional groups of fisheries-related personnel since at least the 1960s, and presumably
for longer periods, no previous published accounts of this
phenomenon have been found in the fisheries literature.
Although initial elements of this study began over three
decades ago with a novelty awareness and interest in the
existence of WFCS, a more recent focus has included an
effort to collect and assemble definitive information about
them.
All correspondence should be addressed to W. Heard.
e-mail: Bill.Heard@noaa.gov

METHODS
Due to the lack of documented records about WFCS,
information presented in this report is, of necessity, based
primarily on interviews with fishermen and others who
have had either personal experience or knowledge about
these fish. Interviews were conducted in 2013 and 2014
with commercial (troll and gillnet fishermen) fishermen,
recreational fishers, salmon processing plant personnel, and
ADF&G technicians sampling commercial and recreation433
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al catches of salmon at buying stations, processing plants,
landing ports, and tag laboratory personnel.
Interviews were framed around a series of informal
questions that included asking: (a) if the individual had ever
heard about WFCS, (b) if they had ever seen one, (c) if they
had ever caught one, and (d) if yes on (c), when and especially where they had caught WFCS. A focus on when and
where these fish were caught became an important issue, because, as the interviews progressed, it became evident that
WFCS are only caught in specific marine waters in the region at certain times of the year.
The commercial coho salmon fishery in Southeast Alaska generally lasts for about three months, from mid-July to
mid-October. Commercial salmon troll fishermen routinely clean and field dress their catches by removing gills and
body organs and then putting the fish on ice shortly after
catching them. During the cleaning process these fishermen
readily identify WFCS and normal red-fleshed coho salmon
by differences in flesh color and, in females, egg color (Figs.
1–4). Most commercial salmon troll fishermen in northern
Southeast Alaska had either caught or at least had heard
about WFCS. Commercial salmon trollers fishing in more
southerly parts of Southeast Alaska had not caught and most
had never heard about WFCS. Those northern Southeast
Alaska fishermen who had caught WFCS were usually able
to identify where they had caught these fish and many were
able to tell when they were caught.
Many commercial gillnet fishermen fishing in northern
Southeast Alaska had also heard about WFCS but only a few
knew for certain whether or not they had caught one. This is
because most gillnet fishermen in the region do not normally
clean or field dress the salmon they catch before they are
sold at a port or buying station. Without cleaning a fish or
at least opening the body cavity, flesh color would remain
unknown. Therefore, in these cases the general assumption
was that the fish caught were normal, red-fleshed coho salmon. A few gillnet fishermen, however, who did clean and ice
their catches reported they occasionally had caught WFCS
when fishing in specific areas.
The vast majority of recreational fishers interviewed
said they had never heard about WFCS and many did not
believe in the existence of such fish. Interviews with this
group often became confused when the person being interviewed started talking about white-fleshed Chinook salmon
they had either caught or knew about. Two recreational fishers, however, did indicate they had caught WFCS in specific
areas. Both individuals were long-time residents and were
dedicated ‘hard core’ fishers with 30 to 40 years of salmon
fishing experience in the region.
ADF&G technicians routinely sample commercial and
recreational salmon catches at various locations for catch
statistics and biological data. Most technicians sampling
commercial fishery catches were familiar with WFCS and
occasionally saw them in their samples. However, data
sheets and catch statistic forms for coho salmon did not
require information about flesh color. Therefore, although

technicians working at landing ports or buying stations occasionally would see WFCS in their samples, no records were
kept of these observations. Beginning in 2015 ADF&G
modified adult coho salmon data sheets to include landing
information on flesh color.
Also, observations by technicians examining coho
salmon at ports and buying stations could not provide reliable information about where WFCS may have been caught.
Primarily this is because both commercial troll and gillnet
fishers routinely transit considerable distances, often 150–
200 km, from where they catch their fish to where they sell
and off-load their catches. Although the landing station or
port where fish are sold and off-loaded is identified on data
sheets, there is no precise record of where fish are caught.
Specific accounts involving adult WFCS with coded-wire tags (CWTs) were reported by personnel at the ADF&G Mark, Tag, and Otolith Laboratory in Juneau, Alaska.
This laboratory maintains data on salmon mark and recovery
studies throughout Alaska. These studies frequently include
capturing wild coho salmon juveniles or smolts from various river systems in Southeast Alaska and tagging them with
CWTs. Subsequent recoveries of returning adults with these
tags are then used for making management decisions about
coho salmon fisheries in the region. Laboratory personnel
identified six different groups of coho salmon, tagged as juveniles and with each group with separate tag codes, that
included a fish recovered later as adult WFCS.
RESULTS
During interviews with fishermen who could identify
locations where they had caught WFCS it soon became evident these fish are only caught in specific marine waters in
the region. In general, these waters lie from 10 to 100 km to
the west and northwest of Juneau.
The six different groups of CWT tagged juveniles that
later included a WFCS adult caught in the commercial fishery involved four groups tagged in the Chilkat River and
two groups tagged in the Taku River. Unfortunately specific
tag codes for one group tagged in the Chilkat River and one
group tagged in the Taku River were lost, therefore, specific
data about these two groups is unavailable beyond the name
of the river where the tags were recovered (D. Buettner, detlef.buettner@alaska.gov, pers. comm.). After plotting the
distribution and known locations where WFCS were caught
by fishermen, it became apparent they generally are following
migratory patterns consistent with adult salmon returning to
either the Chilkat River or the Taku River (Fig. 5).
Recoveries of CWT adults in three groups of Chilkat
River and one group of Taku River coho salmon tagged as juveniles, each having one WFCS, also included a total of 652
other adult coho salmon recovered that could have included
other WFCS that either went unnoticed or unrecorded (Table
1). Examining one of these tag groups from each river illustrates a wide regional area showing numbers and locations
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Fig. 1

Fig. 2

Chilkat River

Fig. 3

Gustavus

Yakutat

Taku River

Hoonah

Fig. 5

Fig. 4

Pelican

Figs. 1–5. Photos showing the contrast between red- and white-fleshed coho salmon (WFCS) filets and eggs, and locations where juveniles
were tagged. (Clockwise from left). Fig. 1. Coho salmon females: white-fleshed (upper), red-fleshed (lower). Note difference in ovary color.
Photograph by Lou Barr, September, 1983. Fig. 2. White-fleshed coho salmon caught in August, 2014. Fig. 3. White-fleshed coho salmon
fillet, August, 2014. Fig. 4. Maturing coho salmon ovaries from white-fleshed (upper), and normal red-fleshed fish (lower). Photograph by
John Church. Fig. 5. Google satellite view of northern Southeast Alaska. Red dots show locations where fishermen caught WFCS. Yellow
stars show general areas where adult WFCS, tagged with CWTs as juveniles in Chilkat River, were caught. The yellow triangle indicates
the vicinity where one adult WFCS was caught that was tagged as a juvenile in the Taku River. Map obtained from IBCAO and Landsat via
Google.
Table 1. Wild coho salmon juveniles tagged with coded-wire tags (CWT) that produced white-fleshed adults.
Tag code/River

Year-number
CWT tagged

White-fleshed adults

CWT recovered

Number recovered

Recovered near

041133/Chilkat

2005-11,002

2006-101

1

Pelican

041382/Taku

2008-10,552

2009-134

1

Gustavus

042091/Chilkat

2011- 4,427

2012-26

1

Hoonah

040552/Chilkat

2002-21,871

2003-391

1

Yakutat

Totals

47,852

652
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1

23

Chilkat River

8
1

22

3
1

65

4

6

Taku River

1

2
1

1
19

3

29

1

100 Kilometers

100 Kilometers
12
Map Data © 2016 Google

32
Map Data © 2016 Google

Fig. 6. Number and locations of coded-wire tagged coho salmon that were tagged as juveniles in the Chilkat River and Taku River and
recovered as adults at buying stations, at landing ports, and in their natal streams. Chilkat River tag code 041133 included one white-fleshed
coho salmon (WFCS) recovered near Pelican (see Fig. 5). Taku River tag code 041382 included one WFCS recovered near Gustavus (see
Fig. 5). Data from ADF&G and Pacific States Marine Fisheries Commission coast-wide database.

most 17,000 coho salmon caught during that time. This individual’s catch in 2014, however, was somewhat unusual as 6
WFCS were caught out of 1,116 (total) that year. Of the 18 total WFCS he caught, 4 were caught in late August and 14 were
caught in September. Others fishing in the area also indicated
that many WFCS are caught during the latter part of the season. Regular red-fleshed coho salmon are caught throughout
the normal fishing season from July–October.

where adults were recovered by ADF&G technicians (Fig. 6).
Locations shown in Fig. 6, however, do not represent where
fish were caught by fishermen but rather where fish were sold
at buying stations, at landing ports, or were recovered in the
natal stream where juveniles were tagged.
Without violating proprietary information, interviews
with commercial fishermen who caught WFCS and with personnel at processing plants requested information on the relative number or percentage of WFCS, within the overall population of coho salmon in this region. In general cold storages
and processing plants do not keep accurate records of WFCS,
even though they may frequently encounter them while handling hundreds of thousands of coho salmon, because there is
no particular reason or incentive for them to do so.
Rough preliminary estimates on occurrence rates of
WFCS in the region, however, were derived from these interviews. Some fishermen suggested they might catch one
WFCS for every 1–2,000 normal red-fleshed coho salmon
they catch. Numbers, however, vary greatly from year to
year depending in part on where they are fishing. Alaska Glacier Seafoods at Auke Bay near Juneau suggested they may
have had 50 or more WFCS through their facility in 2014,
and somewhat fewer in 2015. One commercial salmon troller
who kept detailed records over a 17-year period (1998–2014)
fishing in the same limited area caught 18 WFCS out of al-

DISCUSSION
It is not known if the Chilkat and Taku rivers are the
only sources of WFCS in this region or even if they also
occur in other regions. By comparison with white-fleshed
Chinook salmon that are distributed broadly north to south
from the Chilkat River to the Columbia River (Hard et al.
1989), it poses somewhat of a biological paradox as to why
WFCS would only occur in one or two rivers within a limited regional area. It is also not known if WFCS are derived
from a single spawning population within either the Chilkat
or Taku rivers or if they originate from different spawning
units throughout these river systems.
Although the causes for WFCS are unknown, presumably they are similar to white-fleshed Chinook salmon. To
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explain inheritance of flesh color in Quesnel River Chinook
salmon a two-locus model was proposed that required two alleles at each locus and at each locus one copy of a “red-determining” allele was necessary for colored carotenoid pigments
to be deposited in muscle tissue (Withler 1986). Regarding
astaxanthin metabolism and the limited ability of whitefleshed Chinook salmon to deposit this particular carotenoid
in muscle tissue, Rajasingh et al. 2007 suggested this might
reflect “…the existence of a specific receptor complex in
muscle membrane that only takes up astaxanthin”. Ando et
al. 1992 discusses (after Fujii et al. 1988) two heritable types
of silkworms with yellow and white blood strains with high
and low levels of carotenoids, respectively, where the carotenoid-binding protein from the white blood strain could not
permeate through the midgut. From this he also speculated
that a possible missing digestive enzyme could be responsible for the inability of the white blood strain of silkworm to
assimilate specific carotenoids into their metabolism and, by
inference, a similar mechanism potentially in white-fleshed
Chinook salmon (Seiichi Ando, Kagoshima University, circa
1990s, pers. comm.). Such a mechanism in red- and whitefleshed Chinook and coho salmon seems feasible as it is generally known they both have similar diets and eat similar prey.
Because white-fleshed Chinook salmon and WFCS both
occur in the Chilkat and Taku rivers some of those interviewed asked whether WFCS in these rivers could hybridize
with white-fleshed Chinook salmon. Based on WFCS the
author has seen and reports from other reputable observers
there are no obvious phenotypic indications of any Chinook
salmon characteristics in these fish. Other Pacific salmon
hybrids normally show intermediate features of the two species involved, for example pink salmon (O. gorbuscha) x
chum salmon (O. keta) hybrids (Heard 1991). Based on five
WFCS samples collected in 2014 and analyzed at the ADF&G Gene Conservation Laboratory there were no indications of any hybridization in the samples and these fish were
indeed determined to be coho salmon (S. Gilk-Baumer, sara.
gilk@alaska.gov, pers. comm.).

and white-fleshed Chinook salmon (Oncorhynchus
tshawytscha). Aquaculture 103: 359–365.
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Kondzela, C.M., J.A. Whittle, C.T. Marvin, J.M. Murphy, K.G. Howard, B.M. Borba, E.V. Farley, Jr., W.D. Templin,
and J.R. Guyon. 2016. Genetic analysis identifies consistent proportions of seasonal life history types in
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Abstract: The Yukon River is one of the largest producers of chum salmon (Oncorhynchus keta) in western Alaska.
Management of Yukon River chum salmon is complex. One of the current concerns is overharvesting of the
fall-run component. An earlier and typically more abundant summer-run type spawns in the lower to middle
reaches of the drainage, whereas the genetically distinct fall-run type spawns in the middle to upper reaches
in Alaska and Canada. Juvenile chum salmon migrate from the Yukon River in the spring and are found in the
pelagic waters on the eastern Bering Sea shelf during summer and fall months. We genetically analyzed juvenile
chum salmon caught on the eastern Bering Sea shelf during the 2003–2007 Bering-Aleutian Salmon International
Surveys. Juvenile chum salmon were predominately from coastal western Alaska and upper/middle Yukon River
populations. The relative proportions of fall and summer Yukon chum salmon varied considerably across years.
The proportion of fall-run chum salmon in the juvenile collections was positively correlated with the proportion of
fall-run chum salmon in the adult returns to the Yukon River, suggesting that the brood-year strength of Yukon
River summer and fall-run chum salmon is determined early in the first year of life.
Keywords: chum salmon, Bering Sea, Yukon River, genetic stock identification

INTRODUCTION

variation in the two run strengths between years. Concern
about low fall-run chum salmon abundance in some years has
resulted in reduced subsistence fishing opportunities and has
created challenges in fulfilling treaty obligations with Canada
that specify escapement objectives (Bue et al. 2009).
Little is known about the survival of juvenile Yukon
River chum salmon in either their freshwater or saltwater
environments. Juvenile chum salmon out-migrate from
the Yukon River in the spring (Hillgruber and Zimmerman
2009) and are found in the pelagic waters on the eastern Bering Sea shelf during summer and fall months (Farley et al.
2009). Juvenile chum salmon have been collected as part of
annual U.S. Bering-Aleutian Salmon International Surveys
(BASIS) in the eastern Bering Sea since 2002. A previous
genetic analysis of the 2002 juvenile chum salmon based on
allozyme loci (Farley et al. 2004) determined that a substantial proportion of juvenile chum salmon samples collected in
this area were from the Yukon River; however, samples from
other years remained unanalyzed.
We genetically analyzed juvenile chum salmon samples
collected on the 2003–2007 BASIS cruises to address three
objectives. First, we determined the extent of stock contri-

In western Alaska, chum salmon (Oncorhynchus keta)
are critical for subsistence, commercial, and cultural reasons.
Over the last few decades, declines in chum salmon returns
in some western Alaskan drainages prompted various disaster declarations by the State of Alaska and federal agencies.
In addition, chum salmon fisheries on the Yukon and Kuskokwim rivers, two of the largest chum salmon production
drainages in western Alaska, have been complicated in recent years by various restrictions designed to limit the take
of Chinook (O. tshawytscha) salmon, which are currently at
very low abundance (ADF&G 2013). There are two distinct
Yukon River chum salmon life-history types: an earlier and
typically more abundant summer run and a later fall run.
Summer-run chum salmon generally spawn in the lower to
middle reaches of the Yukon drainage, whereas fall-run chum
salmon are typically larger and generally spawn in spring-fed
regions of the middle to upper reaches in Alaska and Canada.
The summer run of chum salmon averaged 1.8 million fish
between 2000 and 2012, and the fall run averaged 864,000
fish over the same time period (JTC 2013), although there is
All correspondence should be addressed to C. Kondzela.
e-mail: chris.kondzela@noaa.gov

439

© 2016 North Pacific Anadromous Fish Commission

Kondzela et al.

NPAFC Bulletin No. 6

butions of juvenile chum salmon on the eastern Bering Sea
shelf off the mouth of the Yukon River and compared the
distribution across years. Second, we developed a relative

abundance index of summer- and fall-run Yukon River juvenile chum salmon on the eastern Bering Sea shelf. Third, we
examined the potential to correlate juvenile relative abundances with adult returns for summer and fall Yukon River
chum salmon runs.
MATERIALS AND METHODS
Sample and Genetic Data Collection
Juvenile chum salmon samples were collected on the eastern Bering Sea shelf during late summer-early fall from 2003
through 2007 as part of annual U.S. BASIS cruises completed by the National Marine Fisheries Service, Alaska Fisheries
Science Center’s (AFSC) Ecosystem Monitoring and Assessment Program at Auke Bay Laboratories (Fig. 1; Farley et al.
2005; Farley and Moss 2009). Fish were collected with a mid-

Fig. 1. Sample spatial distribution of juvenile chum salmon collected in the eastern Bering Sea from the 2003–2007 BASIS cruises. Samples
that were genotyped are designated as “Samples” whereas the total catch from the survey is designated as “Catch.” Stations surveyed with no
juvenile salmon caught are designated with a “+”.
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Fig. 2. The six large reporting groups of spawning chum salmon stocks from throughout the Pacific Rim: Southeast (SE) Asia; Northeast (NE)
Asia; Coastal Western Alaska (W AK); Upper/Middle Yukon River (Up/Mid Yukon); Southwest Alaska (SW AK); and the Gulf of Alaska/Pacific
Northwest (GOA/PNW).
2. The
six near
large the
reporting
groups
of spawning
chum salmon
throughout
water rope trawl that wasFig.
towed
at or
surface
during
performed
on stocks
a dualfrom
384-well
GeneAmp PCR System 9700
the Pacific Rim: Southeast (SE) Asia; Northeast (NE) Asia; Coastal Western Alaska (W
daylight hours (07:30–21:00,
Alaska Daylight Savings Time);
(Life Technologies, Inc., Carlsbad, CA). Loci in Panel A
AK); Upper/Middle Yukon River (Up/Mid Yukon); Southwest Alaska (SW AK); and the Gulf
all tows lasted 30 min andof covered
2.8 toNorthwest
4.6 km. (GOA/PNW).
The genet(Omm1070, Omy1011, One102) were amplified with the folAlaska/Pacific
ic analysis of the 2003–2007 juvenile chum salmon focused
lowing protocol: initial denaturation at 95ºC for 15 min, then
on samples collected between approximately 58–64°N. This
16 cycles at 94ºC for 30 s, 60ºC (-0.5ºC per cycle) for 90 s,
latitudinal range encompasses an area within which juvenile
and 72ºC for 1 min, then 24 cycles at 94ºC for 30 s, 52ºC for
chum salmon are likely to be from the Yukon River, and rela90 s, and 72ºC for 1 min, followed by a final polymerizative abundances between summer- and fall-run juvenile indition step at 60ºC for 30 min and then storage at 15ºC until
ces may more likely correlate with adult Yukon River returns.
removal from the thermocycler. Loci in Panels B (Oki1002,
DNA was extracted from 5,002 juvenile chum salmon
One101, Ots3, Ssa419) and C (One104, One114, Ots103,
tails or opercles with DNeasy Blood and Tissue Kits (QIAOtsG68) were amplified with the following protocol: initial
GEN, Inc., Germantown, Maryland)1 and Corbett X-tractor
denaturation at 95ºC for 15 min, then 34 cycles at 94ºC for
Gene reagents (Corbett Robotics Pty. Ltd., Mortlake, NSW,
30 s, 60ºC for 1.5 min, and 72ºC for 1 min, followed by a
Australia) as described by the manufacturers and processed
final polymerization step at 60ºC for 30 min and then storage
with a Corbett CAS1820 X-tractor Gene robot (Corbett Roat 15ºC until removal from the thermocycler.
botics Pty. Ltd., Mortlake, NSW, Australia). Extracted DNA
Samples from the PCR reactions were diluted into 96-well
was stored in 96-well DNA plates at -20ºC.
plates for analysis with a 16-capillary, 36 cm array on the ApGenotypes of the juvenile chum salmon were obtained
plied Biosystems (ABI) 3130xl Genetic Analyzer as follows: 1
for 11 of the microsatellite loci represented in the coastwide
µL diluted (1:25) PCR product, 4.4 µL Hi-Di™ formamide, 4.4
chum salmon genetic baseline (Beacham et al. 2009a). The
µL de-ionized water, 0.2 µL GeneScan™ 600 LIZ® size stanmicrosatellite loci were amplified with the polymerase chain
dard (Life Technologies, Inc., Carlsbad, CA). Samples were
reaction (PCR) in three multiplexed panels. Each PCR was
denatured at 95ºC for 3 min, then cooled to 4ºC and stored until
conducted in a 5 µL volume containing ~10 ng of DNA,
analysis on the ABI 3130xl. Genotypes were identified with
2.5 µL QIAGEN Multiplex PCR Mastermix, 0.2 µM of
GeneMapper® 4.0 software (Life Technologies, Inc., Carlsbad,
each primer, and RNase-free water. Primer sequences for
CA). Samples genotyped for less than 8 loci were removed
the 11 loci have been described in the following publicafrom analysis (Dann et al. 2009).
tions: Oki100 (Beacham et al. 2009b), Omm1070 (Rexroad
Quality control of sample handling and genotyping was
et al. 2001), Omy1011 (Spies et al. 2005), One101, One102,
examined by plating DNA from the samples in the bottom
One104, One114 (Olsen et al. 2000), Ots103 (Beacham et
row of each elution plate onto 96-well plates for a total of
384 samples that were then processed for genotyping as deal. 1998), Ots3 (Greig and Banks 1999), OtsG68 (Williamscribed above. Genotypes from the quality control dataset
son et al. 2002), and Ssa419 (Cairney et al. 2000). Thermal
were then compared to the genotypes of the original dataset.
cycling for the PCR amplification of DNA fragments was

Reference to trade names does not imply endorsement by the National Marine Fisheries Service, NOAA.
The difficulty of genotyping Oki100 when it was co-amplified with the other loci in Panel B led to separate amplification of
this locus partway through the project. The post-PCR product was pooled with that of the other loci in Panel B prior to analysis
on the ABI 3130xl.
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Kotzebue/Norton
Sound

Yukon
Summer

Yukon Fall

Kuskokwim/
Bristol Bay

Fig. 3. Finer-scale temporal-spatial population groupings of chum salmon used for mixed-stock analysis: Yukon Summer, Yukon Fall,
Kotzebue/Norton Sound, and Kuskokwim/Bristol Bay. Numbers refer to the population number in the coastwide microsatellite baseline
(www.pac.dfo-mpo.gc.ca/science/facilities-installations/pbs-sbp/mgl-lgm/data-donnees/index-eng.html).

Stock Composition Analyses

Fisheries and Oceans Canada’s (DFO) Molecular Genetics
web page (www.pac.dfo-mpo.gc.ca/science/facilities-installations/pbs-sbp/mgl-lgm/data-donnees/index-eng.html) and
Stock composition estimates were made with the data
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files
compatible
with for
software
organized in two Fig.
ways.
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the northern
and
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temporal-spatial
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groupings
chum
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mixed-programs SPAM 3.7
stock
analysis:
Yukon
Summer,
Yukon
Fall,
Kotzebue/Norton
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and
(ADF&G
2003)
and
BAYES
(Pella
and Masuda 2001) were
southern extent of the Yukon River juvenile chum salmon
Kuskokwim/Bristol
Bay.
Numbers
refer
to
the
population
number
in
the
coastwide
distribution in the eastern Bering Sea, and thus the optimal
created. Genetic structure of the 381-population coastwide
(http://www-sci.pac.dfo-mpo.gc.ca/mgl/data_e.htm).
sampling locationmicrosatellite
for estimatingbaseline
proportions
of summer- and
baseline was examined with baseline simulation analyses
fall-run Yukon River chum salmon, samples were aggregated
to evaluate the effectiveness of the baseline to correctly alby latitude and longitude for three locations. Samples across
locate stocks to six large reporting groups: Southeast Asia,
Northeast Asia, Coastal Western Alaska (summer-run), Upyears were combined by latitude as follows: 1,244 samples
per/Middle Yukon River (mostly fall-run), Southwest Alasat 58–59.5°N; 2,736 samples at 60–63°N; and 296 samples
ka, and the Gulf of Alaska/Pacific Northwest (Fig. 2). Simat 63.5–65°N. All samples were limited to between 166.75–
ulation analyses (SPAM software) with baseline population
172.5°W. Stock composition estimates were made with the
resampling were performed by reallocating hypothetical
381-population coastwide baseline for six reporting groups.
mixtures of 400 fish from a single reporting group to deSecond, based on results from the first mixed-stock analyses,
termine the percentage that reallocated back to the correct
yearly stock composition estimates were made with the coastreporting group. Additional baseline simulation analyses
wide chum salmon baseline for eight reporting groups for
were performed with the Coastal Western Alaska group split
samples collected between 166.75–172.50°W and 58–63°N.
into three groups: Kotzebue/Norton Sound, Yukon Summer,
The coastwide chum salmon microsatellite baseline
and Kuskokwim/Bristol Bay. Four of the Yukon populations
(Beacham et al. 2009a) has been optimized for use in our
(Salcha, Chena, Jim, and Koyukuk south) were moved from
laboratory (e.g., Vulstek et al. 2014; Whittle et al. 2015)
and was used to perform stock composition analysis in this
the Upper/Middle Yukon group to the Yukon Summer group
due to run timing and genetic affinity to other summer-run
study. Baseline allele frequencies were downloaded from
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ly distributed among the remaining 5/6th of the stocks. The
first 10,000 iterations from each chain were discarded. Convergence of the chains to posterior distributions of stock proportions was assessed with Gelman and Rubin (1992) shrink
statistics, which were all 1.03 or less for all the estimates, conveying strong convergence to a single posterior distribution
(Pella and Masuda 2001).

Table 1. Number of successfully genotyped (at ≥ 8 of 11 loci)
juvenile chum salmon samples that were collected in the eastern
Bering Sea during 2003–2007 BASIS cruises.
Year

Genotyped number

Collection date

2003

1,069

21 Aug – 8 Oct

2004

887

27 Aug – 28 Sep

2005

794

15 Aug – 5 Oct

2006

1,011

3 Sep – 20 Sep

2007

1,113

5 Sep – 6 Oct

Yukon River Fall-Run Component
Adult return estimates by age class for Yukon River chum salmon for years 2000–2012 were used to follow
brood-year returns; the adult returns were summed for age-3
through age-6 for both summer- and fall-run fish (Estensen
et al. 2015). A relative abundance index for Yukon River
fall-run adult chum salmon by brood-year was then computed by dividing the proportion of fall-run chum salmon by
the total Yukon River chum salmon return. For the juvenile
chum salmon samples collected at sea, the yearly proportions of fall-run fish were determined by dividing the fallrun genetic composition estimate by the total Yukon River
genetic composition estimate (summer plus fall). A Pearson
correlation coefficient was calculated to determine whether
there was a relationship between the relative proportion of
Yukon River fall-run juveniles collected at sea and (1) the
relative proportions of fall-run adults (escapement) that produced the juveniles, or (2) the relative proportions of fall-run
adult brood-year returns.

chum salmon; the remaining upper Yukon populations were
renamed the Yukon Fall group (Fig. 3).
For the mixture files, allele designations of the juvenile
chum salmon genotypes were converted to match those in
the baseline. Compatibility of our allele designations to the
coastwide baseline was confirmed previously with a set of
samples from the DFO Molecular Genetics Laboratory that
was analyzed on the Auke Bay Laboratory’s ABI 3130xl Genetic Analyzer. Genotypes from converted mixtures were
then formatted into mixture files compatible with BAYES
software, which uses a Bayesian algorithm to produce stock
composition estimates (Pella and Masuda 2001). The stock
composition estimates were the proportion of each grouping
of baseline populations that contributed to the mixture of juvenile chum salmon samples of unknown origin. For all estimates, the Dirichlet prior parameters for the stock proportions
were defined by reporting group to be 1/(GCg), where Cg is the
number of baseline populations in reporting group g, and G is
the number of reporting groups. For each analysis with the
6-reporting-group baseline, six Monte Carlo chains of 10,000
iterations were run starting at disparate values of stock proportions configured such that 95% of the stocks came from
one designated reporting group with weights equally distributed among the stocks of that reporting group. The remaining
5% were equally distributed among remaining stocks from all
other reporting groups. The first 5,000 iterations from each
chain were discarded to remove the influence of the initial values. For each analysis with the 8-reporting-group baseline,
six Monte Carlo chains of 20,000 iterations were run starting at disparate values of stock proportions configured such
that 95% of the stocks were equally distributed among 1/6th of
the stocks in the baseline and the remaining 5% were equal-

RESULTS
Genotyping
Of the samples analyzed, 4,874 (97%) were successfully genotyped for 8 or more of the 11 loci (Table 1). Quality
control of sample handling and genotyping indicated a low
discrepancy rate that averaged 0.4% across loci.
Baseline Evaluation
The coastwide baseline simulation analyses reallocated
stocks to six large reporting groups with a high degree of accuracy indicating that stock composition estimates derived

Table 2. Coastwide chum salmon baseline evaluation of six reporting groups with simulated mixtures in which 100% of the samples were
derived from a single regional grouping (read down columns). Correct allocations highlighted. Reporting groups are as noted in Fig. 2.
SE Asia

NE Asia

Coastal W
Alaska

Upper/Middle
Yukon

SW Alaska

GOA-PNW

SE Asia

0.886

0.028

0.002

0.001

0.008

0.001

NE Asia

0.026

0.851

0.011

0.002

0.054

0.008

Coastal W Alaska

0.005

0.048

0.959

0.057

0.041

0.002

Upper/Middle Yukon

0.000

0.002

0.011

0.936

0.001

0.000

SW Alaska

0.001

0.007

0.003

0.000

0.818

0.003

GOA/PNW

0.011

0.044

0.011

0.002

0.071

0.978

Reporting group
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Table 3. Coastwide chum salmon baseline evaluation of eight reporting groups with simulated mixtures in which 100% of the samples were
derived from a single regional grouping (read down columns). Correct allocations are highlighted. Reporting groups are as noted in Figs. 2 and 3.
Reporting group

SE Asia

NE Asia

KotzebueNorton Sound

Yukon
Summer

Yukon Fall

KuskokwimBristol Bay

SW Alaska

GOA-PNW

SE Asia

0.886

0.029

0.002

0.001

0.001

0.002

0.008

0.001

NE Asia

0.026

0.852

0.013

0.004

0.002

0.011

0.055

0.008

Kotzebue/Norton Sound

0.003

0.029

0.896

0.089

0.006

0.223

0.022

0.001

Yukon Summer

0.001

0.012

0.047

0.840

0.058

0.215

0.007

0.001

Yukon Fall

0.000

0.001

0.004

0.028

0.925

0.004

0.001

0.000

Kuskokwim/Bristol Bay

0.001

0.008

0.017

0.031

0.003

0.526

0.013

0.001

SW Alaska

0.001

0.007

0.002

0.002

0.000

0.007

0.817

0.003

GOA/PNW

0.011

0.043

0.015

0.004

0.002

0.007

0.071

0.977

and because 25–30% of the juvenile chum salmon in the two
most southern areas were from this region, we focused on the
samples collected between 58–63°N to investigate the relationship between the relative abundance of fall-run juvenile chum
salmon and (1) the parents of the juveniles and (2) the adult
brood-year returns of the juveniles.

from the use of this baseline are highly accurate (Table 2).
Similarly, baseline simulations with eight reporting groups
showed that the baseline reallocated seven of the eight reporting groups with a high degree of accuracy, but there was
substantial misallocation of the Kuskokwim/Bristol Bay
group to other coastal western Alaska groups (Yukon Summer and Kotzebue/Norton Sound) (Table 3). Thus, stock
composition analyses performed with the eight baseline reporting groups may underestimate the contribution from the
Kuskokwim/Bristol Bay region.

Stock Composition Estimates by Year
Yearly stock composition estimates with the baseline
of eight reporting groups indicated that more than 96% of
the 2003–2007 juvenile chum salmon samples were from
western Alaska populations (Table 5). Except in 2003 when
nearly 50% of the juvenile chum salmon collected on the
eastern Bering Sea shelf were from Kotzebue/Norton Sound
populations, the highest proportion of juvenile chum salmon
originated from the Yukon Summer populations. The Yukon
Summer contribution was always higher than the Yukon Fall
contribution, which averaged 20%. Typically less than 4%
of the juvenile chum salmon samples originated from the
Kuskokwim River/Bristol Bay populations.

Stock Composition Estimates by Latitude, Years Pooled
Stock composition estimates with the baseline of six reporting groups indicated that about 40% of the fish from the
most northern samples were from Northeast Asia populations,
with most of the remaining fish from Coastal Western Alaska
(Table 4). Two-thirds to three-quarters of the fish from the two
locations between 58–63°N were from Coastal Western Alaska.
Nearly all of the remaining fish were from the Upper/Middle Yukon region, which is comprised mostly of fall-run populations.
Given the large proportion of Northeast Asian fish and the small
sample size of the most northern dataset, these samples were not
analyzed further. Because the Upper/Middle Yukon fish, which
are mostly fall-run, are identified with high accuracy (Table 2)

Correlation of Yukon River Juvenile and Adult Chum
Salmon Fall-run Proportions
The proportion of fall-run adult returns of Yukon River
chum salmon based on abundance estimates varied across
years (Fig. 4A). On average, 32% of the annual return between 2000 and 2012 was classified as a fall stock, with a high
of 47% in 2005 and a low of 22% in 2006. A large return of
age-3 and age-4 fish sometimes corresponded to a large return of age-4 and age-5 fish, respectively, the following year.
The correlation coefficient between the proportion of fall-run
juveniles and the parents (escapement) that produced those
juveniles was not significant (r = 0.55, p = 0.261 at α = 0.05).
The proportion of fall-run returns by brood year was
also variable across years (Fig. 4B). For the 2000–2007
brood years, approximately 31% of the return was fall-run
chum salmon, with a high of 42% from the 2003 brood year
and a low of 24% from the 2002 brood year. A correlation
was found between the proportions of fall-run juveniles es-

Table 4. Stock composition estimates of juvenile chum salmon
samples collected during 2003–2007 for three latitudinal ranges.
Estimates with lower credible interval values > 0 are identified in
bold italic font. Reporting groups are as noted in Fig. 2.
Proportion
Reporting group

63.5–65°N
n=296

60–63°N
n=2,736

58–59.5°N
n=1,244

SE Asia

0.001

0.000

0.000

NE Asia

0.408

0.004

0.019

Coastal W Alaska

0.479

0.752

0.673

Upper/Middle
Yukon

0.111

0.244

0.307

SW Alaska

0.001

0.000

0.001

GOA/PNW

0.001

0.000

0.000
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Table 5. Yearly stock composition estimates for juvenile chum salmon collected between 58–63°N in the eastern Bering Sea during the
summer/fall BASIS cruises. BAYES mean estimates are provided with standard deviations (SD), 95% credible intervals, median estimate, and
Gelman and Rubin (1992) shrink factor. A 381-population baseline was used to estimate contributions from eight reporting groups. Reporting
groups are as noted in Figs. 2 and 3.
Reporting group

Mean

SD

2.5%

Median

97.5%

Shrink

SE Asia

0.000

0.001

NE Asia

0.002

0.002

0

0

0.002

1.00

0

0.001

0.007

1.00

Kotzebue/Norton

0.484

0.032

0.422

Yukon Summer

0.377

0.036

0.305

0.484

0.547

1.00

0.377

0.447

1.01

2003

Yukon Fall

0.116

0.016

0.086

0.115

0.148

1.01

Kuskokwim/Bristol

0.021

0.020

0

0.017

0.065

1.00

SW Alaska

0.001

0.002

0

0

0.007

1.01

GOA/PNW

0.000

0.001

0

0

0.003

1.00

SE Asia

0.000

0.001

0

0

0.002

1.00

NE Asia

0.031

0.009

0.016

0.031

0.051

1.00

Kotzebue/Norton

0.199

0.033

0.134

0.199

0.266

1.02

2004

Yukon Summer

0.433

0.041

0.352

0.433

0.516

1.02

Yukon Fall

0.324

0.025

0.276

0.324

0.372

1.00

Kuskokwim/Bristol

0.007

0.012

0

0.001

0.041

1.01

SW Alaska

0.005

0.004

0

0.004

0.014

1.00

GOA/PNW

0.000

0.001

0

0

0.002

1.00

SE Asia

0.000

0.001

0

0

0.003

1.00

NE Asia

0.003

0.003

0

0.002

0.011

1.00

Kotzebue/Norton

0.172

0.037

0.102

0.171

0.247

1.00

Yukon Summer

0.655

0.048

0.558

0.656

0.746

1.01

2005

Yukon Fall

0.138

0.024

0.094

0.137

0.186

1.01

Kuskokwim/Bristol

0.032

0.023

0

0.031

0.082

1.01

SW Alaska

0.001

0.001

0

0

0.005

1.00

GOA/PNW

0.000

0.001

0

0

0.003

1.00

SE Asia

0.000

0.001

0

0

0.002

1.00

NE Asia

0.001

0.001

0

0.000

0.005

1.00

Kotzebue/Norton

0.060

0.027

0.001

0.059

0.114

1.01

2006

Yukon Summer

0.678

0.040

0.596

0.680

0.751

1.02

Yukon Fall

0.243

0.021

0.202

0.242

0.285

1.00

Kuskokwim/Bristol

0.018

0.022

0

0.008

0.074

1.02

SW Alaska

0.000

0.001

0

0

0.002

1.00

GOA/PNW

0.000

0.001

0

0

0.002

1.00

SE Asia

0.000

0.001

0

0

0.002

1.00

NE Asia

0.023

0.008

0.010

0.022

0.039

1.00

Kotzebue/Norton

0.176

0.044

0.099

0.174

0.266

1.03

2007

Yukon Summer

0.585

0.048

0.489

0.585

0.674

1.03

Yukon Fall

0.187

0.020

0.150

0.186

0.227

1.01

Kuskokwim/Bristol

0.029

0.028

0

0.024

0.089

1.02

SW Alaska

0.000

0.001

0

0

0.003

1.00

GOA/PNW

0.000

0.001

0

0

0.002

1.00
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Fig. 4. Summer- and fall-run adult returns
of chum
the Yukon
(A) and
brood-year returns (B). Estimates of
Brood-year
return are on the left y-axis and proportions of fall-run chum salmon
are on the right y-axis.

ferences in distributions in the Bering Sea during early matimated from genetic analysis and the corresponding adult
Fig. 4. Summer- and fall-run adult returns of chum salmon to the Yukon River; annual
rineofresidence,
and
investigate
the potential association of
brood-year returns calculated from
abundance
estimates
(r Estimates
returns
(A) and brood-year
returns (B).
return are on the
left to
y-axis
and
proportions
of
fall-run
chum
salmon
are
on
the
right
y-axis.
juvenile
abundances
with
Yukon
River
adult returns.
= 0.94, p = 0.006 at α = 0.05; Fig. 5). This relationship was
Fig. 4. Summer- and fall-run adult returns of chum salmon to the Yukon River; annual
The
estimated
stock
proportions
of juvenile chum
further supported by data for the returns
2001(A)brood
year that was
and brood-year returns (B). Estimates of return are on the left y-axis and
proportions
of
fall-run
chum
salmon
are
on
the
right
y-axis.
salmon
caught
in
the
eastern
Bering
Sea
during late sumproduced from an earlier study with allozyme loci (C. Kondmer/fall
over
a
5-year
time
period
adds
to
our understandzela, unpublished data).
ing of the distribution of western Alaska chum salmon
during their first year in the ocean (Farley et al. 2004). Our
results support a migration model whereby western Alaska
DISCUSSION
juvenile chum salmon head primarily west and south across
the eastern Bering Sea shelf during the summer/fall season
The availability of multi-year collections of juvenile
(Farley et al. 2005). Contributions from each stock group
chum salmon from the eastern Bering Sea and the compreof this highly migratory species were remarkably similar
hensive genetic information of chum salmon populations
from year-to-year, especially given the inter-annual latithroughout their geographic distribution (e.g., Beacham et
tudinal shifts in juvenile chum salmon distribution across
al. 2009c) provided an opportunity to examine the distributhe eastern Bering Sea shelf, as well as the variation in the
tion of western Alaskan chum salmon during their first sumdate that stations were sampled across years. Nearly all of
mer/fall at sea. For the first time that we are aware of, our
the juvenile chum salmon were from the Coastal Western
study investigated the relationship of the stock compositions
Alaska and Upper/Middle Yukon River stock groups, as
of juvenile chum salmon collected at sea and the Yukon Rivwas found in an earlier genetic analysis of samples from
er adult chum salmon returns. Because the genetic diver2002 (C. Kondzela, unpublished data). Except in 2003, the
sity of coastal western Alaska chum salmon populations is
highest proportion of juvenile chum salmon caught in the
low (DeCovich et al. 2012; Garvin et al. 2013) and therefore
surveys was from the Yukon Summer populations (Table
challenging to apply to mixed-stock analyses, we focused
5). In all years, the Yukon Summer component was highon the Yukon River, which has fall-run populations that are
er than the Yukon Fall component. The contribution from
genetically distinct from the summer-run populations. EsKotzebue/Norton Sound varied annually, and given the low
timates of the proportions of the two life-history types in
abundance of many Norton Sound chum salmon populamixtures of juveniles were used to examine year-to-year dif446
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Proportion fall-run adult chum
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Proportion fall-run juvenile chum salmon (genetic)

0.45

Fig. 5. The proportion of fall-run Yukon River juvenile chum salmon (relative to total Yukon) collected in the eastern Bering Sea between
58–63°N during 2002–2007 versus the brood-year adult returns. Microsatellite marker data indicated with diamonds and allozyme marker data
with a star; each data point labeled by broodyear, e.g., BY04 represents the 2004 brood year (juveniles collected in 2005). Allozyme data was
from C. Kondzela (unpublished).

tions in some years (Menard et al. 2009), surveys in the
life-history types in the Yukon River provided contrast in the
northeastern Bering Sea might help provide insight into the
correlation analysis of the proportions of fall-run juveniles
early marine residence of these populations. Although the
and brood-year returns. The significant correlation suggests
presence of Kotzebue/Norton Sound and Northeast Asia
that differences in the production and survival of the sumorigin chum salmon would not necessarily adversely immer- and fall-run populations develop during the period of
pact analysis of the relative proportions of summer and fall
freshwater and early marine residence before late summer
chum salmon from the Yukon River, the yearly sample sets
and early fall.
were limited to collections
below
63°N
in
order
to
focus
In most years, the abundance of fall-run fish is usuFig. 5. The proportion of fall-run Yukon River juvenile chum salmon (relative to total
on Yukon River origin
fish.
Previous
analyses
et between
ally well-correlated
with the abundance of summer-run
Yukon)
collected
in the
eastern(Farley
Bering Sea
58–63°N during 2002–2007
al. 2004) indicated versus
that samples
collectedadult
below
60°N confish marker
(Fig. 4A),
infrequently,
the fall-run proportion is
the brood-year
returns.
Microsatellite
data but
indicated
with
tained Kuskokwimdiamonds
origin fish,
analysis
higher
or lower
than expected; for example,
andalthough
allozymeour
marker
data sugwith a star;substantially
each data point
labeled
by broodgests that Kuskokwim/Bristol
Bay represents
origin fish the
were
only
a yearhigher
in 2005.
The relative
proportions of fall-run juvenile
year, e.g., BY04
2004
brood
(juveniles
collected
in 2005).
Allozyme
data
was from
(unpublished).
minor component as
far south
as 58°N
andC.
didKondzela
not migrate
chum salmon provide insight into the relative strength of
northward during their first summer. This difference may
fall-run adult returns. For example, juvenile chum salmon
simply reflect inter-annual variation of migration routes or
produced from the 2001 and 2002 year classes have difan effect of sampling west of 166.75°W, an area potentially
ferent impacts on the 2005 adult returns. There were few
outside the migration route of the Kuskokwim origin chum
age-3 fall-run Yukon River chum salmon returns in 2005,
salmon during the 2003–2007 surveys. A third possibiliso the juveniles produced from the 2002 year class did not
ty is that some of the Kuskokwim/Bristol Bay origin fish
contribute significantly to the 2005 adult returns. However,
were misallocated to the Yukon Summer or Kotzebue/Nor94% of the fall-run return in 2005 was comprised of age-4
ton Sound reporting groups (Table 3), although the effect
fish that were produced from the 2001 year class (juveniles
would likely be similar across years and have little impact
sampled in 2002), which from an earlier genetic analysis
on the analysis of the relative proportions of the summer
(C. Kondzela, unpublished data) based on a different set of
and fall run components.
genetic markers had a relatively high proportion of fall-run
On average, across the 5-year dataset, about one-third
fish (Fig. 5).
of the Yukon River juvenile chum salmon were from fall-run
The proportion of fall-run juveniles that return as adults
populations based on genetic stock estimates, much like the
is spread across multiple years due to the age structure of
adult returns based on abundance estimates. Although no
chum salmon populations. Thus, the high proportion of fallcorrelation was found between the estimated proportion of
run juveniles from the 2003 year class (collected in 2004)
fall-run Yukon River juvenile chum salmon in the sample
contributed to adult returns in 2006 as age-3, in 2007 as agesets and the adult year classes that produced them, a sig4, in 2008 as age-5, and in 2009 as age-6. The age-3 and
nificant correlation was found between the juveniles and
age-6 contributions were only 2–3% of the fall-run return in
the corresponding brood-year returns (Fig. 5). In the 2003
2006 and 2009, but the high proportion of fall-run juveniles
brood year, the departure of the relative survival of the two
caught in 2004 is evident as age-4 fish, which comprised
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76% of the 2007 fall-run return, and as age-5 fish, which
comprised 56% of the 2008 fall-run return, the second highest proportion of age-5 fall-run returns in years 2000–2012.
To develop the relative abundance index for Yukon fall
adult chum salmon, we relied on the abundance estimates
of summer and fall-run components (Estensen et al. 2015).
These run components are based on counts from multiple
sources that are subject to varying degrees of uncertainty,
which in turn affect the relative abundance index. One of
the primary sources of uncertainty in abundance estimates
is probably associated with estimating the summer and
fall harvests due to the overlap of summer and fall runs in
the lower river (Flannery et al. 2010). For example, summer-run chum salmon caught in the fall fisheries will be
counted as fall chum, resulting in an overestimation of fall
run abundance. However, from mixed-stock analyses of
samples collected in the lower river, the numbers of summer-run chum salmon caught in the fall season is comparatively small, comprising 0–2% of the total Yukon return (B.
Borba, unpublished data).
The proportion of annual and brood-year returns of
fall-run adult chum salmon to the Yukon River during 2000–
2012 had a cyclical pattern with higher proportions typically
in odd-numbered years and lower proportions in even-numbered years (Fig. 4). This pattern appears to correspond to
an alternate pattern of pink salmon abundance that is highest
during even-numbered years in western Alaska populations
(Bue et al. 2009; Menard et al. 2009; Estensen et al. 2015;
Elison et al. 2015a,b). Additionally, Asian pink salmon populations are highest during odd-numbered years. During
years of high pink abundance, interspecific competition in
the ocean has been shown to reduce growth and lower survival of other species, including chum salmon (Ruggerone
et al. 2003; Ruggerone and Nielsen 2004; Agler et al. 2013;
Springer and van Vliet 2014).

provide similar results. Future investigations should incorporate ongoing advances in the genetic baselines, which
may improve the accuracy of the stock composition estimates in the western Alaska region, particularly for the
summer coastal stocks. Analyses of samples collected
during more recent years (2009–2014) may further clarify
the relationship between juvenile and adult chum salmon
from the Yukon River.
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CONCLUSION
We have shown from genetic analysis of juvenile
chum salmon from the eastern Bering Sea that this early
life-history stage has run proportions consistent with those
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determined for that brood year. This information may supplement the current management protocol that assumes a
constant ratio of fall and summer abundance; however, the
samples we analyzed were collected as one component of
large, expensive, multiple-objective fishery and oceanographic surveys in the Bering Sea. It would be interesting
to investigate a sampling protocol on a scale more practical to salmon management to determine whether a smaller
vessel, fishing closer to shore near the Yukon River mouth
(or even in the river), and over a shorter time period would
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Abstract: Genetic variation in about 500 chum salmon (Oncorhynchus keta) representing seven populations in the
Sanriku region and one population in Fukushima, on the Pacific coast of northern Honshu, Japan, was estimated
by mitochondrial DNA analysis. A total of nine haplotypes of 479–481 bp in the 5’ first half of the control region
were found in the chum populations examined. The observed haplotype diversity ranged from 0.424 ± 0.084 to
0.805 ± 0.056, which was lower than previously reported diversity in Japan’s Hokkaido populations, but higher
than Russian and North American populations. AMOVA suggested moderate genetic differentiation among local
populations within Sanriku and Fukushima, but no large-scale regional differences were detected.
Keywords: chum salmon, genetic diversity, mitochondrial DNA, Sanriku region

INTRODUCTION

shu, Japan, that are the southernmost limits of the natural
range of chum salmon.

Chum salmon (Oncorhynchus keta) are widely distributed from the Far East to North America around the Pacific Rim, and are an important fisheries resource around the
range. They are semelparous and anadromous with homing migrations to spawn in natal rivers or tributaries within
major river systems, leading regional populations to partial
genetic isolation as seen in other Pacific salmon species such
as pink salmon (Beacham et al. 2012) and Chinook salmon
(Templin et al. 2011).
Understanding the genetic characteristics of chum
salmon is important in planning conservation measures and
managing sustainable fisheries. Although genetic variation
among chum salmon populations has been demonstrated
with a variety of genetic markers (e.g., Winans et al. 1994;
Sato et al. 2001, 2004; Yoon et al. 2008; Beacham et al.
2008, 2009; Moriya et al. 2009; Yokotani et al. 2009; Sato
et al. 2014), genetic features of chum salmon in the marginal regions of the most easterly limit of their distribution
remain to be elucidated.
Here, we conducted a population genetic analysis of
chum salmon using nucleotide sequence variation of the
mitochondrial DNA (mtDNA) control region (CR) in about
500 specimens representing eight locations in the Sanriku
region and Fukushima, on the Pacific coast of northern HonAll correspondence should be addressed to H. Tsukagoshi.
e-mail: tsuk@iwate-u.ac.jp

MATERIALS AND METHODS
A total of 486 specimens of chum salmon was collected
from seven locations in the Sanriku region, i.e., four coastal
hatcheries including the Mabuchi River (MB), Akka River
(AK), Tsugaruishi River (TG), and Kesen River (KS), three
hatcheries in the tributaries of the inland Kitakami River including the Yana River (YN), Satetsu River (ST), and Hienuki River (HE), and one location in Fukushima, the Uda River
(UD) (Fig. 1, Table 1). The samples used were homing adult
fish, with the exception that fry were used from HE and ST
in the Kitakami River tributaries (Table 1). Early and late
runs were tentatively designated as those that homed to natal rivers from September to October and those that homed
from November to December, respectively, both of which
were sampled from AK, TG and KS. A fin clip obtained
from each fish was fixed in 99.5% ethanol and stored at
room temperature until use.
Total DNA was extracted from fin clip samples using
the DNeasy Tissue kit (QIAGEN, Hilden, DE, USA). The 5’
first half of the mtDNA CR was amplified by the polymerase
chain reaction (PCR) using the previously designed primers,
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tRNAthr-2 and tRNAphe-2, and established PCR conditions
reported in Sato et al. (2001). Purified PCR products were
subjected to sequencing reactions using the BigDye Terminator v.3.1 Cycle Sequencing Kit (Applied Biosystems,
Thermo Fisher Scientific, Waltham, MA, USA) and the previously designed primers tRNAthr-3 and Okdl-L1 (Sato et
al. 2001), and analyzed using an Applied Biosystems 3500xl
Genetic Analyzer.
Sequences were aligned using Clustal X (Thompson
et al. 1997) with default settings, and manually checked
by eye. Haplotype diversity (h) and nucleotide diversity
(π) were calculated using the program Arlequin version
3.5 (Excoffier et al. 2005). Genetic differentiation within
and among populations were statistically tested through
hierarchical analyses of molecular variance (AMOVA) in
Arlequin, based on both molecular distances and haplotype
frequencies. We tested groups by geographic location i.e.,
Sanriku vs. Fukushima, and coastal vs. inland populations
in the Sanriku region.

141°E

40°N

Fig. 1. Map showing
locations
of Oncorhynchus
(●). Pie
Fig. 1. eight
Mapsampling
showing
locations
for genetic keta
sampling
ofgraphs
chumshow approximateRESULTS
frequencysalmon
of the haplotypes
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(■, A groups;
B groups;
C groups).
The grouping of
from eight
locations
along■,the
Pacific□,coast
of northern
haplotypes
follows Sato
et al.(●
(2004).
Honshu,
Japan
). Pie graphs show approximate frequency of

AND DISCUSSION

We sequenced 479–481 bp fragments of the mtDNA CR
for the 486 specimens collected from the eight locations (Table 1), which defined a total of nine haplotypes from A, B
and C clades reported in Sato et al. (2004). Over all samples,

the haplotypes found (■, A groups; ■, B groups; □, C groups).
The grouping of haplotypes follows Sato et al. (2004).

Table 1. Sampling location, date of collection (year-month-day), number of chum salmon analyzed (N), frequency of haplotypes, haplotype
diversity (h ± SD), and nucleotide diversity (π ± SD). Based on the nucleotide sequence variation of the 5’ half of the mtDNA control region
(479–480 bp).
Region/
Area

Sampling locality

Sanriku

Coastal collections

The frequency of mtDNA haplotype indicated

Date

N

R. Mabuchi (MB)

14/11/19

46

23

R. Akka (AK)

12/9/14

47

29

12/11/5

46

25

13/1/11

35

20

12/9/3–13

22

8

12/11/28

42

28

12/10/15

48

29

12/12/20

40

26

R. Tsugaruishi (TG)

R. Kesen (KS)

A1

A2

A3

A6

1
1

A8

1
2

1

2

1

π

C1

C3

C5

4

17

1

1

3

13

0.550 ± 0.062 0.0025 ± 0.0018

3

15

0.605 ± 0.052 0.0027 ± 0.0019

13

0.548 ± 0.051 0.0030 ± 0.0021

2
1

h

B3

1

0.618 ± 0.044 0.0029 ± 0.0020

4

5

0.805 ± 0.056 0.0041 ± 0.0028

1

13

6

11

1

0.578 ± 0.063 0.0029 ± 0.0020

1

12

1

0.499 ± 0.063 0.0022 ± 0.0017

3

0.424 ± 0.084 0.0020 ± 0.0015

0.470 ± 0.058 0.0021 ± 0.0016

Inland collections in the Kitakami river system

Fukushima

R. Yana (YN)

12/10/17

43

32

R. Satetsu (ST)

13/2/5 (fry)

34

23

R. Hienuki (HE)

13/2/5 (fry)

39

15

R. Uda (UD)

14/10/29

44

16

7
2

1
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1

9

0.483 ± 0.076 0.0022 ± 0.0017

16

8

0.659 ± 0.031 0.0027 ± 0.0019

23

2

0.604 ± 0.048 0.0027 ± 0.0019
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Table 2. Results of the AMOVA for chum salmon. Genetic differentiation was examined for a total of 486 individuals from 12 collections in this
study. *Statistical significance at P < 0.001.
Source of variation

df

Sum of squares

Variance
components

Percentage
variations

Fixation index

Fst = 0.0316*

Overall populations
Among populations
Within populations

11

145.6

0.186

3.2

474

2704.1

5.705

96.8

Between Sanriku region and Fukushima
Among groups
Among populations within groups
Within populations

1

5.0

-0.123

-2.1

Fct = -0.0212

10

140.6

0.209

3.6

Fsc = 0.0353*

474

2704.1

5.705

98.5

Fst = 0.0148*

18.6

0.030

0.5

Fct = 0.0053

Between Coastal and inland population in Sanriku region
Among groups
Among populations within groups
Within populations

1
9

122.0

0.206

3.7

Fsc = 0.0372*

431

2293.1

5.320

95.8

Fst = 0.0423*

Sanriku and Fukushima. However, nonrandom haplotype
distribution in these regions, e.g., A6 mostly in Iwate (the
Akka, Tsugaruishi and Kesen rivers) and C5 mostly in the
southern coast (the Kesen and Uda rivers) and the Kitakami River tributaries (Table 1), may encourage us to further
investigate a possible geographical differentiation within or
between Sanriku and Fukushima, using competent biparental nuclear DNA markers such as polymorphic microsatellite DNA (msDNA) loci (Tsukagoshi et al. 2015). Genetic
variation based on mtDNA and msDNA markers will provide
important information (e.g., effect(s) of using hatchery populations on genetic diversity) for sustainable adaptive management of Sanriku chum salmon at the southernmost limit
of its natural range. This, in turn, may also provide a clue to
understanding the mechanism underlying thermal resistance
to enhance survival under climate change conditions.

the frequencies of A1 (56.4 %), and C1 (31.7%) haplotypes
were higher than those of the other haplotypes (0.2–5.3%).
The distribution of haplotypes was similar to that observed in
Honshu populations in a previous study (Sato et al. 2004). Although the haplotypes A6 and C5 were found at low frequencies in the previous study (Sato et al. 2004), these haplotypes
occurred at substantially higher frequencies in the present investigation, suggesting they are haplotypes that characterize
chum salmon populations in the Sanriku region and Fukushima. The observed haplotype diversity (h) and nucleotide diversity (π) ranged from 0.424 ± 0.084 to 0.805 ± 0.056 and
from 0.0020 ± 0.0015 to 0.0041 ± 0.0028, respectively. The h
of most Hokkaido chum salmon populations was > 0.6, with
a range from 0.57 ± 0.06 to 0.75 ± 0.04 (Sato et al. 2004). In
addition, the h of Russian and North American chum populations was from 0.04 to 0.79 and from 0.00 to 0.053, respectively (Yoon et al. 2008). Thus, the haplotype diversity was
slightly lower in the southernmost chum salmon populations
than in Hokkaido populations, but generally higher than Russian and always higher than North American populations.
The early-run Tsugaruishi collection tended to have
high genetic diversity in the Sanriku coastal region. The h of
early-run Tsugaruishi collection was 0.805 ± 0.056, whereas
the h of the other Sanriku coastal collections ranged from
0.470 ± 0.058 to 0.618 ± 0.044. Also, a high h in the early-run Tsugaruishi collection in the 1999s was reported in
Sato et al. (2004).
The hierarchical AMOVA indicated molecular variations
mostly within populations (96.8%) and a small portion among
populations (3.2%, Fst = 0.0316 with P < 0.001), but no such
variations among regional groups of populations (Table 2).
In addition, the result of AMOVA showed no differentiation
among groups when tested between the Sanriku region and
Fukushima, and between coastal and inland populations in
the Sanriku region. These results suggest a moderate genetic
differentiation among local populations, but no such differentiation between geographical groups of populations, within
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Beamish, R.J., and C.M. Neville. 2016. Applying the Krogh Principle to find shortcuts to understanding Pacific
salmon production. N. Pac. Anadr. Fish Comm. Bull. 6: 455–468. doi:10.23849/npafcb6/455.468.
Abstract: The Krogh Principle states that the selection of a particular animal can greatly facilitate understanding
a particular mechanism. The principle could be applied to populations of Pacific salmon that are particularly
productive within a region as a way of understanding more easily the mechanisms that regulate the productivity
of all Pacific salmon. We show that an aggregate of Chinook salmon populations from the South Thompson
River in the Fraser River drainage in British Columbia have anomalously high production, most likely related to
their late ocean-entry life history. Similarly, sea-type Harrison River sockeye salmon from the same drainage
also have a late ocean-entry life-history type and also have been exceptionally productive in recent years.
These examples provide evidence that the exceptional production of late ocean-entry populations of Chinook
and sockeye salmon may be caused by climate-related abundance increases in particular species of plankton
in the early summer in the Strait of Georgia. The increased abundance of a preferred prey would allow the late
ocean-entering juveniles to grow faster and be in better condition in the early marine period than the earlier
ocean-entering juveniles. An understanding of the genetic, metabolic, and hormonal reasons for the improved
productivity of these populations could help identify common mechanisms affecting productivity of other species
of Pacific salmon.
Keywords: Krogh Principle, Pacific salmon production, Fraser River watershed, DNA analysis, migration

INTRODUCTION

changes occur, it would benefit the management of all Pacific salmon producing countries if mechanisms regulating
Pacific salmon production affected by ocean habitat changes
were better understood, particularly for the optimization of
hatchery production.
Understanding factors controlling ocean survival is a difficult problem. In comparative physiology, there is a principle
named after the Danish scientist August Krogh that may help
to simplify the problem. In a paper published in 1929, Krogh
proposed that “for a large number of problems there will be
some animal of choice or a few such animals on which it can
be most conveniently studied” (Krogh 1929; Lindstedt 2014).
According to the principle, the selection of a particular animal
can greatly reduce the variability associated with a particular
function. We propose that the Krogh Principle can apply to
the need to improve the understanding of Pacific salmon production. Discoveries could be faster, if some research focuses
on populations that are exceptionally productive in the current
ocean and climate environment. In this paper, we focus on
late ocean-entering Chinook and sockeye salmon in the Strait
of Georgia, but we propose that the approach applies to other
Pacific salmon species in other areas.

Major changes in the abundances of the various species
of Pacific salmon throughout the subarctic Pacific in recent
years were largely unexpected. There are numerous examples that are familiar to most readers, but the decline in Chinook salmon abundances off the west coast of North America (Lindley et al. 2009; Schindler et al. 2013; Riddell et al.
2013) and the continuing record high catches of pink salmon
by all countries producing Pacific salmon (Irvine and Fukuwaka 2011; Eggers 2009) are good examples. Historically,
reasons for the declines were thought to have been associated with over-harvesting, poor escapement and freshwater
habitat loss. More recently, it has been generally accepted
that a fundamental cause of the major declines and increases appears to be climate-related changes in ocean habitats.
Climate changes affecting Pacific salmon production occur
for natural reasons (Beamish and Bouillon 1993; Beamish
et al. 1999; Klyashtorin 2001; Mantua et al. 1997; Minobe
1999) and because of greenhouse gas accumulations, with
global warming influences expected to be distinguishable
by the mid-2000s (Overland and Wang 2007). As climate
All correspondence should be addressed to R. Beamish.
e-mail: Richard.Beamish@dfo-mpo.gc.ca
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(Beamish et al. 2012). There is an aggregate of Chinook
salmon populations from the South Thompson River drainage in the Fraser River watershed (Fig. 1) that enter the
Strait of Georgia and in recent years have exhibited anomalously good production. It is this aggregate of populations
that we examined in this study.
Almost all sockeye salmon populations in the Fraser River drainage spend at least one year in a lake after
emerging from the gravel (Foerster 1954). There also are

Fig. 1. Map of the Fraser River watershed and the Harrison River
and South Thompson River watersheds that are part of it.

The Strait of Georgia, off the west coast of Canada is
a semi-enclosed sea that is a major rearing area for juvenile Pacific salmon (Fig. 1, Beamish and McFarlane 2014).
This is an ideal area for ocean research as the strait is readily accessible to researchers from a number of universities
and government facilities.
Most of the populations of Chinook salmon that enter
the Strait of Georgia originate in the Fraser River drainage.
In the 1970s, there was a major commercial and recreational fishery for Chinook salmon in the Strait of Georgia (Argue et al. 1983). Catch data available from 1952 to 1969
indicated the average annual number of Chinook salmon
caught by all fisheries was 284,000. Catches increased
to 775,000 in 1976 and then declined to 175,000 in 1987.
Catches continued to decline because of declining marine
survival (Beamish et al. 1995) and the resulting restrictions
on fishing. Today, the sport fishery catches an average of
about 20,000 fish a year and the commercial fishery retains
only a few thousand incidentally caught fish. The reasons
for the declining survival were not determined, but it was
shown that hatchery-produced juvenile Chinook salmon
had poorer survival than wild Chinook salmon, indicating
that they were more susceptible to the causes of mortality

Fig. 2. Total return and escapement of sockeye salmon from
the Harrison River (Fig. 1) for the years 1952–2011: (A) total
return (thousands of fish) to the Harrison River; (B) percentage of
Harrison River fish in the total return of all sockeye salmon to the
Fraser River; and (C) escapement of adult Harrison River sockeye
salmon (i.e., number of adults of all ages returning to the river in a
single year).
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2003) that was fished along a standard track line. The net
was fished with the head rope at depth intervals of 15 m from
the surface. Most Chinook salmon were caught in the top
60 m, but deeper depths were fished. Most juvenile sockeye
salmon were caught in the top 30 m. Sets were 30 minutes
and the net was towed at 2.4 to 2.6 m/sec. The average net
opening was approximately 15 m deep by 30 m wide. Surveys were conducted from late June to mid-July and in September. In this paper we refer to these as the July and September surveys. Surveys started in 1998 and continued until
2010 with some information available through to 2014. Juvenile Chinook and sockeye salmon were measured for fork
length. Length frequencies were used to distinguish ocean
age-0 Chinook salmon from older ocean ages. The lengths
used to separate ages depended on a particular cruise, but
ocean age-0 juveniles were consistently smaller than ocean
age-1 and older individuals. Stomach contents were determined at sea from contents that were not preserved. All
identifications were by the same expert. The volume of the
contents and the percentage of prey were estimated. Catch
per unit effort (CPUE) was standardized to one hour. Escapement estimates were from the Pacific Salmon Commission (CTC 2014).
In the lower Fraser River, a rotary screw trap was fished
every fourth day in 2012 from April 20 to July 30 (Mahoney
et al. 2013). The location of the trap was downstream of the
spawning areas for Chinook salmon in the South Thompson River and all sockeye salmon populations except those
from the Pitt River (49.2286°N, 122.7678°W). The stock
origin of Chinook salmon collected in a rotary screw trap
and over the sampling period was determined using DNA
analysis conducted at the Molecular Genetics Laboratory
at the Pacific Biological Station, Nanaimo, BC (Beacham
et al. 2005).

sea-type sockeye salmon (Schaefer 1951; Gustafson et
al. 1997) that enter the ocean in the same year that they
emerge from the gravel. In the Fraser River drainage virtually all the sea-type sockeye salmon are from the Harrison
River. Beginning in the early 1990s the productivity of
Fraser River sockeye salmon declined steadily, reaching an
historic low with the ocean-entry year 2007 (Beamish et al.
2012; Thomson et al. 2012; Peterman and Dorner 2012).
The reason for the historic poor survival in 2007, as previously reported, was a result of highly anomalous ocean
and climate conditions (Thomson et al. 2012; Beamish et
al. 2012). As the lake-type sockeye salmon were declining
in productivity in recent years, the sea-type, Harrison River
sockeye salmon, were beginning to increase in productivity. From the early 1950s to present, Harrison River sockeye salmon represented about 2.2% of the production of all
sockeye salmon populations in the Fraser River watershed
(Fig. 2). From 2005 to 2011, they represented 11.9% of the
total production.
We provide information on the biology and ecology of
these sockeye salmon and the South Thompson River Chinook salmon and speculate why their survival is better than
that of other populations of Chinook and sockeye salmon
that enter the Strait of Georgia. We propose that our study
provides an example of how the Krogh Principle could be
applied to facilitate the understanding of the factors affecting the early marine survival of all Pacific salmon.
METHODS
Juvenile Chinook and sockeye salmon were caught in
the Strait of Georgia using a modified mid-water trawl with
a small-mesh cod-end (Beamish et al. 2000; Sweeting et al.

Fig. 3. Timing of the migration of 300 Chinook salmon smolts out of the Fraser River in 2012, showing the late migration of Chinook salmon
from the South Thompson River drainage.
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Fig. 4A. Examples of catches of juvenile Chinook salmon in the
July surveys. Sets with 0 catch are identified by an X. Numbers
represent catches in a 30-min set.

Fig. 4B. Examples of catches of juvenile Chinook salmon in the
September surveys. Sets with 0 catch are identified by an X.
Numbers represent catches in a 30-min set.

RESULTS

Trawl Surveys
Juvenile Chinook salmon were captured throughout the
Strait of Georgia in the July and September surveys (Fig.
4A, B). An average of 10% of all sets did not catch at least
one juvenile Chinook salmon (Table 1). There was very little trend in the average CPUE in July (R2 = 0.22) or in September (R2 = 0.13).

Chinook Salmon
Downstream Migration in 2012
There were 300 downstream migrating Chinook salmon
smolts collected in the rotary screw trap and sampled for
DNA. Of these, 18.7 % or 56 were South Thompson smolts
(Fig. 3). Fifty-two of these 56 were captured between July 3
and 30. In contrast, only one of the other 244 was captured
in July, indicating that virtually all of the smolts entering the
Strait of Georgia later were from the South Thompson.

Length
The average length of juvenile Chinook salmon in their
first ocean year captured in the July surveys (N = 25,200)
ranged from 106 mm in 2007 to 144 mm in 2000 and in
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Table 1. Results of trawl surveys for juvenile Chinook salmon in the Strait of Georgia, 1998 to 2014. CPUE is number of Chinook salmon
caught per 1-hour trawl.
Number of sets
Average length,
Year
Dates
Number of sets
Average CPUE
with 0 catch
mm (SD)
1998
July
75
7
50.8
119.6 (36.8)
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014

September
July
September
July
September
July
September
July
September
July
September
July
September
July
September
July
September
July
September
July
September
July
September
July
September
July
September
July

84
87
80
80
87
86
91
91
76

2
5
2
9
3
7
8
9
3

39.8
38.6
32.0
70.2
25.1
58.4
24.1
42.9
37.7

169.2 (41.2)
139.3 (28.9)
174.0 (42.5)
142.7 (37.2)
184.7 (40.2)
145.3 (29.8)
188.3 (43.3)
135.6 (24.1)
151.7 (42.2)

85
101
68
76
63
72
73
70
69
87
86
79
88
83
76
76
72
79

4
10
14
9
5
7
2
5
31
5
3
8
9
4
12
9
1
17

29.9
77.4
21.6
18.1
75.9
87.0
41.7
60.2
32.7
40.6
47.8
49.7
38.5
37.5
35.4
34.3
73.6
33.1

161.3 (31.7)
119.6 (32.2)
177.3 (42.1)
134.5 (26.4)
168.0 (23.8)
127.2 (36.4)
166.6 (58.4)
106.5 (19.9)
153.7 (17.9)
128.4 (30.9)
127.9 (26.4)
132.8 (27.2)
146.9 (31.4)
132.6 (31.6)
246.5 (34.8)
142.6 (25.8)
139.5 (7.1)
146.3 (29.0)

September
July
September
July

75
67
71
88

4
5
5
8

65.7
26.0
22.2
18.9

157.4 (47.2)
134.7 (29.1)
177.6 (41.8)
126.3 (29.4)

September

71

2

44.6

167.8 (46.2)

No survey

September (N = 31,000) from 128 mm in 2008 to 188 mm
in 2001 (Fig. 5). There was a distinct bimodal distribution
in September 2000, 2002, and 2006. In most other years the
distribution had an extended tail to the right that identified
the presence of larger fish.

South Thompson populations (Fig. 7), the South Thompson
Chinook salmon were consistently the smaller fish in the distributions, although there were some small fish that were not
from the South Thompson River area. In September 2010,
South Thompson juveniles were caught throughout the water column with 76.4% caught from the surface to 44 m and
the remaining below 45 m.

DNA Analysis
DNA was analyzed from 2,022 fish that were captured
in the 2007 to 2011 July surveys and 1,744 fish captured in
the September surveys. South Thompson fish represented
an average of 10.2 % of the samples in the July surveys and
68.8 % in the September surveys (Fig. 6). Juveniles from the
South Thompson River drainage from Little River (31.1%)
and Lower Thompson River (25.5%) dominated the catch in
September. When the lengths of the fish sampled for DNA
were separated into South Thompson populations and non-

Diets
Juvenile Chinook salmon diets were analyzed from
approximately 4,500 fish captured in July and approximately 9,000 fish in September (Fig. 8). Fish were the
dominant prey item in all years for the July samples, except
in 2007 when fish represented only 9.5% of the diet. Pacific herring (Clupea pallasii) was the major species of fish in
the stomach, with an average of 63.5% of all fish remains
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Length (mm)
Fig. 5. Length-frequency of Chinook salmon measured in the September surveys, 1998–2014.

that could be identified. In 2007, no fish were identified as
Pacific herring. (The exceptional change in diet in 2007
is not discussed in this paper, but was shown in Beamish
et al. 2012 and Thomson et al. 2012 to be a result of extremely poor plankton production resulting from extreme
climate and ocean conditions early in 2007). In the September samples, fish in the diet decreased to 42.3% and
only 7% in 2007. Again, Pacific herring was the dominant
prey item representing 52.9% of the identifiable remains.
Amphipods comprised 11.5% of the diet in the July sam-

ples and 28% in the September samples. In both periods,
hyperiid amphipods dominated with an average of 97.6%
in July and 93.0% in September. The percentage of decapods decreased in September samples while the percentage
of euphausiids increased (Fig. 8). In both periods, other species of fish included Pacific sand lance (Ammodytes
hexapterus) and bay pipefish (Syngnathus leptorhynchus).
Major items in the “other” prey category included juvenile octopus, insects, small squid, calanoid copepods, and
polychaetes.
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Fig. 6. Stock composition from DNA analysis of Chinook salmon captured in trawl surveys in the Strait of Georgia from 2007–2011: (A) in July;
and (B) in September showing the large increase in the South Thompson River stocks in September. Sample size (n) is shown in parentheses.

There was a weak relationship (R2 = 0.026) between the
September survey CPUE and the adult return for a particular brood year (Fig. 11A). The relationship remained weak
when CPUE was compared to the escapement in the previous year that produced the fish in the catch year (R2 = 0.197,
Fig. 11B). The relationship between escapement and the
production from that escapement in four years (Fig. 11C)
was weak (R2 = 0.166) and similar to Fig. 11B.

November 2008 Trawl Survey
The sample of 55 juvenile Chinook salmon from the
November 17–21, 2008, trawl survey consisted of 5% from
the South Thompson area (Fig. 9) and the remainder were
from other populations. The three fish identified as originating from the South Thompson were also the smallest in the
sample (Fig. 9).
Escapements
The majority of adult Chinook salmon returning in the
summer to the rivers in the South Thompson River drainage are considered four-year-olds (age-0.3). There was
very little change in the escapements from 1975 to 1995
(Fig. 10), but beginning in 1996, escapements steadily
increased with the average from 2006 to 2015 being 5.8
times the average from 1975 to 1995. The large return in
2010 was from the 2006 brood year that went to sea in
2007 and had a diet that was lowest in fish and highest in
amphipods (Fig. 8).

Harrison River Sockeye Salmon
Ocean Entry Time
Beamish et al. (2016) showed that the Harrison River
sockeye salmon enter the open ocean areas of the Strait of
Georgia about eight weeks after the lake-type smolts and
about the time that virtually all lake-type juveniles have left
the Strait of Georgia. Beginning in 2008, DNA stock identification was used to show that in September 2008 and 2009,
the percent of juvenile sockeye salmon from the Harrison
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Fig. 7. Length-frequency distributions for Chinook salmon using DNA analysis to separate South Thompson River fish (black bars) from other
populations (grey bars) captured in the Strait of Georgia in the July and September surveys 2007 to 2011.

River in the catches was 98% and 96%, respectively (Beamish et al. 2016). In 2010, the percent declined to 65%. Recent
DNA analyses are available for only 2011 and 2014. In 2011,
the percent of Harrison River juvenile sockeye salmon was
95.4% (n = 427) and in 2014 it was 92.4% (n = 224). Thus,
in most years, the juvenile sockeye salmon in late summer
and fall were virtually all from the Harrison River. When the
percent of Harrison River juveniles was lower in 2010, we
speculate that it was a result of generally poor survival for the

earlier ocean-entering juvenile sockeye salmon, resulting in
more lake-type fish remaining longer in the strait.
Escapements
The percent of Harrison River sockeye salmon in the
total return of all Fraser River sockeye salmon and escapements were low until 2005 and then increased (Fig. 2A,
B, C). The CPUE of juvenile sockeye from 1998 to 2010
showed no relationship with escapement (Fig. 12A). Beam462
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DISCUSSION
In 2007 we were first able to use the results of DNA
stock identification to determine that most of the juvenile
Chinook salmon in the Strait of Georgia in September
were from the aggregate of the populations from the South
Thompson River. It was one year later, in 2008, that we
first used DNA to discover that the sea-type juvenile sockeye
salmon from the Harrison River were also abundant in the
Strait of Georgia in the fall.
We documented the late ocean-entry timing of the
South Thompson River Chinook salmon smolts using
DNA analysis of the Chinook smolts in the rotary screw
trap catches and DNA analysis of catches of juveniles in
the July and September surveys. The trapping in the Fraser River clearly showed that the South Thompson Chinook
salmon smolts migrated out of the Fraser River after the
smolts from the other populations. The DNA analysis of
the catches also showed a large increase in the percentage of
the juvenile South Thompson fish in September. The high
percentage in July 2007 probably occurred because the July
2007 survey was conducted later and because there was an
exceptionally large mortality of the early-entering Chinook
salmon juveniles (Beamish et al. 2012). In September, the
late ocean-entering juveniles dominated the population of
juvenile Chinook salmon from 2007–2011, representing
an average of 68.8% of all juvenile salmon. Thus, there is
good evidence that the populations of Chinook salmon from
the South Thompson River that have an increasing trend in
escapement, also have a life history of late ocean-entry that
differs from the other populations of Chinook salmon that
are experiencing poor survival.
We showed that the South Thompson juveniles were
much smaller in July and September than the earlier
ocean-entering juveniles. The small size of the fish in July
and the apparent higher marine survival indicates that more
than just fish size influences mortality of the earlier-entering juvenile Chinook salmon that co-occur in the catches in

Fig. 8. Stomach contents of juvenile Chinook salmon captured
in the Strait of Georgia in the July (A) and September (B) surveys
from 1998 to 2011.

ish et al. (2016) detected a very weak relationship between
escapement and total return (Fig. 12B), but a very strong
relationship between CPUE in our September surveys and
total return (Fig. 12C). This strong, positive relationship
was influenced by the large juvenile abundances in 2007 and
2008, but indicates that conditions within the Strait of Georgia were related to the recent increase in the percentage of
the sea-type life-history fish in the total return of all sockeye
salmon to the Fraser River.

Nov 17–21, 2008
n = 55

Number

Diets
From 1998 to 2010, there were 2,208 juvenile sockeye
salmon examined for stomach contents in the September
surveys (Fig. 13). Amphipods were the preferred prey representing 60.5% of the volume and virtually all were hyperiid amphipods (99.9%). The dominant species of hyperiid
amphipod in the diet was Primno abyssalis averaging about
75% of the volume of amphipods. Mackas et al. (2013) reviewed the information available for the annual abundances
of the various species of zooplankton in the Strait of Georgia
and concluded that amphipods represented about 8.2% of
the zooplankton biomass in the strait. Thus, there appears
to be selection for amphipods, and hyperiid amphipods, in
particular.

Length ( mm )
Fig. 9. Lengths of South Thompson Chinook salmon and other
populations of Chinook salmon captured in the Strait of Georgia
during the November 17–21, 2008 survey, as identified by the DNA
analysis.
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Adult Return (thousands)

A

CPUE

Fig. 10. Escapements of South Thompson River stocks within
the Fraser River watershed from 1975 to 2015. Data for 2015 are
preliminary.
Escapement (thousands)

B

July and September. An acoustic tagging study (Neville et
al. 2015) showed that juvenile mortality of the non-South
Thompson fish remains high throughout the summer indicating that the source of this mortality, at least partially, may
selectively avoid the South Thompson fish or that the South
Thompson fish are better able to avoid the mortality (or
both) even though they are smaller and distributed throughout the water column. This acoustic tagging study also
showed that the tagged South Thompson River juveniles left
through Juan de Fuca Strait (Fig. 1) from October 1 to November 24, although the sample size was small (three fish).
The dates that the acoustically tagged fish left the Strait of
Georgia were consistent with the apparent disappearance of
juvenile South Thompson River fish by mid-November as
indicated by the very small catch in the trawl survey in November 2008.
An important difference between late ocean-entering
and early-entering juvenile Chinook salmon was diet. Late
ocean-entering juveniles consumed more amphipods and
fewer fish than the early-entering individuals. Virtually all
the amphipods in both the July and September samples were
hyperiid amphipods which were not the dominant species of
amphipod in the zooplankton as reported by Mackas et al.
(2013). However, our diet studies do not compare the feeding of the early and late ocean-entering life-history types
during the same ocean stages. The early-entering populations were feeding on hyperiid amphipods in July, but it is
their diet in the first few weeks after their ocean entry in May
that needs to be compared. We speculate that if this comparison were available, the prey quantity and quality in mid-May
would be less favourable than that available in mid-July. It
is speculation, but we propose that the increased production
of the South Thompson Chinook salmon and the Harrison
River sockeye salmon resulted from an increased production
of hyperiid amphipods in recent years that matched their late
ocean-entry time.

Adult escapement (yr +4, thousands)

CPUE

C

Escapement (thousands)

Fig. 11. CPUE and escapement relationships for juvenile and adult
South Thompson River Chinook salmon. (A) CPUE from 1998 to
2010 and the subsequent adult return for these fish in three years,
2001 to 2013. (B) CPUE and the previous year escapement that
produced the fish in the CPUE for escapement years 1997 to 2013
and CPUE from 1998 to 2014. (C) South Thompson Chinook
salmon escapements from 1998 to 2011 and the subsequent return
of adults in four years from 2002 to 2015.

There was a weak relationship between CPUE of juvenile Chinook salmon in September and the escapement in
the previous year, possibly indicating that the number of juveniles in the September surveys was only weakly related to
production in fresh water. There also was a weak relationship between CPUE and the subsequent return of adults for a
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particular brood year. The relationship between escapement
and the adult return in four years from this escapement was
also very weak during the study years. We considered that
the escapement estimates were a general indication of total
production because it was unlikely that fishing mortality was
progressively less selective for the South Thompson River
Chinook salmon. Duffy and Beauchamp (2011) showed that
the condition of juvenile Chinook salmon in the first months
in Puget Sound was a good predictor of brood year survival.
We speculate that a similar relationship exists for the South
Thompson River Chinook salmon but is obscured because
the CPUE in September includes an average of 31.2% of
other populations with a range from 2007 to 2011 of 58%
to 77%. Also, the use of escapement numbers does not represent total production. Thus, we propose that if we could
relate the specific South Thompson River Chinook salmon
CPUE to their total production, there would be a relationship
between CPUE and total return similar to that we observed
for Harrison River sockeye salmon.
The similarities in the biology of the South Thompson
River Chinook salmon and the Harrison River sockeye salmon are (1) a late ocean entry into the Strait of Georgia, (2)
late exit time from the Strait of Georgia, (3) small size at
ocean entry and (4) a preference for hyperiid amphipods in
their diet. There is good evidence that climate influences
on plankton production can affect fish production, including Pacific salmon (Farley et al. 2009; Brown et al. 2011;
Hunt et al. 2011; Sigler et al. 2011). Thus, it is likely that
there were climate-related changes in the plankton in the
Strait of Georgia that initiated the trend in improved production. Specifically, it appears that hyperiid amphipods
became more accessible and more abundant. We speculate
that the improved survival occurred because the juveniles
found preferred prey easily and grew faster, quicker. This
interpretation is consistent with the critical size-critical period hypothesis proposed by Beamish and Mahnken (2001),
except that the hypothesis needs to be adjusted to include the
late ocean-entry mechanism.
The critical size-critical period hypothesis proposed
that an individual that grew to a critical size by a particular
date would begin to store more lipids and be better able
to survive the first ocean winter. The principle is that juvenile Pacific salmon would be genetically more sensitive
to body condition at a particular time in the early marine
period. There would be an external stimulus such as day
length or temperature or both that stimulated the hormonal
sensitivity. The summer solstice and the fall (autumnal)
equinox could be changes that stimulate hormonal activity.
According to the hypothesis, a rapid rate of growth early
in the marine period would result in body condition that
exceeded a genetically controlled threshold and signaled
a change in the metabolism of the individual. The energy
used for rapid growth would be related to factors that affect
food supply, food quality, and food access. Consequently,
temperature, temperature change, density of individuals,
and competitors could be related to achieving the condition

A

B

C

Fig. 12. Relationships between adult returns, escapement, and
CPUE of Harrison River sockeye salmon: (A) escapement (number
of fish returning to the river in a single year) and juvenile CPUE
during September trawl surveys conducted in the next year (19982010; ocean-entry years are shown); (B) escapement in 1997-2007
and total brood year return of age-3 and age-4 individuals produced
by that escapement (escapement years are shown); (C) CPUE
and the total return of the brood year that produced the CPUE
(1998-2008; ocean-entry years are shown). For example, juveniles
captured via trawling in 2007 were from the 2006 brood year and
would return as adults in 2009 and 2010 (age 3 and 4).

threshold. According to the hypothesis, fish not exceeding
the condition threshold would continue with their existing
metabolism. These individuals would use more lipids to
continue to grow and by fall may be the same size as the
fish that stored more lipids. The fish with less stored en465
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Abstract: Feeding of Pacific salmon (Oncorhynchus spp.) was evaluated by diet composition and stable isotope
analysis of carbon and nitrogen. Pacific salmon can be classified into 3 groups; Chinook salmon and steelhead
trout as nekton feeders, chum and pink salmon as zooplankton feeders, and sockeye and coho salmon as
alternative (zooplankton/nekton) feeders, depending on the conditions in their foraging habitats and intra- and
inter-specific interactions. In some ecosystems of the North Pacific Ocean, food chains from phytoplankton to
Pacific salmon have the same slope on the linear relationship between carbon and nitrogen stable isotopes based
on the kinetic isotope effect. Based on the results of carbon and nitrogen stable isotope analysis, Chinook salmon
occupied the highest trophic level (4.3 ± 0.3), followed by steelhead trout (4.1), sockeye (3.9 ± 0.1), coho (3.9
± 0.4), chum (3.6 ± 0.3) and pink (3.5 ± 0.2) salmon. The framework and function of feeding patterns in Pacific
salmon appears to be influenced by both the ecosystem structure in a given foraging habitat and their intra- and
inter-specific interactions.
Keywords: Pacific salmon, feeding patterns, δ13C, δ15N, trophic level

INTRODUCTION

et al. 1996). Chum salmon show greater diet plasticity than
other Pacific salmon with increased population density in order to minimize intra-specific competition (Kaeriyama et al.
2012). Unfortunately, past research on the feeding habits of
Pacific salmon have been carried on at relatively small scales
in time and space. There are no long-term research projects or
reviews of their feeding habits among ecosystems in the North
Pacific Ocean, except for juvenile coho salmon in the Strait
of Georgia from 1997 to 2007 (Sweeting and Beamish 2009).
Stable isotopes of carbon (δ13C) and nitrogen (δ15N)
provide trophic-level information for predator species in
ocean food webs (Minagawa and Wada 1984). Isotopic
examination of Pacific salmon shows that Chinook salmon occur at the highest trophic level, followed by steelhead (O. mykiss), coho, sockeye (O. nerka), chum and pink
salmon in the Gulf of Alaska (Satterfield and Finney 2002;
Kaeriyama et al. 2004; Johnson and Schindler 2009). Pink,
sockeye, and chum salmon appear to have a high overlap in
prey species and there was no consistent evidence for chum
accessing alternative food webs dominated by gelatinous
zooplankton. Chinook (O. tshawytscha) and coho salmon were distinctly enriched in δ13C, suggesting more extensive use of coastal habitats and food webs compared to
the depleted signatures of pink, sockeye, and chum salmon
(Johnson and Schindler 2009).

Research on the feeding ecology and trophic dynamics
of Pacific salmon (Oncorhynchus spp.) in the North Pacific
Ocean has been conducted for more than 50 years (Kaeriyama et al. 2004). Their feeding patterns are influenced by
climate events such as El Niño and La Niña. In the Gulf
of Alaska, all Pacific salmon, except for chum salmon (O.
keta), consume gonatid squids, mainly Berryteuthis anonychus, as a significant component of their diets. However, during the 1997 El Niño and 1999 La Niña event years,
squids decreased sharply in the diets of all salmon except
coho salmon (O. kisutch). Chum salmon changed diets from
gelatinous zooplankton to a greater diversity of zooplankton
species in both event years.
Prey selectivity in Pacific salmon is related to both intra- and inter-specific differences in functional morphology,
physiology, and behavior. For instance, intra-specific variation in diets at different locations is often higher than inter-specific variation at a single location (Ito 1964; Auburn
and Ignell 2000). Variation in Pacific salmon food habits
is closely associated with spatial-temporal variation in prey
abundance and availability (Aydin et al. 2000). At the same
time however, chum salmon will shift their diet in response
to competition with pink salmon (O. gorbuscha) (Tadokoro
All correspondence should be addressed to M. Kaeriyama.
e-mail: salmon@oia.hokudai.ac.jp
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Fig. 1. Survey areas for comparing prey animals of Pacific salmon in the North Pacific Ocean: Gulf of Alaska (GA1–2), Western Subarctic
Gyre (WG1–2), western Bering Sea (BS1–2), and northern Bering Sea (BS3). Also shown are areas for carbon and nitrogen stable isotope
analysis: Gulf of Alaska (GA), Western Subarctic Gyre (WG), western Bering Sea (WB), northern Bering Sea (NB), eastern Bering Sea (EB),
and the coastal sea along the Aleutian Islands (AI).

Vander Zanden et al. (2000) presented a dual isotope
(δ N and δ13C) method for measuring the trophic level of
aquatic consumers that corrects for variation in δ15N signatures at the base of the food web among and between
different feeding habits. In this method, trophic level was
determined by
(i) generating a primary consumer (baseline) δ15N-δ13C relationship specific to the 13 study lakes,
(ii) using the δ13C value of the aquatic consumer to define
the appropriate δ15N value from which to estimate trophic level, and
(iii) estimating the consumer’s trophic level using the consumer δ15N value and the δ13C-adjusted baseline δ15N
value using the formula

(ii) the slopes on the δ15N-δ13C were not significantly differ-

ent among various ecosystems.

15

They attributed the common slope to physiological aspects of feeding processes such as the kinetic isotope effect
which changes the rate of a chemical reaction when one of
the atoms in the reactants is substituted with one of its isotopes (Minagawa et al. 1992). In the trophic fractionation
of carbon and nitrogen isotopes in a food web, the slope of
the regression (Δδ15N / Δδ13C) can be assumed constant. We
used this methodology to review the feeding habits and the
trophic levels of Pacific salmon, and to define the framework
and function of their feeding patterns.

Trophic level = ��𝛿𝛿𝛿𝛿 15 Nconsumer − 𝛿𝛿𝛿𝛿 15 Nbaseline � ⁄ 3.4� + 2,

MATERIALS AND METHODS
Data Sources

where 3.4 is the assumed per trophic level per mil increase
in δ15N. The + 2 term is added because trophic level is being
estimated relative to primary consumers rather than to primary producers. However, stomach contents of consumers
usually include a number of prey species. Allen and Aron
(1958) Ito (1964), and Takeuchi (1972) observed that pink
salmon foraged and stacked copepods, euphausiids, and amphipods in layers in their stomachs. Therefore, the trophic
level of prey animals is necessarily not constant because of
the variety of prey species.
Wada et al. (2013) and Aita et al. (2011) examined trophic fractionation of carbon and nitrogen isotopes for food
chains in various ecosystems, and determined that
(i) the ratios of trophic fractionation of carbon and nitrogen isotopes (Δδ15N / Δδ13C) throughout the food chain
were obtained as the slope of the linear regression line
on the δ15N-δ13C plot, and

Our study on the feeding habits and trophic dynamics of
Pacific salmon in the North Pacific Ocean is based on both
our survey and an extensive literature review. In our survey, we collected stomach contents and muscle samples, 1–3
g/individual, of Pacific salmon and their prey on board the
Hokkaido University vessel T/V Oshoro maru in the North
Pacific Ocean. For the analyses of diets, we sampled more
than 4,000 individuals, and for carbon/nitrogen stable isotope analysis, 600 individual Pacific salmon, 2 samples of
phytoplankton, and 227 samples of zooplankton, respectively (Fig. 1, Table 1). Our literature review examined LeBrasseur (1966), Pearcy et al. (1988), and Kaeriyama et al.
(2004) for Pacific salmon stomach contents.
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tance (IRI) (Pinkas et al. 1971) as follows:

Table 1. Number of samples* for analyses of stomach contents
and δ13C - δ15N of Pacific salmon in the North Pacific Ocean
Organism

Stomach content

Stable isotope

Pacific salmon
Sockeye

1,768

82

Chum

1,038

202

Pink

907

183

Coho

481

81

57

10

198

42

4,449

600

Chinook
Steelhead
Total

where F is the frequency of occurrence of prey in the stomach, N is the percentage by number of prey, and W is the
percentage by mass of prey. A catch per unit effort (CPUE)
is expressed for each species in terms of the number of individuals per a tan (50-m panel) of gillnet.
Measurement of Carbon and Nitrogen Stable Isotopes
All samples for stable isotope analysis were washed
using deionized water and dried at 60°C for at least 48 h.
Following this, the samples were ground into fine powder
with a mortar and pestle. We extracted lipids from all samples by rinsing with a 2:1 solution of chloroform-methanol.
Approximately 0.5–1.5 mg of each sample was then packed
into a tin cup and analyzed for δ13C and δ15N by MAT252
mass spectrometry (Finnigan MAT, Bremen, Germany).
The δ13C and δ15N were expressed as follows:

Plankton
Phytoplankton

2

Zooplankton

227

Total

229

*containing no literature information

Measurement of Stomach Contents

where R is 13C/12C or 15N/14N for δ13C or δ15N, respectively. We used the Pee Dee Belemnite and atmospheric N2 as
standards for carbon and nitrogen stable isotope analysis, respectively.

We weighed (wet mass, g) and counted prey animals and
classified them into 12 taxonomic groups (Table 2). Stomach content weights were analyzed in terms of the stomach
content index (SCI) as follows:

Estimation of Trophic Level
We estimated the trophic level of Pacific salmon using
the following formulas:
• for trophic level of prey in a stomach: Prey baseline TL
= Σ(TLi × Pi),

where BW and PW are body weight of Pacific salmon and
prey weight in their stomach. To assess the stomach contents of each fish, we estimated the index of relative imporTable 2. Prey animals and food items of Pacific salmon
Food items

Species

Euphausiids (EU)

Thysanoessa longipes, Thysanoessa spp., Euphausia pacifica, Euphausia spp., Other euphausiids

Copepods (CO)

Neocalanus cristatus, N. plumchrus, Eucalanus bungii, Other copepods

Amphipods (AM)

Themisto pacifica, Themisto japonica, Themisto spp., Hyperia medusarum, Hyperia spp., Other amphipods

Decapods (DE)

Crab larvae (zoea, megalopa)

Squids (SQ)

Berryteuthis anonychus, Gonatus middendorffi, Other squids

Pteropods (PT)

Limacina spp., Clione spp.

Fishes (FI)

Stenobrachius leucopsarus, Anoplopoma fimbria, Myctophids, other fish eggs and larvae

Polychaetes (PO)

Polychaetes

Chaetognaths (CH)

Sagitta elegans, Chaetognaths

Gelatinous zooplankton (GE)

Coelenterates, Ctenophores, Salps

Other animals (OT)

Halocypridids, Cumacea, Octopoda, Ostracods, Barnacles, Debris

Unidentified material (UI)

Unidentified materials
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Fig. 2. Annual change in stomach contents of Pacific salmon in the Gulf of Alaska. EU: euphausiids, CO: copepods, AM: amphipods, DE:
decapods, SQ: squids, PT: pteropods, FI: fishes, PO: polychaetes, CH: chaetognaths, GE: gelatinous zooplankton, OT: other animals, UI:
unidentified material. (See Table 2 for identified prey animals and food items.)

Data Analysis

• the δ15N of prey in a stomach: Prey baseline δ15N =
Σ(δ15Ni × Pi),
• trophic level of Pacific salmon: Salmon TL = (Salmon
δ15N - Prey baseline δ15N) / 3.4 + Prey baseline TL
where TLi, δ15Ni, Pi, and 3.4 are the trophic level, nitrogen
stable isotope, ratio of prey animal i in the stomach, and the
assumed increase in δ15N per trophic level per ml, respectively.

The Shannon-Wiener index - H’ (Colwell and Futuyma 1971) was used to estimate prey diversity, and the
simplified Morishita’s index - CH (Horn 1966) was used
to estimate the food-niche overlap between species pairs.
The average linkage clustering method of Krebs (1998)
was used to estimate food-niche similarity among six spe472
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cies of Pacific salmon based on the result of the food-niche
overlap analysis in their prey composition. Average linkage clustering begins with the two most similar groups,
and is a hierarchical agglomerative, polythetic method that
avoids extremes of nearest neighbor and farthest neighbor
techniques (Krebs 1998).
One-way analysis of variance (ANOVA) was used to
compare carbon and nitrogen stable isotope levels. Carbon
and nitrogen stable isotopes were analyzed using simple
regression. Significance in all tests was measured at P <
0.05. Analysis of covariance (ANCOVA) and the general linear model (GLM) were used to test for differences
among the slopes (δ15N / δ13C) of regression lines among
different oceanic regions. Regression analysis was used to
examine the overall trend in the δ15N and δ13C of animals in
food chains. The δ13C was treated as a covariate, and sampling region was the independent variable. The interaction
between δ13C and sampling region had no significant effects on the δ15N of the samples and was therefore discarded from the analyses. In cases where ANCOVA tests were
significant, the overall significance of differences among
the sampled seasons or regions was tested using Tukey’s
honestly significant difference (HSD) post hoc tests at P
< 0.05. For each sample, linear regression analysis was
also applied to examine the relationships of δ15N with δ13C.
Relationships among SCI, H’, CPUE, body sizes of sockeye, chum, and pink salmon in the Gulf of Alaska and the

100

RESULTS AND DISCUSSION
Feeding Patterns
In the Gulf of Alaska, Pacific salmon, with the exception of chum salmon, did not change their stomach contents,
and dominantly fed on gonatid squids, mainly Berryteuthis
anonychus (Fig. 2). However, in the 1999–2000 La Niña
event, squids decreased sharply in stomach contents of all
Pacific salmon. This indicates that strong climate events
such as the super El Niño and La Niña will affect feeding
habits of Pacific salmon (Kaeriyama et al. 2004). Chum
salmon showed the highest prey diversity as exhibited by
a range of zooplankton, e.g., Themisto spp., pteropods, and
gelatinous zooplankton.
In our analysis of spatial diet variation (Fig. 3), sockeye
and pink salmon fed on squids in the Gulf of Alaska, and
zooplankton in other areas. Coho salmon ate squids in the
Gulf of Alaska, mainly euphausiids in the Western Subarctic Gyre, and
larvae
in the Bering Sea. Chinook salmon
Fig. 3fish
of Qin
& Kaeriyama
fed on squids in the Gulf of Alaska and fishes in the Western
Subarctic Gyre. Steelhead trout foraged on squids and fish-
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regression analysis. All statistical analyses were conducted using SPSS ver. 21 (IBM ver. 21).
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Fig. 3. Stomach contents of Pacific salmon in the North Pacific Ocean ecosystems. GA: Gulf of Alaska, WG: Western Subarctic Gyre, BS:
Bering Sea. Letter/number codes represent sampling areas in Fig. 1. Abbreviations as in Fig. 2.
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Table 3. Results of the stepwise multiple regression analysis of prey diversity (H’) and stomach content index (SCI) for sockeye, chum, and
pink salmon in the Gulf of Alaska and the Western Subarctic Gyre.
Criterion
variable

Species

Explanatory
variable

Slope

H’

Sockeye

CPUEchum

-0.226

-0.372

FL

-0.008

-0.616

Constant

Pink

SCI

Sockeye

Chum

Pink

Area

5.096

-

Pr

R2

PR2

0.256

0.481

0.020

0.027

-

-

-

-

-

-0.449

-0.546

0.054

0.299

0.142

FL

0.003

0.338

0.259

-

-

Constant

0.409

-

-

-

-

CPUEchum

0.211

0.500

0.379

0.687

0.001

CPUEpink

0.124

0.643

0.209

-

-

Constant

0.571

-

-

-

-

CPUEchum

-0.750

-0.625

0.079

0.768

CPUEsockeye

-0.300

-0.697

0.038

-

-

<0.001

Constant

2.231

-

-

-

-

Area

0.202

0.332

0.268

0.123

0.486

CPUEpink

-0.056

-0.306

0.309

-

-

Constant

0.409

-

-

CPUEchum

-0.123

-0.164

0.592

0.282

CPUEpink

-0.072

-0.233

0.441

-

-

Constant

1.072

-

-

-

es in the Gulf of Alaska. Chum salmon fed on a diversity
of zooplankton including gelatinous zooplankton. Specifically, the main diets of Pacific salmon consisted of squids
in the Gulf of Alaska, zooplankton in the Western Subarctic
Gyre, and zooplankton and fishes in the Bering Sea (Fig.
3). It has also been reported that dominant prey of Pacific salmon are zooplankton in the Western Subarctic Gyre
(Allen and Aron 1958; Ito 1964; Takeuchi 1972) but squids
in the Gulf of Alaska, except for chum salmon (Pearcy et
al. 1998; Kaeriyama et al. 2004). Coho salmon fed on not
only nekton but also zooplankton in the Western Subarctic
Gyre, although they ate predominantly nekton in the Gulf
of Alaska and the Bering Sea (Fig. 3). Coho salmon are
considered to feed on both zooplankton and nekton, and to
be opportunistic feeders showing plasticity (Godfrey 1963;
LeBrasseur 1966; Godfrey et al. 1975; Groot and Margolis
1991). Primary production and zooplankton biomass in the
Western Subarctic Gyre are higher than those in the Gulf of
Alaska during spring and summer (Sugimoto and Tadokoro
1997; Nishioka et al. 2007; Yamaguchi 2008) because high
concentrations of dissolved iron, supporting biological production, are provided from the Sea of Okhotsk through the
Okhotsk Sea Intermediate Water (Nishioka et al. 2007) and
atmospheric dust (Duce and Tindale 1991). Biomass of gonatid squids in the Gulf of Alaska exceeds that in the West-

-

-

-

0.609

ern Subarctic Gyre (Nesis 1997; Okutani 2005).
Fig. 4 ofHowever,
Qin & Kaeriyama
distribution densities of Pacific salmon (sockeye, chum, and
coho) and steelhead trout in the Gulf of Alaska are higher
than those in the Western Subarctic Gyre during spring and
summer (Godfrey et al. 1975; French et al. 1976; Neave et
al. 1975; Azumaya et al. 1999). Therefore, the differences
in ecosystem structure between the Gulf of Alaska and the
Western Subarctic Gyre result in spatial diet variation in Pacific salmon.

Weighted mean

% IRI

Chum

r

Fig. 4. Summarized prey composition of Pacific salmon in the
North Pacific Ocean. Abbreviations as in Fig. 2.
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Rescaled distance cluster combine

portion of squid in their prey (Ito 1964; Pearcy et al. 1988),
and reduce body size (Ishida et al. 1998) during periods of
high abundance. We found a positive correlation between
an index of consumed food diversity and the CPUE of chum
salmon in the Bering Sea (Kaeriyama et al. 2012). It has
been suggested that chum salmon avoid feeding competition with other species (Welch 1997). Avoiding competition for prey may be linked to the chum salmon’s slow
swimming speed relative to other Pacific salmon (Groot et
al. 1995). Therefore, chum salmon show relatively high
plasticity in their feeding, shifting their diets from dominant and preferred prey species when faced with intra- and
inter-specific competition.
The results of stepwise multiple regression analysis on
prey diversity and SCI of sockeye, chum, and pink salmon in the Gulf of Alaska and the Western Subarctic Gyre
(Table 3) denoted that (i) sockeye salmon decreased food
diversity with densities of sockeye and chum salmon, and increased food consumption with body size, and that (ii) pink
salmon increased prey diversity with densities of chum and
pink salmon. Pacific salmon change from small zooplankton (e.g., copepods and amphipods) to nekton with growth
(LeBrasseur 1966; Pearcy et al. 1988). Tadokoro et al. (1996)
also reported that chum salmon shifted diets from crustacean
zooplankton to gelatinous zooplankton with increases in
abundance of pink salmon. Therefore, these changes in the
feeding patterns of sockeye and pink salmon will be based
on intra- and inter-species competition and interaction.
Summarizing prey composition of Pacific salmon in
all areas of the North Pacific Ocean, Chinook salmon and
steelhead trout predominantly fed on squids and fishes; coho
and sockeye salmon foraged on squids and zooplankton; and
chum and pink salmon fed on a diversity of zooplankton
(Fig. 4). In our analysis of food niche overlap (Fig. 5) Pacific salmon can be classified into three groups;
• nekton feeders: Chinook salmon and steelhead trout,
• zooplankton feeders: chum and pink salmon,
• alternative (zooplankton/nekton) feeders: sockeye and
coho salmon,
depending on conditions in their foraging habitats (Fig. 6).

Chinook
Steelhead
Sockeye
Coho
Chum
Pink
Fig. 5. Cluster analysis of the summarized prey composition of
Pacific salmon in the North Pacific Ocean.

In Pacific salmon, only chum salmon fed significantly
on gelatinous zooplankton (Figs. 2, 3), which have lower
nutritional value than other prey (Davis at al. 1998). Chum
salmon can feed on larger, lower-trophic prey animals because they have a relatively wide esophagus (Welch 1997),
strong gastric acid (Azuma 1992), and more pyloric caeca
(Kaeriyama and Urawa 1990) than other Pacific salmon.
Gelatinous zooplankton are chiefly fed on by other animals
such as ocean sunfish (Mola mola) and loggerhead turtle
(Caretta caretta) (Gregory and Raven 1934; Nakamura and
Sato 2014). In a captivity experiment, filefish (Stephanolepis cirrhifer) fed euphausiids and jellyfish showed significantly faster growth than those fed euphausiids alone.
This indicates a metabolic role for jellyfish as prey despite
its apparently low nutritional value (Miyajima et al. 2011).
This evidence suggests that feeding habits of fish and the
value of prey should not be judged solely by the energy and
nutrition of prey. Chum salmon shifted from preying on
copepods and euphausiids to gelatinous zooplankton during
periods of high pink salmon abundance in the Bering Sea
(Tadokoro et al. 1996). Also, pink salmon decrease the pro-

Zooplankton feeder
School formation, seaward
migration at the fry stage, wider
ocean distribution

Nekton feeder
Strong dependence upon fresh
water, defending territory,
coastal migration
Chinook
Steelhead
Nekton feeder

Sockeye
Coho
Alternative feeder

Fig. 6. Feeding patterns of Pacific salmon based on their life history.
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8
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Western Subarctic Gyre

13

10
Chum

Chinook
Coho

Sockeye

11

Coho

Pink

10

Steelhead

12

Sockeye

11

Coastal sea around
the Aleutian Islands

13

Steelhead

12

Pink

-24 -23 -22 -21 -20 -19 -18 -17 -16

14

14

Pink

Chum

9

9
8

Chum

9

9
8

Coho

10

Pink

10

Chum
(NB)
Sockeye

13

Steelhead

13
12

Eastern Bering Sea

14

8
-24 -23 -22 -21 -20 -19 -18 -17 -16

-24 -23 -22 -21 -20 -19 -18 -17 -16

δ13C
Fig. 7. Means and SD of δ13C and δ15N of Pacific salmon in the North Pacific Ocean and the Bering Sea. NB: northern Bering Sea.

Similarly, a review of the evolution and life-history
variation in Pacific salmon suggests that their feeding patterns can be divided into three groups; nekton, zooplankton,
and alternative feeders (Kaeriyama 1989, 1996; Stearley
and Smith 1993; Murata et al. 1993; Quinn 2005). Chinook
salmon and steelhead as nekton feeders are dependent on
the freshwater portion of their life history and their coastal
migration. Chum and pink salmon, as zooplankton feeders,
show schooling, seaward migration immediately after emergence, and a wide distribution in the ocean. Sockeye and
coho salmon can be either plankton or nekton feeders depending on the conditions in a given foraging habitat and in-

tra- and inter-specific interaction, although they mainly feed
on squid, given the opportunity.
Trophic Level Evaluated by the Carbon and Nitrogen
Stable Isotope Analysis
Figure 7 shows the relationship between δ13C and δ15N
of Pacific salmon in the Gulf of Alaska, the Western Subarctic Gyre, the eastern and northern Bering Sea, and the coastal sea around the Aleutian Islands. In most areas, Chinook
salmon had the highest δ13C and δ15N, followed by steelhead
trout, coho, sockeye, chum and pink salmon. An exception

Table 4. Results of analysis of covariance for the slopes and intercepts of δ15N and δ13C of Pacific salmon in the North Pacific Ocean.
Parameter

F

P

df

Slope

t1

P1

Intercept

SE2

δ13C

29.365

<0.001

608, 4

0.436

15.733

<0.001

-25.197

0.283

Area

8.070

<0.001

-

-

-

-

-

-

δ C X Area

2.283

0.059

-

-

-

-

-

-

13

1

t and P for slope, 2standard error of intercept
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δ15 N=1.58δ 13 C+43.16( ±4.70)
( F =1.752, P =0.158)

NB
AI

WG

GA

EB

10
8
6
4
2
0
-24

-23

-22

-21

-20

-19

-18

δ13 C
Fig. 8. Relationship between mean δ13C and δ15N of phytoplankton (triangles), zooplankton (squares), and Pacific salmon (circles) in the
North Pacific Ocean. GA: Gulf of Alaska, WG: Western Subarctic Gyre, EB: eastern Bering Sea, NB: northern Bering Sea, AI: coastal sea of
Aleutian Islands in the Bering Sea.

was the northern Bering Sea in which chum salmon had the
highest δ13C (-19.63 ± 0.14 ‰) and δ15N (13.09 ± 1.40 ‰).
This exception may arise from upwelling and nutrients that
enrich the marine environment in the southwestern Chukchi
Sea and central Bering Sea shelf (Schell et al. 1998). Chum
salmon in our study were collected near the strong upwelling
area off St. Lawrence Island. Furthermore, these areas with
maximum enrichment are presumed to result from the isotopic discrimination arising in the presence of high nutrient
abundance and slow phytoplankton growth rates because of
the cool climate (Schell et al. 1998).
The relationship between δ13C and δ15N of Pacific salmon showed parallel regression lines for these four ecosystems (δ15N = 0.436 δ13C - 25.197 ± 0.283). The ANCOVA
resulted in a level of significance that failed to reject the null
hypothesis of “no interaction” (F = 2.283, P = 0.059; Table
4, Fig. 7). Figure 8 shows mean δ13C and δ15N of phytoand zooplankton, and Pacific salmon in the Gulf of Alaska,
the Western Subarctic Gyre, the eastern and northern Bering
Sea, and the coastal sea around the Aleutian Islands. The
δ13C and δ15N of phytoplankton in the northern Bering Sea
(-22.39‰, 8.43‰) were higher than those (-23.60 ± 0.67‰,
3.28 ± 0.23‰) in the Western Subarctic Gyre. The rela-

tionship between δ13C and δ15N of those organisms showed
parallel regression lines for these five ecosystems (δ15N =
1.58δ13C + 43.16 ± 4.70). The ANCOVA results suggest “no
interaction” between these parameters (F = 1.752, P = 0.158;
Table 5, Fig. 8). These results suggest that there is a kinetic
isotope effect (Wada et al. 2013) in North Pacific Ocean ecosystems. Each ecosystem should have a linear relationship
on the δ15N-δ13C map if all animal components in the system share the same ratio of trophic fractionation of carbon
and nitrogen, Δδ15N / Δδ13C reflecting the constraints of their
metabolic processes provided that isotopic composition of
primary producers is kept constant in time and space.
The kinetic isotope effect is a change in the rate of a
chemical reaction when one of the atoms in the reactants is
substituted with one of its isotopes (Minagawa et al. 1992).
Following this idea, Wada et al. (2013) found a common
slope among several ecosystems demonstrating the kinetic
isotope effect during bulk amino acid synthesis. According
to Aita et al. (2011), the Oyashio, which is a cold subarctic
ocean current in the Western Subarctic Gyre, the warm core
ring (off Sanriku, Japan), the Antarctic Ocean, and the Gulf
of Alaska all show the following relationship: δ15N = (1.53 ±
0.25)δ13C + (40.9 ± 5.6). There is no significant difference

Table 5. Results of analysis of covariance for the slopes and intercepts of δ15N and δ13C of phytoplankton, zooplankton, and Pacific salmon in
the North Pacific Ocean and the Bering Sea.
Parameter

P

df

Slope

t1

P1

Intercept

SE2

δ13C

23.257

<0.001

4, 49

1.580

6.918

<0.001

43.155

4.701

Area

2.473

0.050

-

-

-

-

-

-

δ C×Area

1.752

0.158

-

-

-

-

-

-

13

1

F

t and P for slope, 2standard error of intercept
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feeders (Chinook salmon and steelhead trout), zooplankton
feeders (chum and pink salmon), and alternative feeders
(coho and sockeye salmon) (Fig. 6). The trophic levels of
Pacific salmon show species specificity. Chinook salmon
occupied the highest trophic level, followed by steelhead,
sockeye, coho, chum and pink salmon (Fig. 9).
On the other hand, the feeding patterns of Pacific salmon can also be influenced by both environmental changes in
an ecosystem and their intra- and inter-specific interactions.
Ecosystems can be changed by environmental factors such as
the ENSO, and long-term climate change, including regime
shifts. Extreme climate changes can cause a decrease in squid
abundance in stomachs of Pacific salmon in the Gulf of Alaska (Fig. 2). Pacific salmon feeding habits are also affected by
intra- and inter-specific competition. Chum salmon fed significantly on gelatinous zooplankton, and showed the highest
prey diversity (Figs. 2, 3). Sockeye salmon decreased food
diversity with densities of sockeye and chum salmon,Fig.
and
in-Qin & Kaeriyama
9 of
creased food consumption with body size. In contrast,
pink
Fig. 9 of Qin & Kaeriyama
salmon increased prey diversity with densities of chum and
pink salmon (Table 3). For Pacific salmon, therefore, feeding
patterns relate to species specificity and plasticity.

between slopes derived in our results (δ15N = 1.58δ13C +
43.16 ± 4.70) and the above formula. Specifically, the North
Pacific Ocean can be classified into three ecosystems based
on the isotopic composition of phytoplankton: (i) northern
Bering Sea and coastal sea of the Aleutian Islands, (ii) Western Subarctic Gyre, and (iii) Gulf of Alaska and eastern Bering Sea. This supports the previous hypothesis that primary
production and zooplankton biomass in the Western Subarctic Gyre is higher than that in the Gulf of Alaska because
of the high concentrations of dissolved iron provided from
the Okhotsk Sea (Sugimoto and Tadokoro 1997; Yamaguchi
2008). The mean and standard deviation of the δ13C-δ15N
and the trophic level of Pacific salmon (Salmon TL) form
three groups in the North Pacific Ocean and the Bering Sea
(Fig. 9). Chinook salmon occupied the highest trophic level
(4.3 ± 0.3), followed by steelhead trout (4.1), sockeye (3.9 ±
0.1), coho (3.9 ± 0.4), chum (3.6 ± 0.3) and pink (3.5 ± 0.2)
salmon.
CONCLUSION
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δ15δN N
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(A) δ13C-δ15N
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14
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Chinook
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Chinook
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Chum
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9
9
8
8
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δ13 C
δ13 C

55

(B)
level
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Trophic level

44

SalmonTL
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Salmon

Chum and pink salmon that migrate seaward at an earlier developmental stage are more abundant and have a wider
area of ocean distribution than Chinook salmon and steelhead that rear extensively in fresh water (Kaeriyama 1985).
Chum and pink salmon are relatively slim, have more gill
rakers, form schools, and feed on zooplankton. In contrast,
Chinook salmon and steelhead have a robust shape, larger
mouth, fewer gill rakers, exhibit territoriality, and feed largely on nekton (Neave 1958; Hoar 1976; Kaeriyama 1996).
It should be noted that chum and pink salmon are far more
abundant and are found at higher biomasses than Chinook
salmon and steelhead throughout the North Pacific and Bering Sea. The relative abundance of chum and pink salmon
may reflect their ability to access more abundant prey species at lower trophic levels than Chinook salmon and steelhead. Each ecosystem in the North Pacific Ocean and the
Bering Sea appears to conform to the kinetic isotope effect
(Wada et al. 2013). The dominant prey of each Pacific salmon species changes in ocean ecosystems due to intra- and
inter-specific competition, climate change, and shifts in oceanic productivity.
The structure and function of Pacific salmon feeding
patterns are defined by both the ecosystem structure and intra- and inter-specific interactions (Fig. 10). In the North Pacific Ocean, the structure of each ecosystem is controlled by
the kinetic isotope effect, in which the relationship between
δ13C and δ15N of phytoplankton, zooplankton, and Pacific
salmon show parallel regression lines. These ecosystems
can be classified into three groups: (i) northern Bering Sea
and the coastal sea of the Aleutian Islands, (ii) the Western
Subarctic Gyre, and (iii) the Gulf of Alaska and the eastern
Bering Sea (Figs. 7, 8). The prey of Pacific salmon differed
among ecosystems (Fig. 3). Further, the feeding patterns of
Pacific salmon can be classified into three groups: nekton

33
22
11
00

Fig. 9. Means and SD of δ13C-δ15N (A) and trophic level (B) for
Pacific salmon in the North Pacific Ocean.
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EU, FI, SQ
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Steelhead

PT, FI
PT, GE, AM

Coho
Sockeye
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Chum

3.0

Gulf of Alaska Western
Bering Sea
Subarctic
Gyre
(δ13C)
Fig. 10. Schematic view of the framework and function of feeding patterns for Pacific salmon in the North Pacific Ocean. Bold abbreviations
are dominant prey animals in the stomach contents. Abbreviations as in Fig. 2.
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Abstract: Researchers in Alaska have provided accurate pre-season annual forecasts of pink salmon harvest to
resource stakeholders of Southeast Alaska (SEAK) in times of climate change. Since 1997, the Southeast Alaska
Coastal Monitoring project has collected biophysical data associated with seaward migrating juvenile salmon from
May to August, and it has used these data along with larger basin-scale indexes to forecast SEAK pink salmon
returns via regression and ecosystem metric models. In nine of the past eleven years (2004–2014), predictions
from linear regression models ranged 0–17% of actual harvests, an average absolute forecast deviation of 10%.
The primary explanatory variable was juvenile pink salmon peak catch. In some years, models included secondary
variables to improve fit. A supplemental modeling approach was tested recently to better inform stakeholders.
This approach incorporated both an annual rank score forecast outlook based on ecosystem metrics, and a visual
stoplight color-code graphic. Accurate pre-season salmon forecasts and descriptive outlooks from this applied
research has increased economic efficiency of the fish processing industry, enabled managers and resource
stakeholders to anticipate harvest with more certainty, helped promote resource sustainability, and provided
insight into ecosystem mechanisms related to pink salmon production in a changing climate.
Keywords: pink salmon, production, ecosystem indicators, Southeast Alaska, climate change

INTRODUCTION		

Wertheimer and Thrower 2007; Fukuwaka et al. 2010). As
juvenile pink salmon grow and migrate further offshore, later ocean conditions can also impact growth and/or survival
through trophic interactions with predators, prey, or competitors (Willette et al. 2001; Moss et al. 2005; Armstrong et al.
2008; Sturdevant et al. 2009).
In addition to ecological factors influencing salmon
recruitment, physical and spatially-explicit factors are also
important to consider. For example, compared to simple
models based on juvenile abundance only, environmental
correlates may contribute significantly in explaining fish
recruitment variation (Stige et al. 2013). Also, larger ocean
basin-scale factors reflective of climate, such as the El
Niño Southern Oscillation (ENSO) and the Pacific Decadal
Oscillation (PDO) multivariate indexes, may also affect
salmon production (Beamish and Bouillon 1993; Hare and
Francis 1995; Mantua et al. 1997; Francis et al. 1998; Hare
et al. 1999). Moreover, the spatial scale of salmon survival appears to operate on a localized scale within 500
km (Mueter et al. 2002a, b; Pyper et al. 2005; Malick et
al. 2009; Sharma et al. 2013). This suggests both climate

Reliable predictions of recruitment into commercial
fisheries are a hallmark of successfully applied science to
fisheries management. To achieve this goal in marine fisheries, a robust understanding of life history and ecology is
needed from the period of hatching (or ocean entry) until
fishery recruitment. This understanding requires information and monitoring of key biological factors associated with
fish stock abundance, migratory behavior, and trophic interactions, as well as physical factors driven by climate. In the
case of Pacific salmon (Oncorhynchus spp.), the transition
from fresh water to salt water via estuaries is important, as
the early ocean migration period is thought to have a critical influence in overall salmon survival. This is particularly true for salmon species entering the ocean as small fish
soon after emerging from their riverine redds (nests), such
as pink salmon (O. gorbuscha) and chum salmon (O. keta).
Early marine mortality and growth of these species strongly influence year-class strength (Parker 1968; Pearcy 1992;
Bradford 1995; Karpenko 1998; Mortensen et al. 2000;
All correspondence should be addressed to J. Orsi.
e-mail: joe.orsi@noaa.gov
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Pink salmon harvest (millions)

portant. This is particularly true for pink salmon, which
have been identified as a key indicator species in the study
of climate impacts in marine ecosystems in the North Pacific Ocean (Riddell and Beamish 2003). Thus, for pink
salmon, a logical approach in developing forecast models
predicting production should include a spatially explicit
time series of ecosystem metrics associated with the seaward migration of pink salmon.
Historically, pink salmon returns have been notoriously difficult to predict in many regions due to limited
pre-season fishery information, complicated stock dynamics with odd- and even-year cycles, and highly variable
rates of annual adult returns (Adkison and Peterman 1999;
Adkison 2002; Haeseker et al. 2005; Shevlyakov and Koval
2012). Pink salmon, which are the smallest, most abundant
Pacific salmon species, also have the simplest overall life
history, spending only one winter at sea before returning to
spawn (Heard 1991). As a result, adult pink salmon lack
leading indicator cohort information from earlier returning
age components such as “jacks” or other younger sibling
precursors of strong year-class strength. This poses a problem for fish managers on how to best anticipate upcoming

Fig. 1. Historical variability in annual pink salmon harvest (millions
of fish) in Southeast Alaska, and the years used in developing preseason forecast models for harvest, 1997–2014.

and spatially-explicit factors play an important role in establishing year-class strength. Furthermore, because the
response of salmon stocks to global climate change varies
regionally (Fukuwaka et al. 2011), identifying such controlling mechanisms to regional salmon production is im-

59º0'N

58º0'N

138º0'W

137º0'W

136º0'W

135º0'W

134º0'W

Fig. 2. Stations sampled by the Southeast Coastal Monitoring (SECM) project each month for juvenile pink salmon and ecosystem metrics in
Icy Strait, Southeast Alaska, May–August, 1997–2014.
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Fig. 3. Conceptual model of key sequential life-history events conducive to high pink salmon production in Southeast Alaska. Approximate
spatial monthly time lags are shown below from adult spawning (T0) to adult harvest period (T22).

harvests. Furthermore, annual pink salmon harvests to regions such as Southeast Alaska (SEAK) fluctuate wildly,
with harvests that have ranged from 3–95 M fish annually
from 1960 to 2014 (ADF&G 2015; Fig. 1). Consequently, planning for a highly variable adult pink salmon return
is a major challenge to managers, fisherman, and the fish
processing community. This uncertainty in the magnitude
of upcoming pink salmon harvests puts resource stakeholders at a distinct economic disadvantage for planning infrastructure for the upcoming year and also requires mangers
to rely upon in-season management to optimize harvest
and ensure a sustainable pink salmon fishery. Accurate
pre-season pink salmon forecast models would be a practical tool that would benefit both managers and regional
resource stakeholders.
The pink salmon resource in SEAK is valuable both
from a commercial and an ecological standpoint. From 2001
to 2013, the ex-vessel value of the SEAK commercial pink
salmon harvest averaged approximately $42 M U.S., commanding the highest value compared to any other salmon
species in nearly half the years (ADF&G 2015). In 2013,
when the commercial harvest of pink salmon reached a historical peak in SEAK, over 94 M fish were harvested in common property fisheries, worth an ex-vessel value of $125 M
U.S. Pink salmon return to some 2,500 natal stream systems
in SEAK, with 97 per cent being of wild stock origin. In
addition, they provide important annual sources of marine
nutrients to terrestrial ecosystems (Piston and Heinl 2013,
2014). Thus, accurately assessing year-class strength prior
to upcoming fisheries is vital to the region to help ensure the
sustainability of the wild pink salmon resource.
Since 1997, researchers from NOAA’s Southeast Alaska Coastal Monitoring (SECM) project have collected

monthly (May to August) coastal ocean ecosystem metrics
in the vicinity of Icy Strait, SEAK. The SECM research has
used this time series data to describe seaward marine habitat
use of migrating juvenile salmon, their ecological interactions, growth, and subsequent production, in the context of
a changing climate (Orsi et al. 2000, 2004, 2007; Sturdevant
et al. 2012; Fergusson et al. 2013). A high profile outcome
of the SECM research project has been the ability to use
coastal ocean metrics associated with juvenile pink salmon to construct pre-season pink salmon forecast models to
benefit SEAK resource stakeholders (e.g. Wertheimer et al.
2014). As a result, these pre-season pink salmon forecast
models have been tested annually since 2004, and reported
in previous documents, presentations, and website postings
(Orsi et al. 2005, 2006a, 2013c; www.afsc.noaa.gov/ABL/
EMA/EMA_PSF.htm; Wertheimer et al. 2006, 2008, 2009,
2010, 2011, 2012, and 2013). Most recently, an ecosystem metric approach using ranks and multiple indicators
was developed to provide a qualitative pink salmon harvest
outlook. This use of multiple ecosystem indicators (oceanographic and ecological) has been described previously to
forecast returns of other salmonids such as Chinook salmon
(O. tshawytscha) and coho salmon (O. kisutch) in the Pacific Northwest in multivariate or “stoplight” chart approaches (Logerwell et al. 2003; Burke et al. 2013; Peterson and
Burke 2013).
This study reports pre-season pink salmon forecast
accuracy of models predicting pink salmon harvest in
SEAK using coastal ocean ecosystem metrics. The three
objectives of this study are to: (1) review pre-season pink
salmon forecast model accuracy performances over each
of the past eleven years (2004–2014) using a step-wise linear regression approach, (2) describe a new annual rank

Optimal pink salmon escapements to Southeast Alaska stream systems & good freshwater conditions
Warm temperatures in the littoral nearshore zone conducive to rapid fish growth
3
Rapid offshore migration, fry reach threshold size (~60 mm), minimizes nearshore predator interactions
4
Icy Strait abundance index of juvenile salmon
5
Peak entry period into Gulf of Alaska from Icy Strait in June or July
6
Open ocean residence period of about 8–9 months
7
Pink salmon total harvest after in-season monitoring of catch and sex ratios
1
2

485

Orsi et al.

NPAFC Bulletin No. 6

Table 1. Pre-season forecast models developed using coastal ocean metrics associated with seaward migrating juvenile pink salmon (year 1,
2003–2013) compared to adult harvest (harvest year, 2004–2014) in Southeast Alaska. The standard vessel-calibrated catch per trawl haul
model (CPUEcal) was used in all years and the catch per trawl track distance (CPUEttd) and ecosystem rank models were tested against the
CPUEcal model outcome with actual harvest in 2014 and the predicted harvest* in 2015.
Model approach

Years tested as a
pre-season model

Remarks

Linear stepwise regression, multiple biophysical variables
(1–4) used as terms in models with peak juvenile catch
CPUEcal, in June/July using vessel calibration metric

11

Standard approach, CPUEcal metric, and up to 3
additional parameters. Simple single parameter model
had best “jackknife” fit in 4 years

Simple regression, only CPUEttd, peak juvenile catch in
June/July, using trawl track distance metric

2*

New, considered if CPUE is high, more accurate in
detecting high return years

Average rank score of six ecosystem indicators
significantly correlated with harvest, with annual rank
regressed with prior harvests

2*

New, incorporation of average ranks of six significant
bivariate ecosystem metrics over the SECM time series

score forecast outlook approach based on ecosystem metric
scores and a qualitative stoplight color-code graphic, and
(3) provide insight to linkages among coastal ecosystem
processes, climate, and future salmon production based on
previous model outcomes.

index streams and monitoring sex ratios in the commercial
catch as a surrogate of the run time progression (a 50:50
male to female ratio indicates the returns are half over).
The intensity of harvest in a particular year is gauged by
these in-season performance metrics, and fishing effort is
adjusted to reflect the relative abundance of the returns. At
the end of each harvest season, there is a Purse Seine Management Task Force process where current escapements
are reviewed by the ADF&G, the public and industry share
fishing performance information, and pre-season forecasts
are reported (Davidson et al. 2013). The pre-season harvest forecasts reported at this meeting enable managers
and regional stakeholders to anticipate the magnitude of
the upcoming harvest. The annual harvest of pink salmon
in SEAK can be substantial, but varies tremendously, with

METHODS
Study Area and the Pink Salmon Resource

Pink salmon harvest (millions)

Southeast Alaska is a temperate rainforest region in
the southern panhandle of Alaska and supports a multitude
of anadromous salmon streams that contribute to viable
commercial, subsistence, and sport fisheries. This rugged,
remote, pristine region is comprised of a network of over
1,000 islands comprising a 175 × 500 km long strip of the
Alexander Archipelago off the coast of Alaska bounded
eastward by the Coast Mountains of North America and
westward by the Gulf of Alaska. Pink salmon spawning aggregates are reported to originate from 2,000–2,500 coastal
streams throughout the SEAK region (Baker et al. 1996;
Zadina et al. 2004). Pink salmon are harvested in common-property fisheries by many users groups, with purse
seining the primary commercial fishery method in SEAK
(Piston and Heinl 2011).
The pink salmon fishery is managed by the Alaska Department of Fish and Game (ADF&G) with annual information shared post-season among researchers and stakeholder groups. Pink salmon are managed on a sustained
yield basis, driven largely by in-season management as
the fishery progresses. Harvesting generally occurs from
July to September of both early and late runs of pink salmon: mainland spawning stocks that return early and coastal spawning stocks that return later in the fall. Typically,
the fishery begins with test seine sets, then monitoring of
fishery performance (catch rates per vessel) each statistical
week (time period), followed by surveying escapement in

Harvest year
Fig. 4. Annual pre-season pink salmon harvest (millions of fish)
forecast model estimates compared to the actual harvests in
Southeast Alaska, 2004–2014. The 80% bootstrap confidence
intervals are identified with the line and bars. All models were
based on a forward/backward step-wise regression using peak
juvenile catch in June/July calibrated for vessel (CPUEcal);
additional model terms beyond a single term CPUEcal model were
used in seven of the eleven years.
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Table 2. Historical pre-season pink salmon forecast models used from 2004 to 2014 and actual harvest outcomes (millions of fish). Potential
model parameters include: (1) CPUEcal = vessel-calibrated peak June or July juvenile pink salmon average catch per haul (Ln [CPUE + 1]),
(2) ISTIMJJA: Icy Strait integrated upper 20-m water column monthly temperatures from May to August, (3) TempM = Icy Strait upper 20-m water
column temperatures in May, and (4) MLD = Mixed layer depth in June.
Absolute
deviation
discounting the
high* and low*
deviations

Harvest year

Model type
and number of
parameters

Predicted
harvest (million)

Actual harvest
(million)

Deviation
(million)

2004

CPUEcal

47

45

2

2005

CPUEcal

59

59

0

2006

CPUEcal

35

12

23*

(209%)

---

2007

CPUEcal + TempM

38

45

-7

(10%)

(10%)

2008

CPUEcal + TempM

18

16

2

(1%)

(1%)

2009

CPUEcal + TempM
+
ENSO + MLD

37

38

-1

(17%)

(17%)

2010

CPUEcal + TempM
+
ENSO

31

23

8

(15%)

(15%)

Absolute
deviation
(4%)

(4%)

(0%)

(0%)

2011

CPUEcal

55

59

-4

(5%)

(5%)

2012

CPUEcal + TempM

17

21

-4

(12%)

(12%)

2013

CPUEcal + ISTIMJJA

48

95

-47*

(43%)

---

2014

CPUEcal + ISTIMJJA

30

35

-5

(15%)

(15%)

-3

30%

10%

Average

be collected, processed, analyzed, or accessed by September
so a pre-season forecast could be developed in October-November for the regional Southeast Purse Seine Task Force
meeting in early December.
The coastal ocean ecosystem metrics for this study
were mostly obtained from monthly surveys conducted by
NOAA’s Southeast Alaska Coastal Monitoring (SECM)
project, 1997–2013 (Orsi and Fergusson 2014) and regional or basin-scale sources. The SECM survey collected data
at eight stations along two transects across Icy Strait in the
northern region of SEAK (Fig. 2). This survey data included
coastal ocean biological metrics such as annual juvenile pink
salmon abundance, size, growth, condition, and associated
biological metrics such as zooplankton abundance (e.g., Fergusson et al. 2010, 2013; Orsi et al. 2011, 2012a, 2013a;
Sturdevant et al. 2012). Physical coastal ocean ecosystem
metrics for this study were obtained from SECM surveys
and additional regional/basin-scale sources, such as river
water discharge from the Mendenhall River (USGS 2013),
the Multivariate ENSO index (MEI, NCDC 2013), the North
Pacific Index (NPI, Trenberth and Hurrell 1994), and the
PDO index (Mantua et al. 1997).
The monthly physical data collected by SECM included: water temperature, salinity, and mixed layer depth
(MLD, m) from 1997 to 2013. Each month at all eight stations in Icy Strait, a Seabird SBE 19plus temperature-depth
profiler (CTD) was deployed down to depths of 200 m or
within 10 m of the bottom. The CTD profiles were used to
determine the 3-m sea surface temperature (SST, °C) and

production increasing since 1980s, and a recent divergence
between odd and even broodline abundances since the mid2000s (Piston and Heinl 2011).
Pink Salmon Production Response Variables and Ecosystem Metrics
The production response variable chosen for this study
is the total number of pink salmon commercially harvested
annually in SEAK. Harvest is commonly used as a historical
index of regional productivity because it is highly correlated with total return (i.e., harvest plus escapement (Jaenicke
1995; Jaenicke et al. 1998)) and is estimated with high accuracy and precision relative to escapement estimates. Our
production response variable for this study was the total
number of fish in the annual commercial harvest of pink
salmon in all of SEAK, minus a small portion harvested in
Yakutat in the extreme northeastern portion of the region.
These harvest data were provided by the ADF&G (S. Heinl,
steve.heinl@alaska.gov, pers. comm.).
In general, coastal ocean metrics were lagged one year
prior to the subsequent pink salmon harvest to match the
timing of fish encountering these conditions. Timely input
parameters for the pre-season forecast model were needed
so forecasts could meet the needs of fisheries managers and
resource stakeholders. This resulted in variables only being
considered if they could be compiled or accessed by the fall
into first year of juvenile pink salmon ocean entry. Thus,
the forecast model time frame necessitated that all samples
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a height of 183 m above sea level. The MR is fed by both
terrestrial and glacial icefield sources, and annual spring
flows were calculated as the sum of the monthly average
flows for March, April, and May during the year of juvenile pink salmon ocean entry. The three sources for ocean
basin climate indexes were derived from online data sets of
varied temporal periods for the MEI, the NPI, and the PDO.
The MEI reflects conditions measured in the equatorial Pacific that reach Alaska at a later period, so MEI values were
lagged about 6 months previous to reflect the potential timing of conditions influencing juvenile pink salmon entering
the GOA as juveniles and later as overwintering adults. The
MEI values used were the average monthly winter (November-March) values prior to the year of juvenile salmon ocean
entry. The NPI is a measure of atmospheric air pressure
thought to affect downwelling or upwelling events in the
GOA, and spans over the 30°–65°N, 160°E–140°W region
of the North Pacific Ocean. The time period chosen for the
NPI index was summer (June to August) monthly average
conditions in the same year of juvenile salmon ocean entry; a likely time and period that juvenile salmon migration
time would intersect typical downwelling conditions that
might be relaxed with higher NPI values, thus broadening
the width of the Alaska Coastal Current. Because data from
later periods would not be accessible in an adequate time
for use in the forecast model, the NPI time period did not
extend past August. The PDO, a long-term climate signal,
represents monthly SST anomalies over the North Pacific
Ocean. Average winter PDO values (November–March)
were lagged to the ocean year prior to juvenile pink salmon
ocean entry.
Fish and zooplankton collections followed established SECM methods documented by Orsi and Fergusson
(2014). Juvenile pink salmon metrics from trawl catch
samples included: abundance, seaward migration timing,
relative catch proportion of the salmon catch, size, energetic content, and preferred prey. A standard measure of pink
salmon abundance were catches from trawl hauls fished for
20 min at a speed of approximately 1.5 m/sec (3 knots), a
distance of about 1.9 km (1.0 nautical mile). Station coordinates were targeted as the midpoint of the trawl haul,
and current, swell, and wind conditions usually dictated
the fishing direction. Up to 28 hauls were scheduled at
the eight stations in Icy Strait per month. Trawl haul durations were sometimes shortened if survey catches were
high or marine mammals were sighted in the vicinity while
the trawl was fishing. In these instances, salmon catches
were “time adjusted” to a standard 20-min haul. The seaward migration timing of pink salmon was also determined
each year by recording the month at which catches were
highest (June, July, or August). This metric gives insight to
differences in the annual phenology of seaward migrating
pink salmon. The catch proportion of juvenile pink salmon was also determined annually, to examine the relative
abundance and frequency of juvenile pinks in the hauls.
This annual catch proportion was determined by dividing

Pink salmon harvest (millions)

CPUE (vessel calibrated)

CPUE (trawl track distance)
Fig. 5. Simple regression models of peak juvenile pink salmon
catch in June/July (CPUE) compared to adult harvest (millions
of fish) in Southeast Alaska. The top model uses the vessel
calibration metric (CPUEcal) and the bottom model uses the trawl
track distance metric (CPUEttd). Both models compare juvenile
pink salmon ocean entry years 1997–2013 to the harvest years
1998–2014.

salinity (PSU) readings, the average 20-m integrated water
column temperature and salinity, and the MLD. The upper
20-m integrated water column temperature along all eight
stations, over the four-month period (May–August) was
averaged into an Icy Strait Temperature Index (ISTI). The
ISTI has a strong association with the previous winter MEI
climate signal (Sturdevant et al. 2012, 2013b). The annual
ISTI metric represented the summer grand monthly average
of the 20-m integrated water column temperature, using ≥
160 temperatures taken at 1-m increments. The 20-m water
column depth bracketed typical seasonal pycnoclines, the
MLD, and the depth stratum fished by the surface trawl. The
MLD established the active mixing layer and was defined as
the depth where the temperature was ≥ 0.2°C colder than the
water at 5 m (Kara et al. 2000).
Other physical data sources included a regional source
of freshwater discharge and three ocean basin climate indexes. The regional freshwater discharge source was spring
river flows from the Mendenhall River (MR, 58°26’N,
134°34’W) near Juneau, Alaska (USGS 2013). The MR
watershed drainage is 220 km2 and the gauge datum is at
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by the over-ground GPS trawl track distance (ttd) between
haul start and stop positions (CPUEttd). For each trawl haul,
this catch metric was then transformed to a CPUEttd by computing Ln (catch/ttd + 1). No vessel calibrations were needed because any differences in trawling speeds or durations
would be reflected in the distance covered. This metric was
newly developed in 2013 in an attempt to account for the
discrepancy between forecast and harvest using the CPUEcal
method in 2012 (Wertheimer et al. 2014).
A juvenile pink salmon predator index was also developed using adult coho salmon returns and an estimate of
seaward migrating juvenile pink salmon abundance. Of all
the potential juvenile salmon predator species identified and
examined onboard during the annual SECM surveys, adult
coho salmon have been the most consistent predator species encountered (Orsi et al. 2000; Sturdevant et al. 2012).
Therefore, numbers of returning adult coho salmon were obtained from SEAK commercial harvests (M) and divided by
the average catch of seaward migrating juvenile pink salmon
in the research trawls (adult coho salmon SEAK harvest (M)
yr1/juvenile pink salmon (CPUEttd) yr1). This predator index reflected the ratio of adult coho salmon to juvenile pink
salmon each year; and the potential likelihood of predation
occurring irrespective of other factors such as timing and
distributions of either species and the availability of alternative prey resources.

Table 3. Correlation coefficients for juvenile pink salmon biophysical
parameters and ecosystem metrics in year y for 1997–2012 with
adult pink salmon harvest in Southeast Alaska (SEAK) in year y +
1. Parameters with statistically significant correlations displayed
in bold text; the probabilities were not adjusted for multiple
comparisons. Parameters displayed in bold text were used in the
ecosystem rank model.
Parameter

r

P-value

Juvenile pink salmon abundance and distribution
CPUEcal

0.82

<0.00

CPUEttd

0.85

<0.00

August CPUE

-0.10

0.70

Seasonality

-0.63

0.01

0.67

0.00

Percentage of juvenile pinks

Juvenile pink salmon growth, condition, predators
Pink salmon size on 24 July

0.15

0.57

Condition index

0.12

0.65

Energy content

0.12

0.66

June/July average zooplankton
total water column

0.09

0.73

June preferred prey

0.03

0.92

-0.81

0.00

Zooplankton standing crop

Predator index: adult coho
harvest(M)/pink CPUEttd

Local-scale physical conditions
May 20-m integrated water temperature

0.05

0.85

June 20-m integrated water temperature

-0.25

0.35

Icy Strait temperature index (ISTI)

-0.21

0.44

0.07

0.81

July 3-m salinity

-0.01

0.98

Mendenhall River spring flow
(March–May)

-0.13

0.63

PC1

-0.17

0.53

June mixed-layer depth

Pink Salmon Forecast Models
A conceptual diagram of the major factors thought to
contribute to high pink salmon production in SEAK can be
described in a conceptual life-history flow chart (Fig. 3).
These metrics are listed chronologically from the time of
pink salmon spawning (0 month) to that of subsequent harvest of returning adults in the SEAK fishery (22 months).
Each factor could potentially influence production, and all
factors would be in alignment in years of maximum production. A more expanded list of ecosystem metrics, such
as coastal ocean metrics associated with migrating juvenile
salmon and biophysical conditions in a time-lagged format,
are shown in Orsi et al. (2013b).
Forecast models were initially developed using linear
regression models (Table 1). The primary step-wise model,
which has been used over the past ten years, uses a several-step process with step-wise regressions (Orsi et al. 2005,
2006a, 2013a; Wertheimer et al. 2006, 2008, 2009, 2010,
2011, 2012, and 2013). This model generally uses a standard set of ecosystem indicators—modified slightly in some
years—and compares them to the pink harvest in SEAK.
This model has used vessel-calibrated catch in all years,
with the final model selection criteria based on the model fit,
Akaike information criterion (AIC), hindcast model performance, and prevailing ecosystem metric trends. Secondary
model approaches have also been tested recently: one using
the trawl track distance catch (CPUEttd) in lieu of vessel-calibrated CPUE, and another providing annual rank score

Basin-scale physical conditions
Pacific Decadal Oscillation (PDO, y - 1)

0.02

0.95

Northern Pacific Index (NPI, June,
July, August, [y])

0.61

0.01

ENSO Multivariate Index
(MEI, Nov [y - 1] - March [y])

0.25

0.34

the number of juvenile pink salmon caught in a haul by
the total abundance of all juvenile salmon caught, averaged
across all time periods.
Trawl catch per unit effort (CPUE) of juvenile pink
salmon was calculated two different ways. The first method
used catch calibrations between vessels (when available) and
the second method used the trawl area swept. Wertheimer et
al. (2010, 2014) documented methodology for determining
vessel calibration to allow direct comparisons across the 18yr SECM time series. The second CPUE method was based
on the trawl area swept, where juvenile salmon catch data
were adjusted using catches of fish per trawl haul divided
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Pink salmon harvest (millions)

forecast outlooks based on ecosystem metrics and a visual
stoplight color-code graphic.
The process for selection of the “best” step-wise regression model for forecasting the SEAK pink salmon harvest
follows Wertheimer et al. (2011):
Step 1: Develop a regression model of annual harvest
and juvenile salmon CPUEcal, with physical conditions, zooplankton measures, and pink salmon growth indexes considered as additional parameters.
Harvest = 𝛼𝛼𝛼𝛼 + 𝛽𝛽𝛽𝛽(𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿[CPUE + 1]) + 𝛾𝛾𝛾𝛾1 𝑋𝑋𝑋𝑋1 + ⋯ + 𝛾𝛾𝛾𝛾𝐿𝐿𝐿𝐿 𝑋𝑋𝑋𝑋𝐿𝐿𝐿𝐿 + 𝜀𝜀𝜀𝜀,

where γ is the coefficient for biophysical parameter X. Backward/forward step-wise regression with a significance level
of P < 0.05 was used to determine whether a biophysical
parameter was entered into the model.
Step 2: Calculate the Akiake Information Criterion
(AIC) for each significant step of the step-wise regression,
to prevent over-parameterization of the model. The AIC was
corrected (AICc) for small sample sizes (Shono 2000).
Step 3: Perform a jackknife approach to evaluate “hindcast” forecast accuracy over the entire SECM time series.
This procedure generated forecast model parameters by excluding a year of juvenile data, then used the excluded year
to “forecast” harvest for the associated harvest year; this
process was repeated so that each year in the time series was
excluded sequentially and used to generate a forecast. The
average relative forecast error was then calculated for each
potential model identified in Steps 1 and 2.
Step 4: Compare bootstrap confidence intervals (CIs)
for the regression prediction intervals (PIs) of the forecasts
to examine the effect of process error and measurement error on the forecasts. For the bootstrap approach, monthly
juvenile pink salmon catches for each year were randomly
re-sampled nmy times, where n is the number of hauls in
month m in year y. Then the re-sampled catches for each
month and year were averaged. For example, the average
simulated catches of juvenile pink salmon for the years
1997–2011 were used to construct the regression models
with SEAK harvest as the dependent variable, and the appropriate averages of the simulated catches for 2012 were
used to forecast the 2013 harvest. This process was repeated 1,000 times, generating 1,000 forecasts for each model.
The forecasts were ordered from lowest to highest, and the
lowest and highest 10% were removed to define the 80%
bootstrap CIs. These results were then compared to the PIs
for the regression model based on the observed annual average catches.
Step 5: Select the “best” forecast model in the context
of auxiliary run strength indicators. Parameters that had
significant bivariate correlation with the SEAK harvest or
that were significant auxiliary variables in the step-wise
regression model were ranked for each of the SECM data
years and tabulated with ranks of the SEAK harvest by year.
These parameters were considered to be indicators of ecosystem conditions that could contribute to salmon survival

Average rank score of six significant ecosystem variables
Fig. 6. Average rank score of six significant ecosystem indicators
for pink salmon and subsequent harvest (millions of fish) over the
harvest years 1998–2014. The six ecosystem metrics are identified
in Table 3, and represent juvenile pink salmon CPUE metrics
(vessel-calibrated and based on trawl track distance swept), peak
juvenile migration month, seasonal proportion of juvenile pink
salmon in the total catch, the adult coho salmon predation impact
index, and the North Pacific Index in summer. The average rank
score for the 2014 ocean year conditions (6.7) is projected forward
to anticipate the harvest in 2015. Shading of the circles denotes
the magnitude of the harvest outcomes: upper third = open, middle
third = gray, and lower third = black.

(Peterson et al. 2012; Orsi et al. 2013c), and their relative
ranks were considered for selecting the best regression model to forecast harvest.
The final forecast model approach, the ecosystem rank
model, was used to develop a forecast outlook based on ecosystem metrics projected as a visual stoplight chart of annual
rank scores. This approach used a suite of six ecosystem
metrics and their average rank scores each year. These six
ecosystem metrics have been significantly correlated with
SEAK pink salmon harvest over the SECM time series, and
include: (1) CPUEcal, (2) CPUEttd, (3) peak migration month,
(4) proportion of pinks in hauls, (5) adult coho predation index, and (6) the NPI. For each of these variables, an average
rank score was assigned for each ocean year and ranked from
“best” (lowest rank score) to “worst” (highest rank score).
The annual rank score represented the strength of the combined variable correlations to the actual pink salmon harvest.
A regression model was developed with SEAK pink salmon
harvest as the dependent variable and the average rank score
as the predictor variable. Annual estimates from this model
were then compared to the actual harvest over the time series. It should be noted that the ecosystem metric rank model includes two measures of CPUE abundance (CPUEcal and
CPUEttd), so this is not independent of the previous models
based on CPUEcal. This final forecast model determined a
pre-season harvest (point estimate) that was compared to the
actual 2014 harvest, and also projected to the 2015 harvest
and compared to the other forecast models.
Communication of pre-season pink salmon forecast
models are routinely provided to the resource stakeholders
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Table 4. Pre-season salmon forecast model estimates and outcomes for predicting pink salmon harvest in Southeast Alaska in 2014 and
2015. The three forecast models tested were: (1) vessel-calibrated peak June or July juvenile pink salmon CPUEcal (Ln [catch + 1]), (2) trawl
track distance peak June or July juvenile pink salmon CPUEttd (Ln [catch + 1]), and (3) ecosystem rank model based on the relationship
between the average rank of six significant bivariate variables and harvest. TBD means actual value is yet to be determined.
Harvest
year

Model type

Pre-season
forecast (M)

Auxiliary parameter(s)

Adjusted
R2

AICc

Actual
harvest

Absolute
deviation (M)

2014

CPUEcal

Icy Strait temperatures May-Aug

29.9

77%

131.2

35.3

15.3%

2014

Ecosystem rank

CPUEcal, CPUEttd, migration month, %
pink in catch, predator index, & NPI

27.8

78%

NA

35.3

21.2%

2014

CPUEttd

Icy Strait temperature May

51.4

84%

125.6

35.3

45.6%

2015

CPUEcal

Icy Strait temperatures May-Aug

54.5

74%

139.7

TBD

TBD

2015

Ecosystem rank

CPUEcal, CPUEttd, migration month, %
pink in catch, predator index, & NPI

57.9

75%

138.3

TBD

TBD

2015

CPUEttd

Icy Strait temperature May

71.5

81%

134.4

TBD

TBD

at meetings and in electronic formats. One such meeting is
the annual SEAK Purse Seine Task Force (PSTF) meeting
held each December and rotated throughout communities in
SEAK. At the PSTF pre-season forecast, presentations have
been given over the past 11 years. In the past two years,
additional stoplight chart forecast outlooks using the ecosystem rank models were presented. After the PSTF meeting,
information is posted electronically on a NOAA web site for
public access (NOAA 2015).

= 0.00), seasonality (Pearson correlation -0.63, p = 0.01),
and the NPI (Pearson correlation, 0.61, p = 0.01). These
six variables have substantial collinearity ranging from [r]
= 0.51–0.90. Because of collinearity of the variables only
one CPUE parameter is retained in the step-wise regression
model.
The ecosystem rank modeling approach used the average rank scores of the six significant ecosystem metrics
in Table 3 in order to incorporate a broader set of highly
correlated variables that have been indicative of conditions leading to strong recruitment or year-class strength
of pink salmon, recognizing there is substantial covariation
amongst these variables. This model has performed well
for the first two years tested. When regressed against harvest, this rank score forecast outlook predicted results consistent with that of the CPUEcal step-wise regression model
in 2014 (Fig. 6). In both 2014 and 2015, the actual predictions based on the rank score regressions, were 6–7% of
the standard step-wise regression model based on CPUEcal:
27.8 M vs. 29.9 M in 2014, and 57.9 M vs. 54.5 M in 2015
(Table 4). Conversely, the step-wise regression model
based on CPUEttd differed considerably from average rank
score and the CPUEcal step-wise regression model both in
2014 (51.4 M) and in 2015 (71.5 M). The qualitative stoplight chart provided enhanced forecasting communication
to stakeholders (Fig. 7). Expressing the average rank score
of the six significant bivariate correlations as an outlook
and stoplight allowed stakeholders to readily see how the
current year compared to others in the time series. For example, the ecosystem conditions in 2013 (2014 return year)
ranked 14th of 18 and coded “red” in the bottom third of the
ranks while the ecosystem conditions in 2014 (2015 return
year) ranked 6th of 18 and coded “green” in the top third of
the ranks. Also, the inclusion of additional correlations in
the outlook, beyond juvenile salmon CPUE, added more
ecosystem-based factors related to production over simple
juvenile abundance that had mechanistic linkages, such as
predation on salmon, juvenile salmon distribution and timing, and ocean physical conditions (NPI).

RESULTS
The step-wise linear regression model provided accurate pre-season forecasts for SEAK pink salmon harvests
for 9 of the past 11 years (2004–2014) (Fig. 4, Table 2).
For the 9 years of “accurate” forecasts, the standard peak
CPUEcal model had an overall average absolute deviation of
10% between the forecasts and actual harvests. For all years
combined, however, the absolute deviation was 30%, due
primarily to “misses” in two ocean years: a low ocean year
2005 (209% over forecast) and a high ocean year 2012 (43%
under forecast). Secondary explanatory variables were used
in 7 of the 11 years in the step-wise linear regression models
to improve model fit and helped to better explain residual
error between CPUE and harvest.
Over the 17-yr time series for all the ecosystem metrics,
both the standard peak juvenile pink salmon CPUEcal and
the peak juvenile pink salmon trawl-track-distance CPUEttd
had strong significant relationships with adult harvest (Fig.
5, Table 3). In each case, most of the variability in harvest
(66–71%) was explained by CPUE alone. Similarly, of all
the bivariate correlations of ecosystem metrics associated with pink salmon harvest, both CPUE metrics had the
strongest positive correlations (Pearson correlations 0.82
and 0.85, p = 0.00). Of the other ecosystem metrics considered, four more were also significantly associated with harvest: predation index (Pearson correlation -0.81, p = 0.00),
proportion of pinks in catch (Pearson correlation 0.67, p
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Fig. 7. Ecosystem metrics considered for modeling a pre-season “outlook” of pink salmon harvest in Southeast Alaska, 1998-2015. Outlooks
are based on the average rank score of six significant variables from 1997 to 2014, and grouped into three categories: BEST = white,
AVERAGE = gray, and WORST = black. Pre-season harvest forecast for 2015 is a “BEST” outlook, with a rank of “6”, corresponding to
the 57.9 M fish harvest shown in Fig. 5, although actual harvest is yet to be determined (TBD). Data source contributors: ADFG1 = Alaska
Department of Fish and Game, L. Shaul; ADFG2 = S. Heinl; CGD = Climate & Global Dynamics, J. Hurrell, www.cgd.ucar.edu/cas/jhurrell/
indices.data.html and NOAA = Auke Bay Laboratories, Southeast Alaska Coastal Monitoring project.

DISCUSSION

icant relationships were found between juvenile pink salmon catches in summer (peak June or July) and adult harvest,
which strongly supports the hypothesis that an early marine
critical period related to survival exists prior to this summer
period. This period would encapsulate favorable life-history
events for pink salmon such as: (1) adequate numbers of fry
entering marine nearshore habitats, (2) low levels of predator encounters both near shore and further offshore in strait
habitats (Sturdevant et al. 2009, 2012), and (3) sufficient ear-

This study demonstrates that pre-season forecast models based on coastal ocean ecosystem metrics can accurately predict SEAK pink salmon harvest in most years. The
success of these models over the past decade suggests pink
salmon production in SEAK is dependent on the proper sequence of favorable life-history events in the context of their
early ocean abundance and distribution. In this study, signif492
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ly marine growth to facilitate rapid offshore distribution into
the Gulf of Alaska (GOA).
After juvenile pink salmon migrate seaward beyond their
first critical period of a few months, they spend another ocean
period lasting nearly a year that may also influence production.
This second critical period involves overwintering, where inadequate energy stores may contribute to lower growth and
size-selective predation resulting in poor survival (e.g. Beamish and Mahnken 2001). Furthermore, even low-level predation events over this period may have a large overall impact
due to its relatively long time scale. Pink salmon also migrate
extensively throughout the GOA and the North Pacific. When
juvenile pink salmon migrate from Icy Strait (58°N) to the
GOA they encounter the Alaska Coastal Current that flows
northwestward to Kodiak Island (155°W), then southward to
as far south as Oregon (44°N) before resuming a northward
homeward migration (Takagi et al. 1981)—an overall ocean
migration area of 2.26 M km2. Ocean basin indexes such as
the MEI, PDO, and NPI have also been implicated in controlling salmon production. Thus, understanding the ocean
distribution of pink salmon and their trophic interactions is
key to fully understanding factors affecting year-class strength
and projecting accurate salmon forecasts.
The ability to predict harvest from seaward migrating
juvenile salmon and associated metrics suggests the later
marine survival of pink salmon in the GOA is generally stable (low variance), with the exceptions of the forecast result
anomalies in 2006 and 2013, over the past 17 years. However, these deviations of expected model outcomes also afford insight into the role of coastal ecosystem processes and
climate on salmon production. The two ocean entry year
outliers (2005 and 2012) suggest ensuing periods of intense
(2005) and relaxed (2012) ocean mortality after migration
from Icy Strait. The 2006 forecast over-estimated returns,
while the 2013 forecast under-estimated returns. Ocean
conditions in 2005 were anomalously warm, and Orsi et al.
(2006b) found a suite of uncommon species (i.e., Humboldt
squid [Dosidicus gigas], blue sharks [Prionace glauca], and
Pacific sardines [Sardinops sagax]) offshore in the GOA in
August which may have contributed to increased predation
or competition for resources. Also, in warmer than normal
conditions such as in 2005 (Sturdevant et al. 2012), juvenile
salmon must consume relatively more prey to sustain growth
and meet physiological requirements when temperatures are
above optimal threshold. In contrast, ocean conditions in
2012 began warm and then cooled later in the fall to optimize early marine growth and migration. This was also a
year of high fish condition residuals and fish diets were composed of high quality large copepods (E. Fergusson, emily.
fergusson@noaa.gov, pers. comm.). Fish migrating to cooler GOA waters would also be less likely to encounter warm
water predator/competitor complexes in summer and fall,
and they could potentially expand their ocean distribution
patterns farther south and occupy more habitat during “colder” winters. In addition to SEAK, pink salmon returns were
also exceptional in 2013 both northward in Prince William

Sound and westward in the Alaska Peninsula, further suggesting extremely favorable GOA ocean conditions in 2012
(Munro and Tide 2014).
A salmon forecast modeling approach should consider
trophic interactions that include both “bottom-up” and “topdown” production controls in marine ecosystems (Miller et
al. 2013). Seasonal and interannual changes occur in the
abundance of planktivorous jellyfish in SEAK (Orsi et al.
2009), which are another potential competitor of juvenile
salmon for prey. Thus monitoring jellyfish abundance may
be an important indicator of potential “bottom-up” trophic interactions (Purcell and Sturdevant 2001), particularly during
periods of environmental change (Brodeur et al. 2008; Cieciel
et al. 2009). Companion studies in Icy Strait also indicated
that food quantity can be more important than food quality
for growth and survival of juvenile salmon (Weitkamp and
Sturdevant 2008). As a result, monitoring the composition,
abundance, and timing of zooplankton taxa with different
life-history strategies may permit the detection of climate-related changes in the seasonality and interannual abundance of
prey fields (Park et al. 2004; Coyle et al. 2011; Sturdevant et
al. 2013a). In contrast, “top-down” predation events can also
affect salmon year-class strength by piscivorous fish (Sturdevant et al. 2009, 2012, 2013b). In terms of competitive
interactions, anthropogenic effects of developments such as
salmon hatcheries may also impact nearshore habitats. For
example, increased hatchery production of juvenile chum
salmon has coincided with declines of some wild chum salmon stocks, suggesting a potential negative effect of hatchery
stocks on wild ones (Reese et al. 2009). In SEAK, however,
SECM and other studies have indicated that salmon growth
is not food limited and that stocks interact extensively with
little negative impact (Bailey et al. 1975; Orsi et al. 2004;
Sturdevant et al. 2004, 2012). In coastal waters, zooplankton
prey fields are more likely to be cropped by the more abundant planktivorous forage fish, including walleye pollock
(Gadus chalcogrammus) and Pacific herring (Clupea pallasi)
(Orsi et al. 2004; Sigler and Csepp 2007), than by juvenile
salmon. These results stress the need to examine the entire
epipelagic community in the context of trophic interactions
(Cooney et al. 2001; Sturdevant et al. 2012) and to compare
ecological processes, community structure, and life-history
strategies among salmon production areas (Brodeur et al.
2007; Orsi et al. 2007; Orsi et al. 2012b, 2013b).
Pre-season pink salmon forecasts from this study benefit both fishery resource stakeholders and managers. In
addition to informing stakeholders, the data used to model
the pink salmon harvest in this study is shared with fishery
managers for their pre-season pink salmon forecast models (Piston and Heinl 2013, 2014). The ADF&G uses exponential smoothing models based on brood-year harvest
strength to forecast harvest two years later, and in recent
years the models have been modified by the SECM juvenile pink CPUE from the prior year (Eggers et al. 2013).
The NOAA forecast, as described in this paper, has used the
step-wise regression model and is selected based on hindcast
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performance, AICc scores, and prevailing ecosystem metric trends (Orsi et al. 2005, 2006a, 2013c; Wertheimer et al.
2006, 2008, 2009, 2010, 2011, 2012, and 2013). The use
of the SECM data has lowered the ADF&G forecast error.
For example, over the 2007–2013 pink salmon harvest years
in SEAK, the ADF&G exponential smoothing trend analysis without use of SECM juvenile pink CPUE data had an
average forecast error of 32%, but after incorporating the
juvenile pink salmon CPUE data into the models the error
was reduced to 17% (Wertheimer et al. 2014).
Providing pre-season pink salmon forecasting information helps anticipate the upcoming SEAK pink salmon harvest
and inform stakeholders, but developing new approaches to
communicating outlooks and forecasts on an “ecosystem level” is also an important objective of this work. Maintaining
a qualitative outlook in a visual format of a broad suite of the
most important ecosystem metrics is useful to stakeholders so
mechanistic factors related to production can be interpreted
by a wide audience. The recognition of the role of trophic
interactions and mechanistic processes in marine ecosystems
is critical, as synergistic factors are influencing year-class
strength. In this study, six ecosystem metrics were significantly correlated to SEAK pink salmon harvest over the time
series: CPUEcal, CPUEttd, peak migration month, proportion of
pinks in hauls, adult coho predation index, and the NPI. Past
pink salmon forecast models have included variables such as
air temperature (Hofmeister 1994), Bayesian model averaging
(Adkison 2002), or fall juvenile salmon data from trawl surveys (Shevlyakov and Koval 2012). For other species such as
Chinook and coho salmon, ecosystem metrics have also been
used to characterize ocean conditions in the northern California Current Large Marine Ecosystem (LME) to forecast these
species (Burke et al. 2013; Peterson et al. 2012). Inter-specific
relationships of salmon are also important factors to consider,
as juvenile pink salmon abundance has been reported to serve
as a predation buffer to larger salmon species such as coho
salmon in SEAK (LaCroix et al. 2009; Weitkamp et al. 2011).
This study provided insight into linkages among coastal
ecosystem processes, salmon production, and climate. The
identification of six significant correlations of ecosystem
metrics associated with migrating juvenile pink salmon and
harvest in this study supports the hypotheses that : (1) early marine mortality is a strong factor determining year-class
strength for pink salmon; (2) earlier ocean entry timing (phenology) is an advantage for juvenile pink salmon emigrating
from Icy Strait; (3) a higher proportion of pink salmon juveniles relative to the total catch of juvenile salmon in Icy Strait
is indicative of a strong pink salmon year class; and (4) pink
salmon production is favored when the basin-scale NPI metric
in summer (JJA) is high. The higher NPI may contribute to a
widening of the Alaska Coastal Current, presumably through
relaxed coastal down-welling, thus enabling fish to be transported further offshore along the productive continental shelf.
We did not find a direct association between water temperatures in the upper water column and pink salmon run strength
in SEAK. However, upper water temperatures were frequent-

ly an auxiliary parameter in the step-wise regression model,
and indicated that while not the principal driver parameter,
cooler spring/summer water temperatures resulted in somewhat higher survival of a given cohort of SEAK pink salmon.
Continued observations and monitoring in SEAK will provide
additional insight to linkages among climate, coastal ecosystem processes, and future salmon production, particularly
during anomalous periods such as the “warm blob” event that
occurred in the North Pacific during 2014 (Bond et al. 2015).
CONCLUSION
Results from this study indicate pink salmon forecast
models using coastal ecosystem metrics can accurately predict SEAK harvest in most years, and provide a valuable management tool to benefit resource stakeholders, foster sustainable fisheries, and identify linkages among climate, coastal
ecosystem processes, and salmon production.
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Abstract: In recent decades, the marine production of Asian and North American Pacific salmon and steelhead
populations has undergone significant variability linked to climate change. Improved forecasts of the abundance
and distribution of salmon are needed that will benefit stock management in all salmon producing countries
around the North Pacific Rim. The North Pacific Anadromous Fish Commission (NPAFC) Science Plan is a
long-term comprehensive strategy for international cooperative research. The primary goal of the 2011–2015
Science Plan was to explain and forecast annual variations in Pacific salmon production. The plan was developed
with an overarching research theme “Forecast of Pacific Salmon Production in the Ocean Ecosystems under
Changing Climate” and five research topics. This paper describes progress made on each research topic and the
overarching theme, much of which was assessed at an international symposium in Kobe, Japan, on May 17–19,
2015. In summary, the reliability of stock identification methods including genetic and otolith mark analyses
has improved, enabling better monitoring of stock-specific ocean distribution and abundance. Salmon marine
survival depends on early marine coastal environments but also on conditions later in life, including winter. Models
incorporating fish mortality and various environmental factors improve our ability to forecast returns of specific
salmon stocks. However, limitations on our ability to accurately explain and forecast annual variations in Pacific
salmon production remain, in part because of uncertainty in the factors responsible for salmon mortality and
from the effects of climate warming on the marine distribution and abundance of salmon. It is more important
than ever to promote cooperative and innovative international research to identify and better understand the
ecological mechanisms regulating the distribution and abundance of salmon populations for sustainable salmon
and steelhead management.
Keywords: NPAFC Science Plan, review, Pacific salmon, distribution, marine production, survival, biological
monitoring, stock identification, models, climate change, forecast

INTRODUCTION

in the ocean may be the most reliable method for predicting
changes in production of anadromous populations. Reliable stock identification methods such as genetic and otolith
mark analyses are necessary to monitor stock-specific ocean
distribution and abundance.
The North Pacific Anadromous Fish Commission
(NPAFC) Science Plan is a long-term comprehensive strategy for international cooperative research that can be used
by Pacific salmon producing countries to design national
research. The plan has been revised every five or eight
years (1993–2000, 2001–2005, and 2006–2010) after review of research progress. In 2010, the NPAFC adopted a
five-year (2011–2015) Science Plan to explain and forecast
the annual variation in Pacific salmon production (Anonymous 2010). The plan identified the overarching research

Over the past several decades, there have been significant variations in the marine production of Asian and North
American anadromous salmon populations that are linked
to climate change (Beamish et al. 2009). There is a strong
need for international cooperative research that provides
better scientific information on the ecological mechanisms
regulating production of anadromous populations, climate
impacts on Pacific salmon populations, and the utility of using salmon populations as indicators of conditions in North
Pacific marine ecosystems.
Accurate forecasts of returning salmon abundance are of
great importance for stock management in North Pacific Rim
countries. Long-term monitoring of abundance and biomass
*Full author affiliation list given at the end of the article.
All correspondence should be addressed to S. Urawa.
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the biological characteristics and biomass of anadromous
populations, winter open-ocean field research and monitoring programs have been too limited to test it directly. Better
information on the status and trends in production and condition of Pacific salmon during the late fall to early spring
period and knowledge of the variation in the characteristics
of winter marine production in the Western Subarctic Gyre
and Gulf of Alaska ecosystems is needed to conserve salmon
populations.
Despite the potential importance of winter mortality
in regulating the dynamics of salmon abundance, relatively little research has been conducted on the winter ecology
of Pacific salmon in the marine environment, due largely to
the challenges associated with conducting field work at this
time of the year. The knowledge gained during the last five
years on the winter ecology of Pacific salmon is based primarily on surveys conducted by Russia in central and western parts of Subarctic Frontal Zone in the winter and spring
2009–2011, a synthesis of surveys conducted by Russia in
1982–1992, and cruises by Canada on the continental shelf
from west of Vancouver Island to Southeast Alaska in the
fall and winter 2000–2014, much of which was reviewed in
Myers et al. (2016).

theme “Forecast of Pacific Salmon Production in the Ocean
Ecosystems under Changing Climate” and five research
topics: (1) migration and survival mechanisms of juvenile
salmon in ocean ecosystems; (2) climate impacts on Pacific salmon production in the Bering Sea and adjacent waters; (3) winter survival of Pacific salmon in North Pacific
Ocean ecosystems; (4) biological monitoring of key salmon populations; and (5) development and applications of
stock identification methods and models for management
of Pacific salmon.
This summary reports progress on each research topic
and the overarching theme of the 2011–2015 NPAFC Science Plan, much of which was assessed during the International Symposium on Pacific Salmon and Steelhead Production in a Changing Climate: Past, Present, and Future, held
in Kobe, Japan, on May 17–19, 2015.
MIGRATION AND SURVIVAL MECHANISMS OF
SALMONIDS DURING CRITICAL PERIODS IN
THEIR MARINE LIFE HISTORY
Application of Hjort’s (1914) critical period hypothesis to anadromous salmon populations suggests that the initial period after migration to sea is the most critical phase
with respect to ocean survival. More recently, Beamish and
Mahnken (2001) hypothesized that brood-year strength of
Pacific salmon was determined during two stages when fish
were in their first year in the ocean. There is an early natural
mortality that is mostly related to predation, which is followed by physiologically-based mortality. Juvenile salmon
that fail to reach a critical size by the end of their first marine
summer do not survive the following winter (critical-period
and critical-size hypothesis).
Long-term cooperative and national research suggests
considerable inter-annual variation in abundance, growth,
and survival rates of juvenile salmon in the ocean (e.g., Orsi
and Davis 2013). These variations may be related to climate-induced changes in habitats that operate at regional
and local scales. These processes are monitored annually
in marine survey areas along the coasts of Asia and North
America. A better understanding of these processes is needed for the conservation and sustainable management of
anadromous populations.
There has been an explosion of research on the early
marine life of Pacific salmon during the last five years (Radchenko et al. 2013; Trudel and Hertz 2013; Hertz and Trudel
2014, 2015). This research has benefited from long-term
epipelagic monitoring programs that are now approaching
the twenty-year milestone in some regions, and dating as far
back as the early 1980s in Russia, as well as from short-term
small-scale nearshore sampling activities.
Western Subarctic Gyre and Gulf of Alaska ecosystems
provide major wintering habitats for various anadromous
salmon populations (Myers et al. 2007, 2016). While previous research suggested this as a critical period that defines

Initial Period of Marine Life
Seasonal Distribution and Migration Route/Timing of Juvenile Salmon
The first step required to understand the interactions
between Pacific salmon and marine ecosystems is to determine when salmon smolts enter the ocean, where juveniles
migrate, and how long they reside in different regions of the
ocean. Research indicates that their downstream migration
timing is affected by river conditions such as temperature,
water level, and discharge rate, as well as by the size of the
river basin, with downstream migration occurring over a
longer period of time in large river systems (Volobuev and
Marchenko 2011; Kaev et al. 2012; Kolpakov et al. 2012;
Kasugai et al. 2013). Sea-entry timing of juvenile salmon
has also been linked to body size, life-history, migration
distance in fresh water (Weitkamp et al. 2012, 2015), and
release date (Kasugai et al. 2013). Climatic effects on the
timing of juvenile migration are also apparent from longterm data sets, with a shift toward earlier migration associated with increasing stream temperatures (Kovach et al.
2013). Further understanding of the factors affecting the
downstream migration of salmon fry and smolts will require
an increase in the number of systems that are monitored to
encompass the diversity of conditions experienced by juveniles (Radchenko et al. 2013).
In the marine environment, considerable effort has
been allocated to investigate stock-specific migration
routes of juvenile salmon using catch data (Koval and
Kolomeytsev 2011), otolith marking (Kasugai et al. 2011,
2016; Chistyakova and Bugaev 2013, 2016; Chistyakova
et al. 2013; Saito et al. 2013; Sasaki et al. 2013; Nagata
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et al. 2016a, b; Shubin and Akinicheva 2016), coded-wire
tags (Fisher et al. 2014; Tucker et al. 2015a), acoustic tags
(Moore et al. 2012; Brosnan et al. 2014), and genetic stock
identification methods (Tucker et al. 2011, 2012a, b; Sato
et al. 2013; Shpigalskaya et al. 2013, 2016; Beacham et al.
2014a; Teel et al. 2015; Kondzela et al. 2016a, b). Overall,
migration behavior of juvenile salmon has been shown to
vary among species, stocks, and life histories (Tucker et al.
2011, 2012a, b; Beacham et al. 2014a; Fisher et al. 2014;
Teel et al. 2015). Migration routes may also be genetically
programmed (Sharma and Quinn 2012; Tucker et al. 2012a,
b; Burke et al. 2013a, b), but the distribution of juvenile
salmon along their migration trajectory may be affected by
physiological condition such as body size (Hasegawa et
al. 2013; Saito et al. 2013; Beacham et al. 2014b; Freshwater et al. 2016) and environmental cues such as water
temperature (Kasugai et al. 2011; Urawa 2015; Nagata et
al. 2016b), ocean currents (Burke et al. 2013a; Chistyakova
and Bugaev 2016), phytoplankton biomass (Bi et al. 2008;
Peterson et al. 2010), location of river mouths (Burke et
al. 2014), and magnetic cues (Putman et al. 2014). Furthermore, migration behavior of hatchery and wild fish appears to be different at small scales during early marine life
(Moore et al. 2012), but similar over larger scales (Tucker et
al. 2011). The distribution and inshore-offshore movements
of juvenile salmon may also be linked to food availability,
zooplankton community succession, and the geomorphology of juvenile salmon habitat (Frenkel et al. 2013; Koval
and Morozova 2013; Morozova 2013).

ty through their effects on upwelling, nutrient availability,
and phytoplankton and zooplankton production (Wells et al.
2012), and on zooplankton community composition and nutritional quality (Bi et al. 2011; Keister et al. 2011; Peterson
et al. 2014). In addition to winds, the hydrology of marine
ecosystems may be affected by winter precipitation and air
temperature through their effects on freshwater flow. This
may in turn affect the availability of nutrients for primary
productivity and the timing of prey productivity, and ultimately salmon survival (Borstad et al. 2011; Thomson et al.
2012; McKinnell et al. 2014). Lastly, in long fjords, tidal
mixing may affect the stability of the water column, primary
and secondary productivity, and result in poor feeding and
growth conditions for juvenile salmon (Ferriss et al. 2014;
McKinnell et al. 2014).
Trophic Linkages, Growth Rates, and Predation Rates of Juvenile Salmon
Bioenergetic models have been particularly useful
for understanding the processes affecting juvenile salmon
growth. In particular, they showed that prey quality and
quantity may be more important for juvenile salmon growth
and survival than temperature because the effect of temperature on growth is likely indirect and mediated by changes in
prey quality and quantity (Trudel et al. 2002; Beauchamp
2009; Farley and Trudel 2009; Moss et al. 2009a; but see
Daly and Brodeur 2015). As diet is expected to integrate the
variability in prey availability and preferences, diet may also
be a key indicator for salmon growth and survival in the marine environment (Armstrong et al. 2008; Kline et al. 2008;
Kline 2010; Daly et al. 2013). Recent studies show that juvenile salmon diet is highly variable in space and time (Kim
et al. 2013), and that diet variability is linked to prey availability (Volkov 2012a, c, 2013), the abundance of juvenile
salmon (Jenkins et al. 2013; Zavolokin 2013), and changes
in ocean conditions and climate (Brodeur et al. 2007; Sweeting and Beamish 2009; Sturdevant et al. 2012a; Daly et al.
2013). In particular, although pink, chum, and sockeye
salmon are generally considered planktivorous species, fish
may contribute significantly to their diet in the Bering Sea
during warm years (Andrews et al. 2009; Farley and Moss
2009; Farley and Trudel 2009). Further long-term research
may improve understanding of how changes in diet affect
the survival of salmon.
Better measurements are needed to improve the usefulness of bioenergetics models for Pacific salmon (Trudel
et al. 2004, 2005). In particular, model parameters have
frequently been borrowed from both closely and distantly-related species, potentially introducing significant biases
in model predictions (Trudel et al. 2004, 2005). Furthermore, these models have generally been derived for juvenile salmon rearing in fresh water, and may not reflect the
bioenergetics of salmon in sea water, especially after undergoing physiological changes associated with smoltification.
Recent effort has been devoted to derive species-specific
bioenergetic parameters in juvenile Chinook salmon (Perry

Hydrological Characteristics, Primary Production and Prey
Resources in Juvenile Salmon Habitats
Our understanding of the dynamics of zooplankton
communities in Russia’s far-eastern seas and adjacent waters has been enhanced by the creation of the TINRO-Center
zooplankton database. Data analyses revealed that important juvenile salmon prey items such as euphausiids, amphipods, pteropods, and appendicularians have generally larger
biomass in the western North Pacific Ocean compared to
the eastern North Pacific Ocean and exhibit different trends
between basins (Shuntov and Temnykh 2011a). Zooplankton biomass appeared to have varied inversely between the
Bering Sea and Okhotsk Sea from 1980 to the early 2000s
(Shuntov and Temnykh 2011a). Changes in zooplankton
community composition and abundance have been linked to
changes in climate and ocean conditions, with larger species
dominating in cooler years, and smaller species dominating in warmer years (Shuntov and Temnykh 2011a; Volkov
2012a, b, c). The diet of juvenile salmon is also reflected in
the variability in zooplankton communities. For instance,
the hyperiid amphipod (Themisto libellula) dominated the
diet of juvenile salmon and other nekton species following
their demographic explosion in the western and eastern Bering Sea (Volkov 2012a, c, 2013; Pinchuk et al. 2013).
In the California Current System, salmon survival
has been linked to changes in wind direction and intensi503
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et al. 2015; Plumb and Moffitt 2015). This research has
shown that the optimal temperature for growth was much
higher than previously thought. It is important, however, to
note that these parameters were also derived for freshwater
environments. Consequently, further effort is needed to parameterize these models for juvenile salmon in the marine
environment.

Survival Rate and Survival Mechanisms of Juvenile Salmon
Estimating mortality rates of juvenile salmon in the marine environment and determining the relative importance of
the factors that contribute to this mortality remains a major
challenge. The miniaturization of acoustic tags now makes
it possible to cost-effectively estimate mortality rates of juvenile salmon along their migration corridor, provided that
fish are sufficiently large to carry the burden of these tags
without affecting their behavior (Anglea et al. 2004), and
that migration corridors are narrow enough to allow for adequate tag detection. However, most applications to date
have been performed on the large smolts of a cohort, which
may not be representative of the population (Freshwater et
al. 2016). In addition, there is a growing concern that marine mammals may be hearing and cuing on acoustic tags
(Bowles et al. 2010; Cunningham et al. 2014; Stansbury
et al. 2014), suggesting that mortality rates estimated with
acoustic tags could be biased.
Wild juvenile salmon tend to have higher survival rates
than their hatchery counterparts (Melnychuk et al. 2014;
Goetz et al. 2015; Zimmerman et al. 2015). The specific
mechanism explaining the lower survival of hatchery salmon is unknown, but may be related to physiological preparedness for sea water or to differences in foraging behaviour.
In particular, hatchery fish may be more surface-oriented
during their early marine life, and thus more vulnerable to
both avian and fish predators than wild fish.
Predation is thought to be a main source of mortality
for juvenile salmon. Fish predators have been documented on both sides of the North Pacific Ocean (Nagasawa
1998b; Duffy and Beauchamp 2008; Emmett and Krutzikowsky 2008; Sturdevant et al. 2009, 2012a, b; Miyakoshi
et al. 2013). Bird predation (Nagasawa 1998b; Toge et al.
2011; Osterback et al. 2014; Hostetter et al. 2015; Tucker et
al. 2016) and marine mammal predation on juvenile salmon (Thomas 2015) have also been documented. Evidence
is mounting that predation on juvenile salmon is not only
size-selective (Duffy and Beauchamp 2008; Tucker et al.
2016) but also condition-dependent (Tucker et al. 2016).
Although the impact of these predators on the survival rates
of juvenile salmon remains elusive, it might be assessed
through the application of ecosystem models (Ruzicka et al.
2011; Preikshot et al. 2013).
Parasites and microbes have also been hypothesized to
play a role in the dynamics of juvenile salmon (Krkošek et
al. 2006, 2007, 2011b). Field studies suggest that juvenile
growth may be affected by microbes (Sandell et al. 2015),
and that predators may preferentially select juvenile salmon infected with freshwater parasites (Miller et al. 2014a).
The impact of sea lice from farmed salmon on the dynamics of wild salmon populations has been frequently debated (Brooks and Jones 2008; Krkošek et al. 2008a,b, 2011b;
Riddell et al. 2008; Marty et al. 2010; Jones and Beamish
2011; Krkošek and Hilborn 2011). Infection experiments
and field observations have indicated that the ectoparasitic flagellate Ichthyobodo salmonis causes high mortality in

Ecological Interactions of Juvenile Salmon
Juvenile salmon may interact with other salmon
species or populations through competition or predation
(Hasegawa et al. 2014). Competition is expected to be
more intense among species that share similar prey, such
as juvenile pink, chum, and sockeye salmon, and may be
modulated by the presence of parasites (Godwin et al.
2015). Competition between wild and hatchery fish may
be asymmetrical (Beamish et al. 2008, 2010) and is likely
more intense in offshore waters as recent studies also indicate that hatchery and wild salmon often feed on different
prey in the nearshore environment but feed on similar prey
offshore (Sweeting and Beamish 2009; Daly et al. 2012;
Sturdevant et al. 2012b). Stable isotope analyses have recently shown that the diet overlap between juvenile pink
and chum salmon increased as their abundance increased,
suggesting that competitive interactions were stronger at
higher densities (Jenkins et al. 2013). Although an increase in the biomass of juvenile salmon was accompanied
by changes in their feeding habits and reduced feeding
rates in the Okhotsk Sea and western Bering Sea, juvenile
salmon growth was not negatively affected by increased
biomass. Instead, size and growth of juvenile salmon in
these waters were generally higher in years of high salmon
biomass and synchronized between pink and chum salmon
(Shuntov and Temnykh 2011a; Zavolokin 2013). Hence,
the impact of competitive interactions for juvenile salmon
growth may vary among ocean basins, depending on prey
availability.
Predation by Pacific salmon on other salmon species
has rarely been documented, but it occasionally occurs
both in juvenile (Hargreaves and Lebrasseur 1985) and
adult salmon (Sturdevant et al. 2012a, 2013). Cannibalism
by returning adult salmon has been hypothesized to affect
the cyclic dominance of salmon populations (Krkošek et
al. 2011a). This hypothesis, however, is not supported by
empirical data (Sturdevant et al. 2013). Simulation models suggest that the differential impacts of sea lice (Lepeophtheirus salmonis) infection on juvenile pink and chum
salmon may be mediated by the preference of juvenile coho
salmon for juvenile pink salmon (Peacock et al. 2013). As
prey become parasitized, they may be easier for predators
to identify and/or catch. Predation on juvenile pink salmon
by juvenile coho salmon may also affect the dynamics of
the sea lice population, increasing adult and pre-adult louse
abundance on coho salmon by trophic transmission (Connors et al. 2008, 2010).
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juvenile chum salmon when they migrate into the coastal
ocean because the heavy parasite infection disturbs the osmoregulation of juveniles (Urawa 1993, 1996, 2013).
It is generally thought that large and fast-growing fish
have higher survival, either because large fish are less vulnerable to gape-limited predators or can sustain starvation
(i.e., in winter) for longer periods of time (Beamish and
Mahnken 2001). However, while larger and fast-growing
salmon have frequently been found to have a survival advantage over small and slow-growing juvenile salmon (Duffy
and Beauchamp 2011; Farley et al. 2011; Tomaro et al. 2012;
Irvine et al. 2013; Woodson et al. 2013; Zavolokin and Strezhneva 2013; Miller et al. 2014b), size-selective mortality
has not always been apparent during either summer or winter in juvenile salmon (Welch et al. 2011; Trudel et al. 2012).
Furthermore, a negative relationship between adult returns
and juvenile salmon growth has also been observed (Miller
et al. 2013), indicating that other factors may override the
effects of large size and fast growth on the marine survival
of juvenile salmon.
Survival mechanisms have also been inferred indirectly
through correlational studies of smolt survival with climatic
and oceanographic conditions. These analyses have been
performed using simple tools such as linear regression models (Tanasichuk and Routledge 2011; Tucker et al. 2015b) as
well as more sophisticated approaches such as the maximum
covariance analysis (Burke et al. 2013b), Bayesian Belief
Network (Araujo et al. 2013; Malick et al. 2015a; Hertz et
al. 2016a), and state-space models (Ye et al. 2015). It should
be remembered though, that no matter how sophisticated the
analysis, correlation does not mean causation (Peters 1991),
and correlations often break down over time (Skud 1983;
Walters and Collie 1988). Nevertheless, correlation analyses have helped to generate and test a number of hypotheses relating salmon survival to ocean conditions, including
changes in prey availability (Tanasichuk and Routledge
2011; Wells et al. 2012; Doubleday and Hopcroft 2015; but
see Shuntov and Temnykh 2011a, b; Radchenko et al. 2013),
the timing of prey availability (Malick et al. 2015b; Satterthwaite et al. 2015), prey quality (Peterson et al. 2014; Tucker
et al. 2015b), and climate (Killduff et al. 2015; Hertz et al.
2016a). If correlations break down over time, it may simply indicate that other factors not initially considered may
contribute to the dynamics of salmon populations, and thereby lead to the generation of new hypotheses and theories
of salmon production. A more holistic approach that simultaneously accounts for the interactions of multiple factors
may be necessary to understand the complex interactions
between climate, marine ecosystems, and salmon.

prey, and the abundance and feeding rates of other species
that may be eating the same prey. Research conducted by
Russian scientists suggest that the size of juvenile salmon is
large when their abundance is high and small when their abundance is low, which is contrary to expectations from density-dependent interactions when food is limiting (Shuntov and
Temnykh 2011a; Zavolokin 2013). Bioenergetic model calculations indicate that juvenile salmon consume only a small
proportion of the available zooplankton biomass, suggesting
that salmon abundance and size may not be limited by competition (Orsi et al. 2004). In contrast to these findings, the
size of juvenile pink and chum salmon was inversely related
to their abundance on the west coast of North America (Jenkins et al. 2013). The intensity of competitive interactions
may also vary among regions of the North Pacific Ocean.
Notably, the western North Pacific Ocean is thought to be
more productive than the eastern North Pacific Ocean (Saito
et al. 2011) and may therefore support higher salmon biomass
(PICES 2005; Shuntov and Temnykh 2011a).
Winter Period
Winter Distribution of Salmon
Myers et al. (2016) reviewed winter salmon research on
the high seas of the North Pacific Ocean and Bering Sea.
Early high-seas research (1950s–1970s) established that
salmon exhibit broad seasonal (north–south) movements,
that there are stock-specific marine distributions, and identified dominant oceanographic features of the winter habitat.
In succeeding decades (1980–2015), new fisheries-oceanographic survey methods, stock-identification techniques,
remote-sensing technologies, and analytical approaches enabled researchers to expand their knowledge of the winter
distribution and ecology of salmon, although empirical data
remain limited.
The winter distribution of salmon is “complex and
variable, depending on spatiotemporal scale and synergies
among genetics, environment, population dynamics, and
phenotypic plasticity” (Myers et al. 2016). For instance, the
winter distribution of Pacific salmon in the open ocean depends on the general state of the Western Subarctic Cyclonic
Gyre and on the position of the frontal zone of the East Kamchatka current ocean branch sector (Figurkin and Naydenko
2013, 2014). New data on the vertical distribution of Pacific
salmon during winter and spring indicate that they are more
dispersed in the water column compared to summer and fall
(Starovoytov et al. 2010a, b; Glebov et al. 2011). Pink salmon are distributed across a wide range of temperatures during
winter (0.5–11.5°C), whereas sockeye and coho salmon tend
to occupy cooler (1.5–6.5°C) and warmer (4.0–11.5°C) waters, respectively. Most small chum salmon (< 30 cm FL)
are distributed in the Subarctic Front Zone between 3°C and
8°C, while larger chum salmon shift to cooler water with a
peak at 4.5°C (Naydenko et al. 2016). Urawa et al. (2016)
summarized that the SST of pink and chum salmon winter
habitats was almost 2ºC higher in the Gulf of Alaska than in

Population Size and Carrying Capacity of Juvenile Salmon
The number of salmon that can be sustained in the North
Pacific Ocean has long been a component of NPAFC-related
research. Estimation of this number requires knowledge of
the abundance of juvenile salmon in the marine environment,
their feeding rates, the availability and production of their
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the western subarctic water during the winters of 1996, 1998
and 2006, while the SST of the winter habitat in each area
was stable across the three years. These observations suggest
that salmon select similar temperature regimes each winter,
despite variable SST in the western subarctic waters.
Few salmon species remain on the continental shelf
during winter. On the west coast of North America, winter
catches of salmon are dominated by immature Chinook and
coho salmon (Trudel et al. 2007; Tucker et al. 2011, 2012a,
b), although one population of sockeye salmon remains on
the continental shelf during winter (Tucker et al. 2009; Beacham et al. 2014a, b). Stock composition appears relatively stable among years despite highly variable ocean conditions, even at a small geographic scales, suggesting that their
coastal distribution is genetically programmed (Tucker et al.
2012a, 2015a). Unlike in the open ocean, juvenile/immature
salmon tend to be caught deeper in the water column during
wintertime (Orsi and Wertheimer 1995; Trudel and Tucker
2013). In a joint PICES/NPAFC workshop held in Yeosu,
Korea, Minobe and colleagues projected change in the distribution of salmon during winter using climate model outputs
from the Coupled Model Intercomparison Project Phase 5
(CMIP5; X. Minobe, minobe@mail.sci.hokudai.ac.jp, pers.
comm.). They concluded that salmon would migrate farther
north and west as a result of warmer temperatures. These
results were qualitatively similar to those obtained by Welch
et al. (1998) and more recently by Abdul-Aziz et al. (2011).
The development of quantitative multispecies, multistage
models of salmon ocean distribution linked to oceanographic features should help to identify key factors influencing
winter distribution and improve our understanding of potential climate change effects (Myers et al. 2016).

lipids during winter may be due to seasonal changes in physiological processes of salmon.
Comparison of winter and summer stomach contents of
immature and maturing Chinook salmon in the eastern Bering Sea showed that the proportion of empty stomachs was
higher in winter samples, suggesting a longer duration between prey capture in winter (Davis et al. 2009). The winter
diet was characterized by a high diversity of squid with all
age groups (ocean-1 to -4) consuming fish offal, presumably
originating from fishery processors (Davis et al. 2009).
On the continental shelf off the west coast of Vancouver Island, stomach contents and stable isotope analyses
indicate the juvenile Chinook salmon shifted their diet
from a dominance of amphipods to a dominance of euphausiids and forage fish between fall and winter (Hertz
et al. 2016b). On the continental shelf, zooplankton biomass decreased between fall and winter (Middleton 2011).
However, stomach contents of juvenile Chinook salmon
only decreased slightly between these seasons (Middleton
2011). Considering that energy demand decreases during
winter due to low water temperatures, these results suggest that food supply may be sufficient to maintain growth
during winter.
Winter Survival of Salmon
Winter mortality is expected to be high and variable in
juvenile salmon, and higher in smaller fish than in larger fish
because smaller fish are expected to deplete their energy reserves faster than larger fish. However, life-stage-specific
estimates of mortality or survival are rare. Most estimates
of marine mortality cover the entire period that salmon reside in the ocean, from smolts leaving fresh water to adults
returning (e.g. Irvine and Akenhead 2013). As a result, estimates specific to a particular life stage, such as winter (e.g.,
Trudel et al. 2012), are scarce. Other published estimates include mortality that occurred after the first winter at sea. For
instance, Zavolokin and Strezhneva (2013) estimated mortality rates of pink salmon during winter and spring, while
Farley et al. (2011) estimated the total mortality of Bristol
Bay sockeye salmon that occurred after the first summer at
sea, and thus covered two years of their marine life. Hence
estimates of mortality rates specific to the winter period are
generally lacking.
Evidence for the overwinter size-selective mortality hypothesis is also equivocal, with some results being consistent
(e.g. Farley et al. 2011; Zavolokin and Strezhneva 2013) and
other results inconsistent with this hypothesis (e.g., Middleton 2011; Trudel et al. 2012). The size of juvenile salmon in
the fall has been correlated to winter and spring mortality in
Okhotsk Sea pink salmon, suggesting that there is a critical
size that they must achieve to survive winter (Zavolokin and
Strezhneva 2013). Size-selective mortality may be mediated
by environmental conditions experienced prior to and during
winter such as the concentration of lipid, winter duration,
prey abundance and quality, and predator distribution and
abundance.

Hydrological Characteristics, Primary Production, and
Prey Resources in Winter Salmon Habitats
The biomass of zooplankton prey resources in the Pacific Ocean has been observed to be lowest in winter (Nagasawa 2000). On the other hand, drastic declines in zooplankton biomass from summer to winter have not been
observed in the upper epipelagic layer of the western North
Pacific Ocean (Naydenko and Kuznetsova 2011). Zooplankton biomass is highly variable among locations and is sufficiently high in some places to provide favorable conditions
for Pacific salmon feeding in winter and spring (Naydenko
and Kuznetsova 2011). Feeding studies conducted in the
western North Pacific Ocean indicate that the feeding intensity of Pacific salmon is lower in winter than in summer
and fall. Feeding intensity differs among species within the
same location, and high feeding intensities are occasionally
observed during winter. Thus the reduction in the feeding
intensity that occurs during winter period may be because
salmon require less food at lower temperatures to sustain
metabolic function (Ueno et al. 1997; Nagasawa 2000) rather than to a reduction in food availability during this period
(Naydenko and Kuznetsova 2011, 2013). Naydenko et al.
(2016) have suggested that changes in feeding, growth, and
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Lipid dynamics during winter has been rarely examined in juvenile salmon. The total muscle lipid content of
age-0.1 chum salmon in the Gulf of Alaska was extremely
low, suggesting fish malnutrition during winter (Kaga et al.
2006). The lipid content of pink salmon caught in the Gulf
of Alaska was significantly lower than in fish caught in the
western North Pacific Ocean during winter (Nomura et al.
2000; Kaga et al. 2006). Survival after the first summer at
sea has been linked to the energy density of juvenile Bristol Bay sockeye salmon in the fall prior to their first winter,
suggesting that juvenile salmon need to accumulate enough
energy to survive through the winter (Farley et al. 2011).
This relationship, however, was not significant, indicating
that further work is required to test the critical-size and critical-period hypothesis.
Farley et al. (2011) hypothesized that winter survival
of Bristol Bay sockeye salmon would decrease as a result
of warming conditions, as extended periods of warming are
expected to decrease the availability of lipid-rich zooplankton and the recruitment of young-of-the-year walleye pollock (Hunt et al. 2011; Heintz et al. 2013), which are prey
of salmon. As a result, juvenile sockeye salmon would get
smaller (Farley and Trudel 2009), accumulate less lipid, and
potentially experience higher size-selective mortality.

ing of the factors affecting the variability associated with
winter mortality. This will require estimates of winter mortality (as opposed to combined winter and spring mortality),
which will certainly be challenging for populations that are
widely dispersed in the ocean. This work would greatly benefit from genetic stock identification methods to ensure that
the same populations are monitored between fall, winter, and
spring (e.g., Trudel et al. 2012).
The body size and lipid concentrations reached prior
to winter are expected to affect winter survival through
size-selective mortality processes. A better understanding
of the conditions that affect marine growth and lipid dynamics in juvenile salmon from their ocean entry to the
end of the first winter at sea is needed. For example, Klimov et al. (2013) examined seasonal changes in the lipid
content of juvenile chum, pink, and sockeye salmon. The
mean lipid content of juvenile chum salmon was 1.3–1.6%
in the western coastal water of Kamchatka in July, peaked
at 5.5% in the Okhotsk Sea in October, and then declined
to 1.7% in the western subarctic water during winter. Pink
salmon showed a similar seasonal lipid content change,
while sockeye salmon showed few changes in the lipid
content. Under an experimental condition with no feeding,
the total lipid content of juvenile chum salmon decreased
rapidly from 4.2% to 2.2% ten days after the start of experiment, and it was then maintained at a low level (1.8–2.0%)
until their death by starvation (Ban et al. 1996). This kind
of laboratory experiment may also help us to understand
the salmon mortality process during winter.
It is important to consider that non size-selective mortality processes may also be operating during winter (Middleton 2011; Trudel et al. 2012) such as predation by salmon
sharks (Nagasawa 1998a), disease, or physiological imbalance, and should be examined further. Given that 60–95%
of juvenile salmon may be dying during their first winter at
sea (Trudel et al. 2012; Beacham et al. 2016), it is certainly worth identifying the factors that may contribute to this
mortality.
Salmon prey resources encountered in different oceanic habitats (e.g., community composition of zooplankton,
monthly dynamics of zooplankton biomass, caloric content
of oceanic zooplankton species in different seasons) and
salmon feeding intensity need to be investigated throughout
the seasons.
The main objectives of future studies should be focused
on the following areas:
• linkage between marine survival of salmon and changes
in climate and in the ocean, such as primary production
and prey resources in salmon ocean habitats;
• effect of natural environmental variability on stock-specific distribution and abundance of salmon;
• predicting the potential impacts of climate change on
marine salmon habitats; and
• understanding causes of salmon ocean mortality.

Summary and Future Directions
Our understanding of early marine migration and survival of particular stocks has increased tremendously during the
last five years, in large part due to the application of genetic
stock identification and mass otolith marking methods, and
to the miniaturization of acoustic and smart tags. Linkages
between ocean physics (i.e., currents), lower trophic levels,
salmon diet and growth, predation, and ultimately survival
have been examined. However, much remains to be done to
understand the causes of ocean mortality of juvenile salmon
and the relative importance of these causes of mortality for
driving recruitment variability.
Most anadromous salmon stay in the cool waters of the
North Pacific from December to May, for almost a half of
their ocean life period. It has been nearly 15 years since
Beamish and Mahnken (2001) proposed that winter was a
critical period for juvenile salmon and that fish that did not
attain a certain critical size are expected to be eliminated
from the population. In the last five years, some progress
has been made toward testing this hypothesis. There is,
however, currently no consensus as to whether or not winter
is a critical period for salmon or whether or not size-selective mortality occurs during winter. It is difficult to determine the primary factor affecting winter mortality in salmon,
in part because there are too few estimates of mortality, and
survival of Pacific salmon is likely determined by the complex interaction of abiotic and biotic factors.
Testing the critical-period and critical-size hypothesis
will require an assessment of how winter mortality contributes to the overall recruitment of salmon and an understand507
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the nekton community. During warm years, juvenile salmon
and age-0 walleye pollock were generally more abundant on
the eastern Bering Sea shelf (Farley et al. 2009; Moss et al.
2009b); however, capelin and adult walleye pollock declined
(Ianelli et al. 2011; Andrews et al. 2016). The variability
in relative abundance of these species was linked to sea ice
extent during spring and the impact of warm or cool ocean
temperatures during spring and summer has on the ecosystem (Hunt et al. 2011). Stanzas of warm years reduced the
amount of energy that juvenile and young-of-the-year fish
received, thereby negatively impacting their fitness. Overwinter mortality was high for age-0 walleye pollock during
those years leading to low recruitment success (Heintz et al.
2013).
Changes in the composition and trophic structure of
the nekton community in the western Bering Sea and the
role of Pacific salmon on the dynamics of energy flow
related to their abundance have been assessed for the
last several decades using the Ecopath ecosystem model
(Zavolokin et al. 2014, 2016). A significant decrease in
walleye pollock abundance between the 1980s and 2000s
caused a two-fold reduction in the total food consumption
by nekton species; increased consumption by salmon and
squid in the 2000s compensated for only a small portion of
the decreased consumption from reduced walleye pollock
abundance. At present, salmon are the only abundant upper trophic level predators in the upper pelagic layer of the
offshore waters in the western Bering Sea. In the simulation model, when salmon biomass was expanded 1.5 times
relative to the 2000s estimate, the abundance of forage species was sufficient to maintain higher salmon consumption.
The ability of Pacific salmon to access a variety of prey
species at several trophic levels appears to give them the
capacity to satisfy their food requirements even during periods of extremely high salmon biomass (Zavolokin et al.
2014, 2016).
Changes in distribution and abundance of Pacific salmon in relation to shifts in water circulation were revealed in
the western Bering Sea in the 2000s. A shift in water circulation occurred in 2007 with the cyclonic gyre becoming
smaller and restricted by the Commander Basin (Zavolokin
and Khen 2012; Khen et al. 2013; Khen and Zavolokin
2015). A longitudinal current from Near Strait northwards
intensified, while a latitudinal current from the Aleutian Basin to the west became substantially weaker. The latitudinal
current limited the flow of the dichothermal layer to the east,
and as a result, a hydrodynamic front occurred near the border of the Russian Exclusive Economic Zone. The change
in water circulation in the Bering Sea in 2007–2011 affected
the intensity of feeding migrations of immature salmon to
the western Bering Sea. The abundance of immature chum,
sockeye, and Chinook salmon decreased, and their distribution changed. In 2012, the water circulation returned to a
“normal” regime, with salmon abundance going back to its
former state.

Climate change and its impact on salmon carrying capacity in the Bering Sea have been investigated through the
Bering-Aleutian Salmon International Survey (BASIS) program initiated by NPAFC in 2001. Evidence has linked increased levels of atmospheric carbon dioxide to warming air
and sea temperatures, reduced sea ice extent during winter,
and melting of the polar cap in the Arctic region (Bond et
al. 2008); and it has been suggested that climate change will
alter the current geographic distributions and behaviors of
humans, marine mammals, seabirds, and fish by restructuring their habitats within the Bering Sea ecosystem (NPRB
2007). However, there are mixed opinions regarding the
effects of climate change on Bering Sea ecosystems, with
some studies indicating no direct effect on the ecosystem
(e.g., Shuntov and Temnykh 2009), and others suggesting
reduced ecosystem productivity with increasing sea surface
temperatures (Coyle et al. 2008, 2011).
Climate-ocean and Biological Factors Related to Salmon
and Ecologically Related Species
The extent and duration of winter and spring sea ice
along the eastern Bering Sea shelf plays a key role in structuring the ecosystem. Interannual variability in spring sea
ice extent over the shelf has recently given way to “stanzas”
of warm and cold events (Overland 2011). These stanzas
have had profound effects on the ecosystem by restructuring the types and abundances of zooplankton and fish communities, and fitness of fishes along the shelf (Stabeno et
al. 2012a, b). For example, Pacific salmon research under
BASIS covered two periods: warm (2003–2006) and cold
(2007–2012). During the warm period, small- and medium-sized zooplankton dominated in the eastern Bering Sea
(Stabeno et al. 2012b). During the cold period, the portion of large-sized zooplankton (euphausiids, hyperiids, copepods, and chaetognaths) significantly increased. These
changes in zooplankton communities were reflected in Pacific salmon diets (Farley et al. 2007). During the warm
period, most of the diet of pink, chum, and sockeye salmon
juveniles comprised walleye pollock, sandlance, capelin,
flounder larvae, fry of small demersal fish, and crab larvae.
In the cold period after 2006, euphausiids, hyperiids, and
pteropods became the dominant salmon prey items in their
diet. Interestingly, cooling of the Bering Sea during 2007–
2012 caused shifts in the distribution of some zooplankton
species. In particular, a bloom of the large-sized hyperiid
amphipod (Themisto libellula) was noted both in the western and eastern Bering Sea (Pinchuk et al. 2013; Volkov
2014). During 2008–2010, the importance of T. libellula
in salmon diets subsequently increased with increasing biomass of this amphipod.
The stanzas of warm and cold years on the eastern Bering Sea shelf also had an effect on the relative abundance of
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es. Pink and chum salmon initially declined in body size
with little change over the past two decades. There was
relatively little change in the body size of sockeye salmon. Although abrupt climatic regime shifts do not appear
to have had any consistent or substantial effect on salmon body size, continuous indicators of oceanic conditions
(North Pacific Gyre Oscillation and Multivariate ENSO (El
Niño – Southern Oscillation)) contribute to explaining size
variation in all species except for chum salmon (Jeffrey et
al. 2016).

The body size of most Russian chum salmon stocks,
particularly Anadyr chum salmon, decreased significantly
from 1960 to the 2000s (Zavolokin et al. 2011; Temnykh
et al. 2012). As estimated from scale measurements, firstyear growth increased, but third and fourth year growth
decreased, like other chum salmon stocks in Russia, Japan
and Korea (Ishida et al. 1993; Kaev 2003; Kaeriyama et
al. 2007; Seo et al. 2009). Hence, some large-scale factors have influenced these stocks across vast areas of the
North Pacific and its marginal seas. Negative correlations
between some climatic indices (ocean surface temperature,
ground air temperature, and heat content of the North Pacific Ocean) and scale increments of Anadyr chum salmon in
the second, third, and fourth year growth zones suggest that
warming of the North Pacific Ocean may have an adverse
impact on chum salmon growth after the first year of life
(Zavolokin et al. 2011; Temnykh et al. 2012). The authors
suggested that the chum salmon growth reduction after the
early marine period may have resulted from increasing
abundance of Pacific salmon combined with warming ocean
conditions.
The energetic status of juvenile Bristol Bay sockeye
salmon during warm years was significantly lower than
those captured during cold years, and low fat reserves prior
to winter were believed to lead to higher overwinter mortality for juvenile sockeye salmon (Farley et al. 2011). Based
on the results of integrated ecosystem research in the eastern Bering Sea, Farley et al. (2011, 2013) hypothesized that
winter survival of Bristol Bay sockeye salmon would decrease as a result of continued warming conditions on the
eastern Bering Sea shelf, as extended periods of warming
are expected to decrease the availability of lipid-rich zooplankton and the recruitment of young-of-the-year walleye
pollock (Hunt et al. 2011; Heintz et al. 2013), both of which
are important prey items for juvenile salmon on the shelf.
Recent warming of the southeastern Bering Sea was accompanied by increased returns of Bristol Bay sockeye salmon.
Relative abundance and growth rates of juvenile Bristol Bay
sockeye salmon were shown to be high during warm years
(Farley and Trudel 2009; Yasumiishi et al. 2016). Yasumiishi et al. (2016) reported that the total length of juvenile
sockeye salmon during the first ocean year increased with
summer SST in the eastern Bering Sea, suggesting a possible
mechanism for increased abundance of Bristol Bay sockeye
salmon. They hypothesize that there is a trade-off between
increased length and reduced energetic status of sockeye
salmon in warming climate regimes, which may affect their
survival.
A recent investigation into changing size trends for
Canadian Pacific salmon over six decades (Jeffrey et al.
2016) found that declines in size at maturity of up to 3 kg
in Chinook and 1 kg in coho salmon during the 1950s and
1960s were later reversed to match or exceed earlier siz-

Potential for Climate Change Impacts on Salmon Habitats
A northward shift in the distribution of several fish species is expected to occur in the northern hemisphere as a
result of global climate change (Cheung et al. 2015). For Pacific salmon, their northward spawning distribution is generally limited to the Bering Sea Strait due to the short growing
season in the Arctic Ocean and sea ice formation. However,
summer sea temperatures in the Chukchi Sea were anomalously warm in 2007 (Eisner et al. 2013), and BASIS surveys
conducted in the Arctic that year documented relatively high
abundance of juvenile pink and chum salmon in the Chukchi
Sea (Moss et al. 2009c). Abundant juvenile salmon returned
as adults to subsistence users in coastal communities of the
Pacific Arctic region in relatively high numbers during 2008
(pink salmon) and 2009–10 (chum salmon; Carothers et al.
2013; T. Hepa, taqulik.hepa@north-slope.org, pers. comm.).
These events (anomalously warm summer sea temperatures,
historic summer sea ice minima, and highly abundant juvenile pink and chum salmon in the Chukchi Sea) surprised
researchers due to the deviation from predicted anthropogenic effects on temperatures and sea ice loss from climate
models (Overland 2011). While salmon caught in the Chukchi Sea are likely seasonal migrants from further south, natal
populations of chum salmon have been documented ~1800
km east within Canada’s Mackenzie River watershed (Irvine
et al. 2009; Dunmall et al. 2013). Continued warming in
marine, terrestrial, and riverine environments may enable
additional salmon populations to become permanently established in the Arctic.
Although effects of climate change on Bering Sea habitats requires further clarification, recent anecdotal observations have pointed to biological changes in marine habitats, particularly in the Gulf of Alaska. For example, since
2013, sea temperatures have been anomalously warm and
the manifestations of warming in the Gulf of Alaska have
included the warm “Blob” (Bond et al. 2015) and strongest
2015–2016 El Niño in recent history (Becker 2016). Agencies and observers in the popular press have discussed recent
shifts to late run timing for sockeye, coho, and chum salmon in the eastern Bering Sea and Gulf of Alaska (Brenner
and Munro 2016), one of the lowest Fraser River sockeye
returns ever (Hoekstra 2016), toxic algal blooms of Pseudo-nitzschia stretching from central California to the Alaska Peninsula resulting in fishery closures (NOS 2016), the
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unusual mortality event of large whales in the western Gulf
of Alaska (NOAA 2016), and population losses of gulls, puffins, and auklets in the Gulf of Alaska and northeast Bering
Sea (Joling 2015). Northward shifts in the distribution of
temperate and sub-tropical fish species have been observed
in the collection of Mola mola, market squid, and a thresher
shark (Alopias spp.) off the coast of Southeast Alaska during
summer salmon surveys (J. Orsi, Joe.Orsi@noaa.gov, pers.
comm.). These anecdotal observations highlight the strong
need for research and monitoring of North Pacific marine
ecosystems in order to register early signs of changes in
biota and marine habitats based in changing climate-ocean
conditions.

To assess the potential of limiting food resources in
epipelagic waters of the North Pacific Ocean as a consequence of climate change, understanding the implications of
habitat use by Pacific Rim salmonid populations at varying
levels of abundance is increasingly important. This is accomplished, in part, by monitoring the status and important
biological characteristics (e.g., fish size, age composition,
survival) for key (important) salmonid populations. Time
series information on catches, spawner escapements, and
regional salmon production trends for hatchery and wild
stocks are also important. Quantifying estimates enables
researchers to better examine the effects of ocean salmon
biomass and climate change on subsequent survival, size
and age at return for key population groups. Maintaining
and expanding long-time data series are crucial to understanding linkages between climate and Pacific salmon production.
To support research efforts in the NPAFC Science Plan
(Anonymous 2010), the time series of Pacific Rim salmon
and steelhead catches and hatchery enhancement statistics
are now publicly available at www.npafc.org/new/science_
statistics.html. In addition, biological monitoring programs,
which generally include the identification of key populations and streams, have been documented by each member
country: Canada (Tompkins et al. 2014), Japan (Saito 2015),
Russia (Koval et al. 2014), the Republic of Korea (Park
and Hong 2013; Kang et al. 2016), and the USA (Orsi et
al. 2014), and salmon escapement (i.e., the number of salmon that escape fisheries) monitoring activities were recently
described (www.npafc.org/new/science_escapement.html).
Gathering these data and making them available is an important step in understanding trends in salmon abundance
and/or productivity.

Summary and Future Directions
The Bering Sea has experienced large changes in the
extent of sea ice, hydrology, and zooplankton community
composition and quality during the last decade, especially in
the eastern Bering Sea. These changes have been reflected
in the diet and survival of juvenile salmon, as well as in their
distribution. Although the limit to the carrying capacity of
the Bering Sea is unknown, prey productivity, particularly
in the western Bering Sea, appears to be sufficiently large
to sustain an abundance of juvenile salmon. With further
melting of the polar ice caps and subsequent reduction of
sea ice, these changes are expected to be more pronounced
in the Bering Sea in the upcoming decades as a result of climate change, with potentially significant impacts on salmon
habitat in this region. In addition, salmon distribution at the
southern end of their present range in Asia and North America will likely be jeopardized by loss of cool water zones
where salmon have historically been distributed.
The issue of climate change and its relationship with
salmon and ocean ecosystems will continue to be a major
concern for ocean salmon research, fisheries, and conservation. The impact of climate changes on salmon distribution
and the role of salmon in the marine ecosystems will continue to be of increasing importance in the coming decade.
Studies investigating the future of salmon in areas particularly affected by climate change may mean a change in the
dominant species composition and could affect the location
and timing of marine salmon fisheries. Summer surface waters in the northeastern Bering Sea will continue to warm
and be a source of heat adverted to the Pacific Arctic Region,
providing new marine habitat for juvenile salmon. With
changing marine environments, modifications to release
timing and the size of juvenile fish at release will likely be
required to optimize hatchery production.
Developing models like 20-year climate forecasts for salmonid marine ecology, namely integrated ecosystem modeling—IPCC Scenarios, physical oceanography, nutrient-phytoplankton-zooplankton, fish bioenergetics, distribution at
several spatial scales—will help managers make informed
decisions in allocating scarce resources to hatchery production, fisheries management, and ocean salmon surveys.

Biological Status of Key Salmon Populations
The last major overview assessment of stock status was
conducted in 2012 by NPAFC (Irvine et al. 2012a). The
abundance of Pacific salmon in the North Pacific Ocean,
as indexed by aggregate commercial catches, remains near
all-time high levels. Since 2007, the largest catches on
record exceeded one million metric tonnes, (2007, 2009,
2011, 2013, and 2015) usually in odd-numbered years (Fig.
1). Even-year catches are somewhat less than those of oddyears because even-numbered year returning pink salmon
are less abundant than genetically distinct odd-year fish;
nevertheless, since the 1990s even-year catches have typically exceeded 800 thousand tonnes. Although the northern North Pacific Ocean continues to produce large quantities of Pacific salmon, abundance patterns vary spatially,
among species, and from year-to-year. Currently, pink and
chum salmon are very abundant, particularly on the Asian
side of the North Pacific. Coho and Chinook salmon are
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less abundant than their historical levels, while inter-annual patterns of sockeye salmon abundance vary greatly
among regions.
Over the long term (1926–2010), odd-year pink salmon have become increasingly dominant over even-year returning fish, particularly in the southeastern portion of their
range (Irvine et al. 2014). In Asia, Russian pink salmon
catches increased since the 1990s in Chukotka (Khokhlov
2012), west and east Kamchatka (Karpenko and Koval
2012), Sakhalin-Kuril region (Kaev 2012; Kaev and Irvine
2016), and the northwestern coast of the Okhotsk Sea, including the Amur River basin (Klovach et al. 2014, 2015).
In contrast, there are relatively few pink salmon in Japan,
which is near the southern extent of their distribution in
the western North Pacific Ocean. Their adult returns have
declined dramatically since 2011, which may be associated with increasing negative coastal SST anomalies in
spring (Saito et al. 2016). In the Sakhalin-Kuril region,
changing marine survival indices and adult returns were
consistent with what one would expect if early marine conditions were responsible for discrepancies among stocks in
terms of abundance and survival, while final fish sizes appeared to be chiefly the result of conditions later, when fish
were further offshore (Kaev and Irvine 2016). This study
demonstrates the importance of long-term monitoring of
abundance data at the fry (smolt) and adult life-history
stages, which enable the partitioning of survival patterns
between freshwater and marine habitats.
In the eastern North Pacific, Alaskan pink salmon catches were low during 1950–1970, but rebounded strongly following the 1980s (Heard and Wertheimer 2012), and gener-

ally catches have remained at high levels in recent years with
some years of poor runs (Piston and Heinl 2012). In British
Columbia and Puget Sound, near the southern portion of
pink salmon distribution, odd-year runs are more abundant
than even-year runs in the same watershed, and they show
increasing trends as do populations farther north and west
(Irvine et al. 2012b, 2014). In the Fraser River, the total
returns of pink salmon increased after the 1977 regime shift,
declined after the 1989 regime shift, and increased again after 1998 (Beamish 2012a).
Chum salmon catches from the western side of the
North Pacific Ocean increased following the late 1970s and
amounted to 250–300 thousand metric tonnes annually in
the 2000s (Nagasawa 2015). Anadyr River chum salmon increased in the 1930s–1940s, and again in the 1980s, showing
40- to 50-year fluctuations in abundance (Khokhlov 2012).
During 2001–2010, chum salmon catches along both coasts
of Kamchatka were three times the catches of the previous
decade (Zavarina 2012). In Russia, a sharp increase in chum
salmon catch occurred in the mid-2000s, and historically the
highest catch was recorded in 2015 (Klovach et al. 2016). In
particular, the increase in chum salmon catch was evident in
the Amur River. The increasing trends in chum catch were
common in most regions of the Russian Far East, with some
exception for the Anadyr River and rivers in Primorye (Temnykh et al. 2012).
In Hokkaido, return rates of chum salmon are historically high in the Okhotsk Sea region, relatively low in
the Sea of Japan region, and highly variable in the Pacific
Ocean region (Miyakoshi and Nagata 2012). Regional differences in return rates of chum salmon are also found in

Fig. 1. Annual North Pacific commercial catches (thousand tonnes) of Pacific salmon and steelhead trout from 1925 to 2015. Data source:
NPAFC (2016a).
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northern Honshu (Saito and Nagasawa 2009). To clarify
regional differences in biological characteristics of chum
salmon in Japan, Saito et al. (2015) reviewed adult returns
(coastal and river catches), peak timing of upriver migration (PUM), coastal sea surface temperature at the PUM,
fork length of age-4 adults, age at maturity, egg diameter,
and fecundity of age-4 females for seven regional populations monitored between 1994 and 2008. All biological
characteristics showed clear differences among the regions
or between some pairs of regions, and some characteristics
appeared to change along latitudinal gradients. In particular, the values for PUM, fork length, age at maturity, and
egg diameter in river stocks along the Sea of Japan coast
exhibited an abrupt change at the boundary of the Tsugaru Strait. In Hokkaido, the PUM was earlier than before
the 1960s, probably resulting from artificial alterations of
the run timing in many stocks. Consequently, the advanced
PUM resulted in fish experiencing higher sea temperatures
during their spawning migration. Standardized egg diameters decreased over the study period, although a problem in
the dataset might have influenced the apparent trend. Takahashi (2015) also reviewed trends in artificial enhancement
activities (timing of spawning operations, effective population size, timing of fry releases, and body size of released
fry) among seven regional populations of chum salmon.
Monitoring programs such as these have proved indispensable to identify future directions to maintain Japanese chum
salmon populations: (1) better understand the features of
each regional population, (2) conserve the diversity of each
population, and (3) identify optimal timing of fry releases
and body sizes to maximize their survival in the changing
ocean environments.
Commercial chum salmon catches increased after 1990
in Prince William Sound and Southeast Alaska, following the
start of modern hatcheries in Alaska in the late 1970s (Heard
and Wertheimer 2012). In Kodiak, chum salmon catches varied widely before hatcheries were built, but subsequently increased (Heard and Wertheimer 2012). In Southeast Alaska,
commercial catches of chum salmon have comprised primarily hatchery fish, and estimated catches of wild chum salmon
have recently declined to levels similar to those of the 1970s
(Piston and Heinl 2012). Population abundance of chum
salmon originating in the Columbia River and southward to
Newport, Oregon, is highly variable and has fallen more than
80% from historic levels (Johnson et al. 2012).
During 1971–2010, sockeye salmon catches increased
in west and east Kamchatka (Karpenko and Koval 2012). In
2013, Russian sockeye catches exceeded 50 thousand metric
tonnes, which was almost a historic high (NPAFC 2016a).
In Bristol Bay, Alaska, commercial fishing has reduced
sockeye salmon population diversity (Schindler et al. 2010).
Decreasing trends in productivity for sockeye salmon have
occurred since 1950 across a large geographic area ranging
from Washington, British Columbia, Southeast Alaska, and
up through the Yakutat peninsula, Alaska, but not in central
and western Alaska (Peterman and Dorner 2012). In the Fra-

ser River, the total returns of sockeye salmon in 2009 were
the lowest recorded since quantitative records began in the
late 1940s (Beamish et al. 2012), but one of the strongest
sockeye returns was recorded in 2010 (Irvine and Akenhead
2013; McKinnell et al. 2014).
Contrary to the upward trends in pink, chum, and sockeye salmon abundance, many populations of coho, Chinook,
and cherry (masu) salmon have been declining. Although
reasons for the high production of pink and chum salmon
are not fully understood, these species appear to have benefited more than other species from favorable conditions: (1)
changing environmental factors; (2) biological and life-history characteristics of pink and chum salmon allowing these
species to benefit from changing conditions; and (3) human
activities including stock enhancement and responsible fisheries management (Davis and Beamish 2012).
Annual Regional Production of Hatchery and Wild
Salmon
Total North Pacific salmon hatchery releases have been
fairly stable during the last 28 years at approximately 5 billion fish (Fig. 2). Asian hatchery production has generally
been > 2.5 billion releases since 1981, with the exception of
reduced chum salmon releases that was linked to the Great
East Japan earthquake in 2011. Asian hatchery releases are
predominately chum salmon.
North American hatchery production has exceeded 2
billion releases since 1988. Pink and chum salmon are the
primary species released from North American hatcheries,
mainly from Alaska. The relatively large numbers of enhanced Canadian sockeye salmon are produced in spawning
channels, not hatcheries. Hatcheries in Washington, Oregon, California, and Idaho produce mostly Chinook salmon.
Provisional abundance of pink, chum, and sockeye
salmon in major regions of the North Pacific from 1952
through 2015 were recently estimated (Irvine and Ruggerone 2016). Estimates included numbers and biomass
of natural-origin and hatchery-origin salmon returns (i.e.,
catch plus escapement) by species, as well as total biomass
that included immature salmon. Temporal abundance patterns generally followed commercial catch patterns. The
proportion of hatchery-origin chum salmon abundance
peaked in the late 1990s at ~70%, and is currently ~45%.
Hatchery-origin pink and sockeye salmon currently constitute ~19% and ~4% of the total returns for these species,
respectively (Irvine and Ruggerone 2016). These values are
similar to ones provided in earlier estimates by Kaeriyama
et al. (2012) who estimated hatcheries contributed 50% of
the biomass of chum salmon, more than 10% for pink salmon, and less than 10% for sockeye salmon. Total abundance
and biomass of adult pink, chum, and sockeye salmon peaked in 2009 (910 million fish; 1.7 million metric tonnes),
while the total biomass including immature fish exceeded 5
million metric tonnes in 2009 and again in 2013 (Irvine and
Ruggerone 2016).
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Fig. 2. Annual North Pacific hatchery releases (millions of fish) of Pacific salmon and steelhead trout from 1952 to 2015. Data source: NPAFC
(2016b).

Summary and Future Directions

ture, and they are published in NPAFC Bulletin 6. Although
the framework has improved collaboration between NPAFC
and PICES scientists, the utility of using key populations
and their biological traits as ecosystem indicators has not
been adequately examined. Further discussion and study are
needed to more fully explore the utility of using salmon biological traits as ecosystem indicators.
Time series information gathered on regional salmon
production (wild and hatchery) and biological and physical
characteristics of salmon and their ocean habitat can provide
the broad scale perspectives necessary to examine the underpinnings of ocean salmonid production, biological characteristics, and marine ecosystem conditions.
To increase the effectiveness of monitoring anadromous
stocks and improve assessment of salmon and steelhead stock
status, we recommend future studies in the following areas:
• maintenance of ongoing monitoring programs and the
identification of new sampling opportunities;
• increased collaborations with PICES and other scientists to evaluate the utility of using key salmon populations and their biological traits as ecosystem indicators;
• quantification of uncertainty associated with existing
and new data time series;
• increased scientific collaboration among biologists and
climate modellers to investigate scales of variation in
productivity;
• expansion of accessible databases to store important
time series datasets including associated metadata;
• improved separation between wild and hatchery salmon
in datasets;
• updated status assessment with a focus on biological
traits of key populations throughout the North Pacific.

Monitoring key salmon populations is required for sustainable management of salmon stocks and to obtain the
information needed to understand the status of salmonid
populations as well as their ecosystems. Creation of easily
accessible datasets containing important biological characteristics, such as genetics, distribution, catch and hatchery
statistics, and salmon marking information is crucial to observe changes in the biological status of stocks, especially
during periods of climate-change related variability in salmon habitats. During 2011–2016, summaries of monitoring
programs were published by each country, major datasets
were posted on the NPAFC publicly accessible website
(www.npafc.org/new/science_statistics.html), and provisional estimates of hatchery and wild abundances were published. These need to be updated regularly.
To evaluate whether biological traits of key populations were reasonable ecosystem indicators, collaboration
with scientists from outside NPAFC was encouraged. In
part to address this, a NPAFC-PICES (North Pacific Marine
Science Organization) Framework for Enhanced Scientific Cooperation in the North Pacific Ocean was established
in 2014 (NPAFC-PICES Study Group 2014). The framework identified two major scientific topics of joint interest
to NPAFC and PICES: (1) effects of climate change on the
dynamics and production of Pacific salmon populations; and
(2) oceanographic properties associated with the growth
and survival of Pacific salmon. Several joint papers from
this collaborative effort were presented at the 2015 NPAFC
International Symposium on Pacific Salmon and Steelhead
Production in a Changing Climate: Past, Present, and Fu513
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DEVELOPMENT AND APPLICATIONS
OF
STOCK IDENTIFICATION FOR SALMONID
POPULATION MANAGEMENT

Geographically diverse genetic baselines have also
been developed for sockeye salmon with both microsatellites (Habicht et al. 2007; Beacham et al. 2011a, 2014a, b)
and SNPs (Doctor et al. 2010; Habicht et al. 2010) to assess
population structure and stock identification. Habicht et al.
(2007) reported that genetic differentiation among spawning populations in Bristol Bay, Alaska, was shallower than
in other regions of comparable size around the Pacific Rim.
Beacham et al. (2014a) reported that during July, larger juveniles from the same Fraser River stock were observed in
more northerly locations compared with those in the Strait of
Georgia in southern British Columbia. There was a relationship between timing of northward migration from the Strait
of Georgia and juvenile body size with individuals from larger-sized populations or stocks migrating earlier than individuals from smaller-sized stocks, which remained resident for
longer. Tucker et al. (2009) and Beacham et al. (2014b) reported that the primary migration route of Columbia River
and Washington stocks was northward along the west coast
of Vancouver Island, with a majority of the juveniles subsequently migrating through Queen Charlotte Sound and
Dixon Entrance. Fraser River stocks migrated principally
through the Strait of Georgia and Johnstone Strait. For British Columbia central coast and Owikeno Lake stocks, not all
individuals migrated northward in the summer, as some individuals remained in local areas in the fall and winter after
spring entry into the marine environment.
Beacham et al. (2014c) assessed population structure
and run timing of sockeye salmon in the Skeena River drainage, British Columbia, and reported that genetic mixedstock analysis, coupled with a test fishery in the lower river,
can assist managers in regulating fisheries directed at Skeena River sockeye salmon. For SNPs, Doctor et al. (2010)
reported that stream-spawning populations migrated onto
the spawning grounds before river-spawning populations.
However, beach-spawning populations were among the earliest to migrate but spawned as late as river-spawning populations.
The first application of DNA-based genetic markers
to estimation of sockeye salmon stock composition in the
Bering Sea was reported by Habicht et al. (2010). By using a set of 45 SNPs, they defined eight regional stocks of
sockeye salmon in the baseline, with a single eastern Gulf
of Alaska stock comprised of sockeye salmon from southeast Alaska, British Columbia, and Washington. A regional
sockeye salmon baseline was reported for Kamchatka populations that included analysis of both microsatellite and SNP
variation (Khrustaleva et al. 2014). McClelland et al. (2013)
reported on variation at major histocompatibility (MHC)
loci across the species range of sockeye salmon and concluded that there was no correlation in heterozygosity between MHC and microsatellite loci. They also suggested
that fluctuating selection has resulted in divergence in MHC
loci in contemporary populations.
Since 2011, significant advances have been made developing information on the regional genetic variation in

Genetic baselines for salmon are needed to monitor
stock-specific ocean distributions and abundance as well
as to produce more accurate estimates of the timing and
abundance of adults returning to coastal rivers. High-seas
tagging and otolith-mark programs, in addition to those provided by genetic analysis, are also important to examine migration behavior of specific populations.
Development of Genetic Baselines
Genetic baselines for salmon throughout the Pacific
Rim have been developed for chum salmon using microsatellites (Beacham et al. 2009a) and single nucleotide polymorphisms (SNPs; Seeb et al. 2011) to assess population
structure. Beacham et al. (2009a, b) reported that the most
genetically diverse chum salmon were observed from Asia,
particularly Japan, whereas chum salmon from the Skeena River and Queen Charlotte Islands in northern British
Columbia and those from Washington State displayed the
least genetic variation compared with chum salmon in other
regions. Seeb et al. (2011) reported that variable linkage
relationships between SNPs were associated with ancestral
groupings and that outlier loci displayed alleles associated
with latitude. The population structure of chum salmon has
been investigated in Japan using allozyme (Sato and Urawa 2015), mitochondrial DNA (Tsukagoshi et al. 2016),
and SNPs (Sato et al. 2014), and in Washington using SNPs
(Small et al. 2015). Sato et al. (2014) reported the presence
of eight regional groups of chum salmon in Japan, with six
groups in Hokkaido and two groups in Honshu. Using 10
microsatellite loci, Chen et al. (2005) detected two groups
of chum salmon in northwest China. Small et al. (2015)
reported that similar to the genetic patterns detected with
microsatellites and allozymes, genetic variation with SNPs
followed a regional structure along geographic distance,
with genetic diversity being highest in the north and decreasing southward, then increasing in and near the Columbia River. Within Puget Sound, Washington, genetic variation was structured further according to run timing (fall,
summer, and winter) and shared ancestry.
Asian and North American chum salmon stocks mix
frequently in offshore waters especially after the first year
of ocean life. Pacific Rim genetic baselines have been used
to estimate the stock composition of chum salmon caught
in the Bering Sea and North Pacific during summer and fall
(Kondzela et al. 2009, 2016a, b; Moriya et al. 2009; Sato et
al. 2009a; Urawa et al. 2009), and in subarctic waters and the
Gulf of Alaska during winter (Sato et al. 2006, 2007; Beacham et al. 2009b; McCraney et al. 2012; Urawa et al. 2016).
These genetic analyses have contributed to estimating the
stock-specific distribution and abundance of chum salmon in
the ocean and to developing ocean migration models.
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Chinook salmon by microsatellite analysis (Van Doornik et
al. 2011; Moran et al. 2013; Teel et al. 2015). Teel et al.
(2015) developed a coast- wide microsatellite baseline to investigate stock-specific distributions of juveniles occupying
coastal habitats extending from coastal Oregon to northern
Washington. Weitkamp et al. (2015) applied this baseline
to evaluate stock-specific size and timing of ocean entry of
juvenile Columbia River Chinook salmon and reported that
yearlings from the lower Columbia and Willamette rivers
migrated farther north than other yearlings, likely due to
the early spring timing of their releases from hatcheries and
subsequent out-migration from the Columbia River. Hess et
al. (2011) compared microsatellites and SNPs for fine-scale
identification of Chinook salmon originating within the Columbia River Basin, and they reported that between 100 and
200 informative SNPs are required to meet management
standards for resolving stocks in fine-scale genetic stock
identification applications. Beacham et al. (2012d) outlined
a similar genetic analysis for Chinook salmon in British Columbia and reached similar conclusions. The species-wide
SNP baselines including Russian and North American stocks
were developed by Templin et al. (2011) and Larson et al.
(2014). Larson et al. (2013) applied a SNP baseline and reported that stocks from Western Alaska and the Yukon River
overwinter on the Alaska continental shelf and then travel
to the middle and western Bering Sea during the summer
and fall.
The genetic baseline of coho salmon in North America
and Russia, based upon analysis of microsatellite variation,
was developed by Beacham et al. (2011b), who reported that
the least genetically diverse coho salmon were observed
from Russia, the Porcupine River in the Yukon River drainage, and the middle Fraser and Thompson rivers in southern
British Columbia. However, coho salmon originating from
Vancouver Island in British Columbia; from Puget Sound,
Hood Canal, and Juan de Fuca Strait in northern Washington; and from Oregon displayed the greatest genetic variation as compared with coho salmon in other regions. Beacham et al. (2011b) suggested that genetic variation likely
reflected the origins of salmon radiating from refuges after
the last glaciation period.
Applications of genetic stock identification to coho
salmon were outlined by Beacham et al. (2012a), who reported that estimated stock compositions of five mixed-fishery samples collected in British Columbia and the San Juan
Islands in Washington reflected the presence and timing of
migration of local populations. Beacham et al. (2016) examined variation in juvenile size and migration timing in
British Columbia. They reported that during June, larger
individuals within a stock were observed in more northerly locations compared with those in more southern sampling regions. There was a relationship between timing
of northward migration and juvenile body size, with larger
individuals from stocks migrating earlier than individuals
from the same stocks that remain resident longer. Stock
composition was more diverse in the northern sampling re-

gions compared with those in southern British Columbia.
There was only a modest change in stock composition between fall and winter sampling in both the Strait of Georgia
and the west coast of Vancouver Island sampling regions,
indicating that the extent of juvenile migration had largely
been completed by the fall.
Population structure of steelhead trout in the Skeena
River, British Columbia, was outlined by Beacham et al.
(2012c). They reported that the results of analysis of lower
Skeena River test fishery samples indicated that upper drainage populations generally migrated through the lower river
earlier than lower river populations.
Genetic baselines continue to improve stock composition analyses through the addition of genetic markers, many
of which are now being discovered using next generation
DNA sequencing methods capable of assaying thousands of
SNPs (Campbell et al. 2014). With panels using hundreds
of SNPs, it is possible to utilize a parentage-based tagging
method for stock identification, with an application to Columbia River steelhead trout outlined by Steele et al. (2013).
They showed that results provided by coded-wire tags and
parentage-based tagging were equivalent. Hinrichsen et al.
(2016) reported that parentage-based tagging and mixedstock analysis for Columbia River steelhead trout revealed
important stock-specific differences in migration timing and
relative abundance and provided critical information for
management of mixed-stock fisheries. They outlined how
parentage-based tagging can be used to estimate the proportion of hatchery-origin Chinook salmon in escapements in
the Columbia River. They reported that in some cases, there
were 340% more parentage-based tagging recoveries than
with coded-wire tags, leading to greater precision in estimating the proportion of hatchery fish in the escapement.
Regional and species-wide allozyme baselines have
been developed for odd-year (i.e., Shaklee et al. 1991; Varnavskaya and Beacham 1992; Hawkins et al. 2002; Kondzela et al. 2002) and even-year broodline pink salmon (i.e.,
Noll et al. 2001; Hawkins et al. 2002). More recently, genetic baselines for pink salmon have also been developed using
mitochondrial DNA sequence analysis (Yamada et al. 2012;
Torao and Yanagimoto 2015; Shpigalskaya et al. 2016), microsatellite markers (Beacham et al. 2012b), and SNPs (Seeb
et al. 2014). All studies incorporating different classes of
genetic markers showed that genetic differentiation between
odd-year and even-year broodlines was greater than population differentiation within broodlines. Beacham et al.
(2012b) and Seeb et al. (2014) reported that, in North American populations, differentiation among populations was
greater in the odd-year broodline compared with the evenyear broodline. In Asian populations, however, the genetic
diversity of the even-year broodline was higher than that of
the odd-year broodline (Golovanov et al. 2009). There have
been few genetic stock identification studies on high-seas
pink salmon. Shpigalskaya et al. (2013, 2016) applied a mitochondrial DNA baseline of Russian stocks to identify the
origin of juvenile pink salmon in the Okhotsk Sea, and they
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reported that the southern population, including Sakhalin
stock, was dominant (58%), followed by the northern population (24%; west Kamchatka and north Okhotsk Sea stocks)
and the Amur/Primorye population (17%).

The NPAFC database of disk tag recoveries has
been summarized (NPAFC Secretariat 2012) and will be
publically available at the NPAFC web site. These data on
known ocean distributions of juvenile, immature, and maturing salmon and steelhead are a valuable resource to examine
changes in ocean distributions.
Data storage tag (DST) tagging experiments on high
seas salmon and steelhead trout from the late 1990s to the
late 2000s were conducted by the High Seas Salmon Research Program of the University of Washington. Various
electronic tags recorded information such as water temperature, depth, and conductivity experienced by the salmon
during its movements and migrations at sea. The High Seas
Research Program provided the DST data files to NPAFC,
and these files are available for download (NPAFC Secretariat 2014). Although some tags did not successfully complete
their data mission, a total of 92 DSTs was recovered from 38
chum, 21 sockeye, 15 coho, 10 pink, 7 Chinook salmon and
one steelhead trout.
Recent migration models have suggested that salmon
use the Earth’s magnetic forces to find their way back to
their birthplace after migrating across thousands of miles of
open ocean (Bracis and Anderson 2012; Putman et al. 2013,
2014). According to the geomagnetic imprinting hypothesis, the difference between the imprinted geomagnetic value
and that at a salmon’s ocean location can potentially guide
the fish’s homeward migration. Salmon navigate homeward
from oceanic habitats by comparing properties of the Earth’s
magnetic field at their immediate location to those imprinted
as juveniles entering the ocean. DST magnetic tags attached
to two maturing chum salmon in the central Bering Sea were
recovered at the Okhotsk Sea coast of Hokkaido, Japan
(Azumaya et al. 2016). The recorded data (temperatures,
depth, magnetic field strength, and tilt of the fish’s body)
showed that the estimated homing migration routes of chum
salmon were consistent with the isoline of the magnetic intensity rather than the magnetic inclination. Thus, recent
tagging experiments support the geomagnetic imprinting
hypothesis and demonstrate that the magnetic intensity plays
an important role for homeward migrating chum salmon in
the open ocean.

able through the NPAFC web portal (http://wgosm.npafc.
org/) to identify marked salmon and trout recovered in the
ocean as well as in rivers. Otolith recovery data is currently being coordinated by individual countries with reports of
recoveries from salmon sampled from the Bering Sea, North
Pacific Ocean, Okhotsk Sea, and Gulf of Alaska (e.g., Sato et
al. 2009b; Urawa et al. 2009, 2012, 2016; Chistyakova and
Bugaev 2013, 2016; Chistyakova et al. 2013; Shubin and
Akinicheva 2016).
With increasing number of otolith-marked fish releases from hatcheries, the recovery of marked fish in surveys
in the ocean has been increasing. Chistyakova and Bugaev
(2013) reported 211 otolith-marked juvenile chum salmon caught in the Okhotsk Sea during October and early
November 2012. Among them, 169 fish (79%) originated
from hatcheries in Honshu and Hokkaido, including all regional stocks in Japan. Their data confirmed all regional chum salmon stocks in Japan migrate into the Okhotsk
Sea in the first autumn of ocean life. The recovery rate of
otolith-marked fish was different among regional stocks,
the highest being from the Okhotsk Sea coast of Hokkaido,
the Pacific side of Hokkaido, and the Japan Sea side of
Honshu. The body size of otolith-marked fish showed an
increasing trend with distance from the originating region
to capture in the Okhotsk Sea. This suggests larger fish
have more of a chance to survive when they migrate a long
distance along the coast before they reach the Okhotsk Sea
(Urawa 2015). Chistyakova and Bugaev (2016) summarized otolith mark recoveries of pink and chum salmon in
the Okhotsk Sea in the fall of 2011–2014, which indicated
that their offshore migration routes were affected by the
Okhotsk Sea Gyre.
In the Bering Sea, 372 otolith-marked chum salmon
were recaptured, of which 352 (94.6%) fish were released
from 11 hatcheries in northern Japan (Urawa et al. 2012).
The Japanese marked fish showed no hatchery-specific distribution, and most fish were distributed north of 55ºN in
the Bering Sea during July and early August. Distribution
patterns were slightly different between young fish (ocean
age-1) and older fish and between immature and maturing
fish that may reflect their specific migration routes (Urawa et al. 2009). Comparisons of the recovery rate of chum
salmon otolith-marks in the Bering Sea during 2006–2010
summer surveys with the return rate of adults to natal rivers
in Japan from 2004–2006 brood years suggested that highseas otolith-mark recovery data could be useful in forecasting chum salmon runs of specific populations (Urawa et al.
2012).

Otolith Mark Recoveries

Summary and Future Directions

The current version of the NPAFC Otolith Mark Release Database was launched in October 2006 and now includes data from all member countries. Since 1988, there
have been 4,775 release records created representing a significant coordination effort. The release database is avail-

Stock and fish identification methods including genetic analysis, otolith marking, and tag recoveries continue to
be developed and are integral to the formulation of models
predicting the migration and abundance of salmon populations. It is important to continue research into the develop-

Disk Tag and Data Storage Tag Recoveries

516

Forecasting Pacific salmon production

NPAFC Bulletin No. 6

ment of genetic baselines encompassing the species range
of Chinook, coho, chum, sockeye, pink salmon (odd- and
even-year), and steelhead trout. High-quality marker development will continue to be important for accurate delineation of stocks. Such baselines are critical to inform our understanding of stock composition collected on the high seas
and to improve migration models. Refinements in models
will come from future studies that include development of
the following: (1) higher throughput genotyping methods for
stock composition analysis, potentially taking advantage of
next generation DNA sequencing methodologies; (2) parental-based tagging methods for identifying hatchery stocks;
and (3) additional statistical protocols for the analysis of
fisheries stock composition data.

variables to forecast recruitment. Their EDM models produced more accurate and precise forecasts compared with
contemporary fisheries models, and they showed significant
improvements when environmental factors (river discharge,
sea surface temperature, and the Pacific Decadal Oscillation) were included.
Forecasting pink salmon returns is challenging under
conditions of a changing ocean climate because pink salmon
only spend a single winter in the ocean before returning to
spawn (Heard 1991). Thus, they lack any leading indicator
information generated from younger siblings. Early marine
mortality of pink salmon can be variable and affects yearclass strength (Parker 1968; Pearcy 1992; Bradford 1995;
Karpenko 1998; Mortensen et al. 2000). Conducting surveys assessing seaward migrating juveniles after this critical
period can usually predict year-class strength. Long-term
annual monitoring of juvenile pink and chum salmon abundance in the Okhotsk Sea conducted by Russian scientists
each fall provides a useful tool for forecasting adult returns
in the Russian Far East (Radchenko et al. 2013). Japan has
also annually conducted a long-term monitoring of immature and maturing salmon in the central Bering Sea. Recent
increases of otolith-marked salmon recoveries in the ocean
provide a potential to forecast stock or hatchery-specific
adult returns (Urawa et al. 2012; Chistyakova and Bugaev
2016).
In addition, subsequent ocean conditions may impact
pink salmon productivity. Since 1997, the Southeast Alaska
Coastal Monitoring project has collected biophysical data
associated with seaward migrating juvenile salmon from
May to August and has used these data along with larger
basin-scale indices to forecast Southeast Alaska pink salmon returns using regression and ecosystem metric models
(Orsi and Fergusson 2015). In nine of the past eleven years
(2004–2014), predictions from linear regression models
ranged 0–17% of actual harvests, an average absolute forecast deviation of 10% (Orsi et al. 2016). Of the ecosystem
metrics considered, important variables for forecasting adult
pink salmon returns are juvenile pink salmon CPUE, ocean
entry timing, percentage of pink salmon in the catch, a predator index, and the North Pacific Index (NPI). The higher
NPI may contribute to a broadening of the Alaska Coastal
Current, presumably through relaxed coastal downwelling,
thus enabling fish to be transported farther offshore along
the productive continental shelf (Orsi et al. 2016). Among
available methods to forecast salmon returns, this may be
one of the most reliable models that includes parameters of
juvenile mortality and climate impact.
Other forecasts that include ecosystem and ocean survey
data have been produced for Yukon River Chinook salmon.
For instance, the timing of the adult Chinook salmon migration from marine waters of the northern Bering Sea to the Yukon River can vary substantially from year to year. Because
of the "mixed stock" nature of Yukon River Chinook salmon
(US and Canada), run timing information is critical to the
success of the management of the fishery (Mundy 1982).

FORECASTING SALMONID PRODUCTION AND
LINKED ECOSYSTEMS IN A CHANGING CLIMATE
In general, there are two main approaches used to
model salmon populations. The first approach uses a statistical model (e.g., Sethi and Tanner 2013; Satterthwaite et
al. 2015), which can include the effects of climate change.
The second approach uses a coupled physical (temperature
and salinity) and ecosystem model (e.g., Kishi et al. 2012;
Yoon et al. 2015), which can also incorporate results from
a three-dimensional physical migration model to account
for horizontal and vertical movement. These models have
been used to predict how the ocean distribution of salmon
may be impacted in the future and are critical to evaluating
stock production in a changing environment (Yoon et al.
2015).
Sibling models, which compare adult salmon returns
from a brood year’s younger age class to the subsequent
age class, are frequently used for the forecast of chum and
sockeye salmon returns (Peterman 1982; Bocking and Peterman 1988; Haeseker et al. 2007). For example, current
abundance forecast methods include Bayesian approaches
to capture uncertainty in Fraser River sockeye survival and
resulting returns (Grant et al. 2015). The forecast probability distributions are wide, given the uncertainty in the
specific mechanisms influencing Fraser sockeye survival
and the very dramatic changes in survival in recent years
(McKinnell 2016). Standard sibling models assume constant parameters over time, but many sockeye salmon populations show temporal changes in age-at-maturity, which
cause forecasting errors (Holt and Peterman 2004). The
accurate forecast requires considering the ecological mechanisms that regulate salmon production in the ocean. Ye et
al. (2015) used empirical dynamic modeling (EDM) as an
alternative to imposed model equations. Using time series
from nine stocks of sockeye salmon from the Fraser River
system, they performed a real-data comparison of contemporary fisheries models with equivalent EDM formulations
that explicitly used spawning stock and environmental
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Annual timing of adult Yukon River Chinook salmon exiting
the marine environment and entering the Yukon River was
related to modelled sea surface temperature, air temperature,
and sea-ice cover within the north-eastern Bering Sea where
the best linear model explained 59% of the annual variability
in migratory timing (Mundy and Evenson 2011). The model
suggests that changes in phenology of high-latitude Chinook
salmon could occur in response to global warming. The 13year time series of late summer integrated ecosystem surveys in the northern Bering Sea (BASIS) have also provided
a wealth of information on juvenile Yukon River Chinook
salmon ecology (Murphy et al. in press). Foremost, the surface trawl catch data, mixed layer depth adjustments, and
genetic stock mixtures have been used to estimate juvenile
abundance of Canadian-origin Yukon River Chinook salmon
in the northern Bering Sea. This combination of information
(survey data and genetic analyses) was found to be significantly correlated (r = 0.87, p = 0.05) with adult returns of
Canadian-origin Yukon River Chinook salmon and offers a
dramatic improvement in forecast ability for management of
Yukon River Chinook salmon stocks.

to optimize early marine survival of salmon by designing
cooperative research programs.
Global warming may decrease the carrying capacity
and distribution area of Pacific salmon in the North Pacific Ocean and result in an expansion of their distribution to
the Arctic Sea (Kaeriyama et al. 2009). Farley et al. (2011)
hypothesized that winter survival of Bristol Bay sockeye
salmon would decrease as a result of continued warming
conditions on the eastern Bering Sea shelf, as extended periods of warming are expected to decrease the availability
of lipid-rich prey items. However, recent warming of the
southeastern Bering Sea was accompanied by increased
growth and returns of Bristol Bay sockeye salmon. The response of salmon to climate-driven environmental changes
is variable and will likely differ by species, stock of origin,
life stage, geographical distribution, and seasonal timing.
Future trends of particular salmon stocks remain uncertain
under the various scenarios of climate change. Model developments using statistical models as well as ecosystem models coupled with physical models will improve estimates on
the impact of climate change on salmonid populations. For
sustainable fisheries management, it is more important than
ever to promote new cooperative and innovative international research to identify the ecological mechanisms regulating
the distribution and abundance of anadromous populations
and to anticipate climate impacts on salmon in North Pacific
marine ecosystems.

CONCLUSIONS
The goal of the NPAFC convention is to promote the
conservation of anadromous populations in the North Pacific Ocean. Pacific salmon-producing countries need the
best available scientific information to make appropriate decisions for sustainable fisheries management that optimize
economic opportunities and consider the capacity for Pacific salmon production in changing environments. Accurate
forecasting of salmon abundance is of great importance to
management and for anticipating future variations in production affected by a changing climate. In addition, precise
pre-season forecasts increase the economic efficiency of the
salmon industry, enable managers and resource stakeholders
to predict harvest with more certainty, and help promote resource sustainability.
The marine survival of specific salmon populations will
vary as a result of the conditions in the early marine coastal
environment and possibly as a consequence of the summer
and winter rearing areas in the open ocean. Several models
coupled with parameters of fish mortality and environmental factors are useful to forecast returns of specific salmon
stocks. There are, however, still limitations on explaining
and forecasting the annual variation in Pacific salmon production because many factors remain to be identified as
causes of salmon mortality. The trends in production and
catches of Pacific salmon around the North Pacific Ocean
have a history of exhibiting unexpected changes associated with global regime shifts (Beamish 2012b). The reasons
for historic high catches of some populations by improved
marine survival requires explanation and may be used to improve management of salmon populations (Beamish 2012b).
All salmon-producing countries will benefit from learning
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