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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 Pacifi c 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 eff ects on egg size and size of emergent fry.
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INTRODUCTION

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 
fi sheries.  The majority of Alaska’s subsistence harvest of 
Chinook salmon takes place in the Yukon-Kuskokwim (Y-
K) 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 econ-
omy 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 har-
vests (AYKSSI 2008).  Thus, there is keen interest in better 
understanding the factors that regulate Chinook salmon pop-
ulations in western Alaska and identifying the processes that 
support resilience in these populations (Krueger and Zim-
merman 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 

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 fi shing (Bromaghin et al. 2011).  Alternative-
ly, it is possible that declining size is largely a plastic re-
sponse 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 fi sh maturing at an earlier age 
(Kendall and Quinn 2011; Lewis et al. 2015).  Generally, 
faster growing fi sh tend to mature earlier, which is consis-
tent 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 situ-
ation where better conditions for growth yield younger, and 
therefore smaller, adult salmon.
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Understanding the role of environmental variation in the 
changing size of Chinook salmon requires knowing where 
Chinook salmon spend diff erent phases of their life cycle.  
Populations of Chinook salmon from western Alaska typi-
cally spend one year rearing in fresh water prior to emigrat-
ing to the ocean, although some individuals with two years 
of freshwater growth have been observed (DuBois and Lill-
er 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 salm-
on, based on high-seas tags, coded-wire tags, scale pattern 
analysis, and genetic stock identifi cation, 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 fi rst summer of marine life, stock-spe-
cifi c diff erences in distribution of western Alaskan Chinook 
salmon in the eastern Bering Sea are apparent (Murphy et 
al. 2009).  Immature Chinook salmon from western Alas-
ka 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 distri-
bution of western Alaska Chinook salmon, understand-
ing 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 tem-
peratures.  Further south, regional indices of climate and 
oceanographic variation related to nutrient production and 
transport have been linked to the growth of Chinook salm-
on from California to Southeast Alaska (Wells et al. 2008), 
suggesting that better characterization of the environmen-
tal conditions underlying feeding conditions of Chinook 
salmon in the Bering Sea will facilitate understanding of 
how the size distribution of western Alaska Chinook salm-
on may change in the future. 

Archived fi sh scale collections provide a rich source 
of information regarding temporal patterns in growth and 
maturity of salmon for retrospective analyses (e.g., Rug-
gerone et al. 2007; 2009a, b).  Fish scales are collected by 
the Alaska Department of Fish & Game (ADF&G) to es-
timate 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 character-
ize relationships among climatic and oceanographic char-
acteristics of the Bering Sea region, yearly freshwater and 
marine growth, and maturity.  We chose to focus on female 
Chinook salmon, given that fi tness is expected to increase 
linearly with size for females, whereas the relationship be-

tween fi tness and size for males is thought to be bimodal 
(reviewed in Quinn 2005).

Our fi rst objective was to characterize temporal trends 
in freshwater and marine growth, as measured by the size 
(distance between annuli along a pre-defi ned axis) of each 
annual growth zone on the fi sh scale (Appendix Fig. 1).  Our 
second objective was to quantify correlations among annu-
al growth zones, based upon a previous study (Ruggerone 
et al. 2009a) that found positive correlations between ad-
jacent annual growth zones (e.g., fi rst 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 fi nal objective was 
to analyze relationships between a suite of climatic, atmo-
spheric, and oceanographic variables and the average size 
of annual growth zones.

METHODS

Study Area 

We analyzed fi sh scales in two populations of Chinook 
salmon from western Alaska: the Andreafsky River, a tribu-
tary 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 fi sh 
scale archives.  The Andreafsky River is located ~167 km 
upstream of the mouth of the Yukon River, and the Kogruk-
luk 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

Operation of the weirs and sampling of adult Chinook 
salmon were described by Maschmann (2011) for the An-
dreafsky River and by Williams and Shelden (2011) for the 
Kogrukluk River.  Chinook salmon were collected in the 
Andreafsky River by funneling fi sh 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 fi n, 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 fi n to the posterior region of the anal fi n, and two rows 
above the lateral line (Hagen et al. 2001).  Fish scales were 
placed on gum cards and maintained in archives with AD-
F&G.  Acetate impressions were made in order to work with 
fi sh scales without risking damage to the original samples.

Annual Growth Zone Measurements

The fi sh scale sampling goal for this study was 25 fe-
males per age per year.  Scale impressions were viewed on 
a Screenscan Microfi che Scanner (Indus®, Salem, Wiscon-
sin) and compared with accompanying data to determine if 
the reader agreed with previous age assignments.  Scale-se-
lection criteria were determined according to Hagen et al. 
(2001).  A scale was selected for measurement if: (1) the 
circuli and annuli were clearly defi ned; (2) the scale reader 
agreed with the age recorded previously by a reader from 
a regional ADF&G offi  ce; and (3) the scale could be mea-
sured effi  ciently.  Scales were discarded if: (1) accompany-
ing 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 confi dence by the read-
er; (4) the scale was determined to be regenerated; or (5) 
the scale edge showed signifi cant resorption.  Moderately 
suitable scales were included if necessary to achieve mini-
mum sample size.  A scale was considered moderately suit-
able if the scale impression quality was subpar but growth 
zones could be identifi ed.

Fish scales were digitally imaged and measured follow-
ing 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 sin-
gle reader.  A second reader measured a subset of the same 

scales (N = 137 from the Andreafsky River and N = 134 
from the Kogrukluk River).  Measurements from the sec-
ond reader were not signifi cantly diff erent from the original 
measurements when considered over the entire fi sh scale (all 
growth zones; MANOVA, p > 0.6) or for each growth zone 
considered separately (p > 0.05). 

Annual growth zone measurements were defi ned fol-
lowing the notation of Ruggerone et al. (2007), where FW1 
indicates the width of the fi sh scale corresponding with the 
fi rst year of freshwater growth, SW1 indicates the width of 
the scale corresponding with the fi rst 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).

Environmental Variables

Thirty-seven physical environmental variables (includ-
ing 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 correspond-
ing with the years of growth (1976–2011) for the brood 
years in our time series on 8 May 2015.  We also examined 
the North Pacifi c 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 specifi cally 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; near-
est airport to the Kogrukluk River) to calculate two season-
al 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 dai-
ly midpoint between high and low temperatures, and (2) sum-
ming 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.

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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(31 years), which would greatly increase the chance of infer-
ring statistically signifi cant but inauthentic relationships be-
tween explanatory and response variables (Flack and Chang 
1987).  In order to reduce the number of explanatory vari-
ables, we fi rst used pairwise correlation coeffi  cients > |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 detect-
ing 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 Pacifi c Decadal 
Oscillation (Mantua et al. 1997) was retained instead of its 
correlates, the North Pacifi c Index (Trenberth and Hurrell 
1994), the Pacifi c/North American Index (Wallace and Gut-
zler 1981), and the multivariate El-Niño Southern Oscilla-
tion index (Wolter and Timlin 1998).  In cases where there 
was not a clear precedent in the salmon ocean ecology litera-
ture, 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 effi  ciently reduce 
the number of variables for modeling.  In cases where indi-
ces 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 

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 coef-
fi cients 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 
specifi c 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 eff ects 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 annu-
al marine growth zones (described below under Statistical 
Analyses, Objective 4).  For modeling freshwater growth, 

Code Physical environmental indicator and description Reference
AO Arctic Oscillation: the fi rst 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 Pacifi c-North Pacifi c Pattern: rotated PCA on monthly sea height anomalies 
at 500 hPa; identifi es contrast between Alaska/Western Canada and central North 
Pacifi c; SprSum: April–July

Barnston and Livezey 1987, 
updated by CPC

PDO (Win, Sum) Pacifi c Decadal Oscillation: fi rst 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: diff erence 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 Pacifi c Index: second EOF of monthly 500-mb height anomalies; Win: 
December–February; Spr: March–May

Wallace & Gutzler 1981, updated 
by CPC

NPGO (Win) North Pacifi c Gyre Oscillation: the second EOF of sea surface height in the NE 
Pacifi c; 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)

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.



311

NPAFC Bulletin No. 6Changing growth of western Alaskan Chinook salmon

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). 

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 fi sh 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 individu-
als, we also removed fi sh from the dataset that were smaller 
than 650 mm in length, as these individuals were likely to be 
misidentifi ed 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 fi ve in-
dividuals with readable fi sh 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 1: Characterizing Temporal Trends in Freshwater 
and Marine Growth

To assess temporal trends in length and growth, nor-
malized 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 analy-
ses 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 chang-
es in age-specifi c size and/or annual growth.  Age-specifi c 
regressions were calculated on brood-year medians rather 
than means to account for reduced sample size when ana-
lyzing age classes singly.  Residuals from the regressions 

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 exert-
ing problematic infl uence on regression parameters.  We 
assessed signifi cance 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 signifi cant. 

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 re-
lationships between annual growth zones over all samples 
and to account for correlations in growth among individu-
als 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 an-
nual growth zones); we also compared each annual growth 
zone of an individual fi sh with its body length.  Brood year 
was modeled as a random eff ect (with restricted maximum 
likelihood) in two diff erent ways.  First, brood year was 
modeled as aff ecting only the intercept between growth 
zones within an individual:

𝑌𝑖𝑗 = 𝛼 + (𝛽 ∙ 𝑋𝑖𝑗) + 𝑎𝑗 +  𝜖 , (1)

where Y and X are annual growth zones or fork-length mea-
surements from the same individual i from brood year j.  
Second, brood year was modeled as aff ecting both the in-
tercept and slope of the relationship between growth zones 
within an individual:

𝑌𝑖𝑗 = 𝛼 + (𝛽 ∙ 𝑋𝑖𝑗) + 𝑎𝑗 + (𝑏𝑗 ∙ 𝑋𝑖𝑗) +  𝜖 . (2)

We used the Akaike Information Criterion (AIC) to 
compare these two forms of mixed-eff ects models to a 
fi xed-eff ect (simple linear regression) model,

Growth zone
Andreafsky River          Kogrukluk River  Between rivers

Mean (SD) n Mean (SD) n t p
Length 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) 208 0.493 0.62

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 diff erences between rivers are also presented. 
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𝑌𝑖𝑗 = 𝛼 + (𝛽 ∙ 𝑋𝑖𝑗) +  𝜖 ,                                          (3)

to determine which, if any, random eff ect 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 
signifi cant.

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) predict-
ed the probability of maturing early (at age-1.3, as opposed 
to -1.4 or -1.5).  These binomial GLMMs were fi tted with a 
logit link function in the R package lme4 (Bates et al. 2015).  
We modeled the fi xed eff ect 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 eff ect of brood 
year as aff ecting the intercept only, in the form:

𝑙n (
𝑝𝑖𝑗

1 − 𝑝𝑖𝑗) =  𝛼 + (𝛽 ∙ 𝑋𝑖𝑗) + 𝑎𝑗 +  𝜖 ,                    (4)

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

𝑙𝑛 (
𝑝

1 − 𝑝) =  𝛼 + (𝛽 ∙ 𝑋𝑖𝑗) + 𝑎𝑗 + (𝑏𝑗 ∙ 𝑋𝑖𝑗) +  𝜖 .      (5)

We used AIC to determine the best random eff ects struc-
ture, including comparing the above two models (eqn 4 and 
eqn 5) to a fi xed-eff ect model:

𝑙𝑛 (
𝑝

1 − 𝑝) =  𝛼 + (𝛽 ∙ 𝑋𝑖𝑗) +  𝜖 . (6)

Coeffi  cients of determination were calculated for fi xed 
eff ects (marginal) and for fi xed and random eff ects (condi-
tional) following Nakagawa and Schielzeth (2013) in the R 
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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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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 coeffi  cient of determi-
nation).  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 pre-
liminary analyses indicating that results of modeling late 
maturity were essentially the inverse of early maturity mod-
els (data not shown).

Objective 4: Modeling Relationships Between Environmen-
tal Variables and Average Size of Annual Growth Zones

In order to reduce the number of statistical compari-
sons, 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 (Ob-
jective 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 diff ered 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 vari-
ables 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 parti-
tioning (Chevan and Sutherland 1991; R package hier.part, 
Walsh and MacNally 2015) to evaluate the relative contri-
bution 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.

RESULTS

Sample size varied by brood year, age class, and riv-
er (Appendix Table 2).  Target sample sizes were generally 
achieved for age-1.4 fi sh across the time series, while sam-
ple size exceeded 20 individuals of age-1.3 in fewer than 
half of the brood years.  Sample sizes for age-1.5 fi sh were 
low (averaging 5 and 7 females/brood year in the Andreaf-
sky and Kogrukluk rivers, respectively).  There were only 
six age-1.2 females sampled in the Andreafsky, and one age-
1.2 female in the Kogrukluk; these individuals were includ-
ed 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 (defi ned as a region of 
growth following the FW1 annulus refl ecting 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 diff er signifi cantly 
between rivers (Table 2). 

Objective 1: Characterizing Temporal Trends in Freshwater 
and Marine Growth

Mean body length and FW1 growth declined signifi -
cantly over time in both rivers (Fig. 2); the trend in FW1 
remained signifi cant even after removing the infl uen-
tial 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 signifi cant temporal trend was observed in mean 
SW1 in the Kogrukluk samples.  Mean SW2 showed no 
signifi cant temporal trend in either river, while mean SW3 
declined signifi cantly only in the Kogrukluk River (Table 
3).  Results of the age-specifi c tests for temporal trends 
are summarized in Appendix Table 3 and depicted in Ap-
pendix Figs. 2 and 3. Length declined signifi cantly in the 

Growth zone
Andreafsky River Kogrukluk River

ßBY (SD) F p df Adj. R2 ßBY (SD) F p df Adj. R2

Length -0.028 (0.005) 30.5 < 0.001 29 0.50 -0.028 (0.006) 26.3 < 0.001 29 0.46

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) 6.26 0.018 29 0.15 -0.004 (0.007) 0.38 0.55 29 < 0.01

SW2 0.009 (0.007) 1.78 0.19 29 0.03 -0.004 (0.007) 0.32 0.58 29 < 0.01

SW3 -0.0004 (0.004) 0.008 0.93 29 < 0.01 -0.015 (0.006) 5.86 0.02 29 0.14

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 coeffi  cients (ßBY) are for normalized response values.
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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 de-
cline in both age classes except for SW1, which showed 
a general increase.  However, these temporal trends were 
only statistically signifi cant 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 age-
1.4 samples, but these trends were only statistically sig-
nifi cant for FW1 (both ages) and SW2 and SW3 in the 
age-1.4 samples. 

Objective 2: Correlations Among Annual Growth Zones
Within individuals, length was not signifi cantly related 

to early scale growth (FW1, SW1, or SW2) but was posi-
tively 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).  Howev-
er, the relationships between growth zones were not strong 
(standardized regression coeffi  cients were all < 0.25 and 
conditional R2 values were < 0.14 (Fig. 3, Appendix Table 
4)).  Pairwise regressions were not statistically signifi cant 
after adjusting for multiple signifi cance 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).

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 coeffi  -
cients, and SW2 explained the greatest amount of variation 
in probability of maturing early (17% for the Andreafsky 
River and 26% Kogrukluk River).

Objective 4: Relationships Between Environmental Vari-
ables 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 

Fig. 3.  Standardized coeffi  cients (fi xed eff ect) from regressions 
between an individual fi sh’s fork length and fi sh 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 
coeffi  cients considered statistically insignifi cant (p > 0.014).

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. 

(a)

(b)

(a) (b)
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moderately eff ective at explaining variation in average annu-
al growth zones for the Kogrukluk River (R2 ranging from 
0.44 to 0.47), but less eff ective for the Andreafsky River (R2 
from 0.16 to 0.26).  Average freshwater growth was positive-
ly correlated with the Arctic Dipole anomaly (DA) for spring 
in both rivers, and negatively correlated with the NPGO win-
ter 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 posi-
tive in the Kogrukluk River). The West Pacifi c 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 Ko-
grukluk 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 signifi cant 
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)

DISCUSSION

The aim of this study was to gain a fuller understand-
ing 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 pop-
ulation) scale and applicability to the region as a whole.  Al-
though 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 

the Kogrukluk River (Lewis et al. 2015), we found compara-
ble 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 hy-
pothesis of no temporal trend (i.e., we applied no adjustment 
for multiple signifi cance tests), many temporal trends were not 
statistically signifi cant, 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 increas-
ing 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 infl uencing maturity 
in Pacifi c salmon (Silverstein et al. 1997; Larsen et al. 2006; 
Shearer et al. 2006), few studies have investigated the rela-
tive roles of diff erent periods of growth.  Morita and Fuku-
waka (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 ac-
tual physiological mechanisms by which an individual fi sh’s 
growth history is translated into a ‘decision’ to mature at one 
year or the next (Thorpe 2007), and the direction of any caus-
al 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 man-
ifestation of other factors, such as an inherited tendency to 
mature earlier or later (e.g., Hankin et al. 1993), that deter-
mines maturity prior to the second year at sea.

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 coeffi  cients (ß).  Random eff ects are expressed as the standard deviation (SD) of 
individual brood year (BY) intercepts.  R2

M and R2
C refer to the marginal and conditional coeffi  cients of determination, respectively.

Growth zone
Fixed eff ects Random

intercept AIC R2
M R2

CIntercept (SE) ß (SE) Z p
Andreafsky

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

Kogrukluk

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
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While our environmental analyses did not reveal strong 
associations between indices of environmental variabili-
ty 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 Pacifi c Index (WPI) was consis-
tently (and negatively) associated with average size of the 
SW2 annual growth zone.  The West Pacifi c pattern refl ects 
variation in SST anomalies in the North Pacifi c Ocean over 
ENSO-like (2–5 year) time scales, with the positive phase 
of the WPI associated with cold temperatures in the west-
ern 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 eff ects on growth 
might also be important, such as the links between the West 
Pacifi c pattern, cyclone activity, and sea-ice extent (Over-
land and Pease 1982) and subsequent eff ects 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 Ber-
ing Sea aff ected later stages of the salmon life cycle to con-
tribute 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 val-
ue for both rivers (Fig. 2).  We also did not observe anom-
alously low variance in marine zones during growth years 
1997/1998 (data not shown); reduced variance would be ex-

Variables
Andreafsky River Kogrukluk River

FW1 (All)     SW2 (1.3) SW2 (1.4) FW1 (All) SW2 (1.3) SW2 (1.4)
Coeff . % Coeff . % Coeff . % Coeff . % Coeff . % Coeff . %

(Intercept) -0.09 (0.06) 0.67 (0.10) -0.47 (0.17) -0.03 (0.06) 0.38 (0.07) -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) 9.4 -0.26 (0.09) 17.2

PDO Win 0.13 (0.07) 22.4

PDO Sum 0.15 (0.07) 10.7

SAI -0.07 (0.04) 17.2

WPI Win -0.36 (0.15) 100

WPI Spr -0.19 (0.08) 61.4 -0.25 (0.09) 35.1 -0.17 (0.07) 24.7

NPGO Win -0.17 (0.05) 32.8 0.18 (0.06) 24.8

May SST 0.14 (0.07) 38.6 0.12 (0.07) 6.2 0.28 (0.06) 46.1

Wind Win

Wind Sum NA NA 0.12 (0.06) 8.8

AAT Spr NA NA NA NA NA NA

AAT Sum -0.11 (0.06) 28.8 NA NA 0.14 (0.06) 13.5 NA NA

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

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 coeffi  cient 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 defi ned in Table 1.
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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.

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.
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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 con-
ditions 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 west-
ern Alaska streams.  However, an ad hoc analysis indicated 
that spring air temperature anomalies were not signifi cantly 
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 op-
posite 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-in-
dividual correlations between FW1 and subsequent growth 
years were positive, rather than negative (although quite 
small).  Furthermore, an individual’s FW1 was not correlat-
ed with its body length as an adult. 

Instead, we hypothesize an alternative causal link be-
tween adult size and FW1 growth, where declining size and 
age of female Chinook salmon contributes to decreasing 
freshwater growth in western Alaskan populations.  Larg-
er female Chinook salmon tend to have larger eggs (Bea-
cham 2010), which translates into larger fry at emergence 
(Rombough 1985).  Larger female Chinook salmon may also 
have faster growing progeny independent of the eff ects of 
egg size (Berejikian et al. 2011).  Positive maternal eff ects 
on off spring size are often thought to decline to nil as envi-
ronmental and heritable variation becomes more important 
through a fi sh’s lifespan (Lindholm et al. 2006).  However, 
these studies are often conducted in benign artifi cial-rearing 
environments (e.g., Heath et al. 1999; but see Berejikian et 
al. 2011).  In a long-term, intensive study of a natural pop-
ulation of brown trout Salmo trutta, Elliott (1994) demon-
strated that egg size had a fundamental and lasting eff ect 
on off spring size; however, this eff ect may have been the 
consequence of intense territoriality of the progeny during 
their fi rst year of stream residence.  Observations of feed-
ing behavior of young-of-year Chinook salmon in the Chena 
River (tributary to the Yukon River) suggests that intraspe-
cifi c 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 freshwa-
ter growth of their off spring is speculative at this point, but 
may warrant further study, particularly because size-selec-
tive mortality of juvenile Chinook salmon in the nearshore 
marine environment appears to be an important factor con-
tributing 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 
Pacifi c salmon (see also Ruggerone et al. 2007, 2009a, b; 
Agler et al. 2013).  In particular, our approach highlights how 
individual fi sh’s growth patterns can be used to study correla-
tions in maturation and correlations in growth across years.  
However, retrospective studies such as these come with ca-
veats.  For example, fi sh scales from escapement samples are 
representative of individuals that survived all stages of fresh-
water and marine growth as well as targeted and non-target-
ed fi sheries.  Consequently, we lacked information about the 
growth patterns of non-survivors, which may have contribut-
ed 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; correla-
tions between growth and maturity), we minimized the eff ects 
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 prev-
alent 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 fi sh (Zhou 2002), but since the steepest temporal trend 
was for FW1, this methodological change appeared to have a 
minimal eff ect 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 fi nd 
evidence that the West Pacifi c Index refl ects atmospheric 
and oceanographic conditions infl uencing growth of western 
Alaska Chinook salmon during their second year of marine 
growth, which we showed to be associated with age at matu-
rity in our study populations.  With a 31-year time series, we 
may have had limited statistical power to detect additional re-
lationships.  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 po-
tential explanatory variables prohibited us from statistically 
analyzing interactions among explanatory variables.  Such in-
teractions may mask important relationships between growth 
and environmental conditions; this topic warrants future re-
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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 multifar-
ious 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 rel-
atively 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 
fi sh 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 = fi rst year of growth in respective habitat) in which the growth occurred.
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Appendix Table 1.  Pearson correlation coeffi  cient matrix (for years 1976–2011) for Bering Sea climate data (physical variables) used to 
identify collinearity and inform variable reduction.  Correlation coeffi  cients greater than |0.5| are shaded in dark gray; coeffi  cients = 0.5 are 
shaded in light gray.  Variables are defi ned 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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Var 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 26 27 28 29 30 31 32 33 34 35 36 37
1 0.12 0.09 -0.2 0.02 0.38 -0.16 0.15 -0.29 1 1 -0.06 -0.06 -0.67 -0.35 -0.6 -0.79 -0.85 -0.11 -0.1 0.07 0.31 -0.07 -0.05 0.71 0.29 -0.56 -0.15 -0.18 -0.16 0.16 0.14 0.12 0.15 0.45 -0.38 -0.36

2 0.12 -0.05 -0.15 -0.01 0.03 -0.52 -0.25 -0.28 0.12 0.12 0.06 0.06 -0.1 -0.15 -0.23 0.05 -0.04 0.48 0.46 -0.25 -0.03 0.17 0.14 -0.07 0.27 0.1 -0.14 -0.26 -0.02 0.09 -0.11 -0.02 -0.01 -0.06 -0.23 -0.15

3 0.09 -0.05 0.1 0.03 -0.1 0.08 -0.04 0.14 0.09 0.09 0.15 0.15 0.04 0 0.08 -0.03 0.03 -0.01 -0.19 -0.18 -0.13 0.25 0.09 0.18 -0.12 0.01 -0.04 -0.28 -0.19 -0.2 0.09 0.11 0.15 0.26 -0.22 -0.25

4 -0.2 -0.15 0.1 -0.06 0.09 0.4 -0.01 0.16 -0.2 -0.2 0.15 0.15 0.17 0.19 0.31 0.03 0 -0.15 -0.01 0.22 -0.31 -0.03 0.22 -0.14 -0.03 -0.01 0.28 0.32 0.04 0.11 0.05 0.25 0.13 -0.49 0.41 0.3

5 0.02 -0.01 0.03 -0.06 0.21 -0.05 -0.11 -0.17 0.02 0.02 0.24 0.24 -0.02 -0.11 -0.1 -0.25 -0.23 -0.05 -0.05 0.03 -0.06 -0.22 0.16 -0.01 0.23 -0.27 0.11 0.08 0.14 -0.18 0.26 0.16 -0.19 -0.01 0.04 0.05

6 0.38 0.03 -0.1 0.09 0.21 -0.03 0.19 -0.14 0.38 0.38 -0.26 -0.26 -0.5 0.16 -0.09 -0.37 -0.53 0.39 0.35 -0.22 0.14 -0.28 0.08 0.36 0.32 -0.17 -0.24 -0.09 -0.32 -0.05 -0.05 -0.04 -0.04 -0.01 -0.08 -0.37

7 -0.16 -0.52 0.08 0.4 -0.05 -0.03 0.23 0.45 -0.16 -0.16 -0.11 -0.11 0.22 0.29 0.43 -0.03 0.1 -0.55 -0.36 0.45 -0.11 0.02 0.18 0.04 -0.31 -0.16 0.44 0.55 0.16 -0.02 0.43 0.1 -0.13 -0.34 0.53 0.43

8 0.15 -0.25 -0.04 -0.01 -0.11 0.19 0.23 0.39 0.15 0.15 -0.39 -0.39 -0.05 0.31 0.19 -0.07 -0.06 -0.16 -0.14 0.1 0.03 -0.08 0.22 0.09 0.07 -0.1 0.09 0.28 -0.36 0.12 0.01 0.08 0.27 0.01 0.3 0.16

9 -0.29 -0.28 0.14 0.16 -0.17 -0.14 0.45 0.39 -0.29 -0.29 -0.24 -0.24 0.36 0.61 0.64 0.26 0.3 -0.25 -0.39 -0.03 0.01 0.39 -0.05 -0.3 -0.33 0.2 0.18 0.26 -0.13 0.08 -0.02 0.12 0.13 -0.27 0.41 0.36

10 1 0.12 0.09 -0.2 0.02 0.38 -0.16 0.15 -0.29 1 -0.06 -0.06 -0.67 -0.35 -0.6 -0.8 -0.85 -0.11 -0.1 0.07 0.31 -0.07 -0.05 0.71 0.29 -0.56 -0.15 -0.18 -0.16 0.16 0.14 0.12 0.15 0.45 -0.38 -0.36

11 1 0.12 0.09 -0.2 0.02 0.38 -0.16 0.15 -0.29 1 -0.06 -0.06 -0.67 -0.35 -0.6 -0.8 -0.85 -0.11 -0.1 0.07 0.31 -0.07 -0.05 0.71 0.29 -0.56 -0.15 -0.18 -0.16 0.16 0.14 0.12 0.15 0.45 -0.38 -0.36

12 -0.06 0.06 0.15 0.15 0.24 -0.26 -0.11 -0.39 -0.24 -0.06 -0.06 1 0 -0.57 -0.41 0 0.08 -0.09 -0.06 0.07 -0.04 0.1 -0.16 -0.08 0.14 -0.14 0.06 -0.05 0.37 -0.06 -0.02 0.32 0.28 0.11 -0.16 0.06

13 -0.06 0.06 0.15 0.15 0.24 -0.26 -0.11 -0.39 -0.24 -0.06 -0.06 1 0 -0.57 -0.41 0 0.08 -0.09 -0.06 0.07 -0.04 0.1 -0.16 -0.08 0.14 -0.14 0.06 -0.05 0.37 -0.06 -0.02 0.32 0.28 0.11 -0.16 0.06

14 -0.67 -0.1 0.04 0.17 -0.02 -0.5 0.22 -0.05 0.36 -0.67 -0.67 0 0 0.36 0.59 0.63 0.61 -0.2 -0.16 0.14 -0.03 0.1 -0.11 -0.52 -0.24 0.31 0.34 0.2 0.18 0.1 -0.1 0.05 -0.11 -0.2 0.29 0.54

15 -0.35 -0.15 0 0.19 -0.11 0.16 0.29 0.31 0.61 -0.35 -0.35 -0.57 -0.57 0.36 0.89 0.2 0.18 -0.04 -0.09 -0.03 -0.14 0.06 0.06 -0.23 -0.18 0.19 0.21 0.26 -0.21 0.26 -0.16 0.04 0.06 -0.25 0.39 0.23

16 -0.6 -0.23 0.08 0.31 -0.1 -0.09 0.43 0.19 0.64 -0.6 -0.6 -0.41 -0.41 0.59 0.89 0.39 0.41 -0.18 -0.15 0.11 -0.29 0.08 0.09 -0.37 -0.3 0.28 0.29 0.33 -0.03 0.16 -0.08 0.04 -0.03 -0.39 0.49 0.38

17 -0.79 0.05 -0.03 0.03 -0.25 -0.37 -0.03 -0.07 0.26 -0.8 -0.8 0 0 0.63 0.2 0.39 0.89 0.26 0.15 -0.24 -0.08 0.14 -0.05 -0.68 -0.19 0.62 -0.04 -0.02 0.02 -0.2 -0.24 -0.18 -0.18 -0.28 0.18 0.26

18 -0.85 -0.04 0.03 0 -0.23 -0.53 0.1 -0.06 0.3 -0.85 -0.85 0.08 0.08 0.61 0.18 0.41 0.89 0.13 0.1 -0.1 -0.18 0.19 0.01 -0.62 -0.33 0.62 0 0.04 0.04 -0.28 -0.13 -0.18 -0.06 -0.34 0.23 0.27

19 -0.11 0.48 -0.01 -0.15 -0.05 0.39 -0.55 -0.16 -0.25 -0.11 -0.11 -0.09 -0.09 -0.2 -0.04 -0.18 0.26 0.13 0.74 -0.73 -0.14 0.02 0.12 -0.08 0.24 0.51 -0.6 -0.52 -0.28 -0.25 -0.25 -0.35 -0.06 0.07 -0.38 -0.53

20 -0.1 0.46 -0.19 -0.01 -0.05 0.35 -0.36 -0.14 -0.39 -0.1 -0.1 -0.06 -0.06 -0.16 -0.09 -0.15 0.15 0.1 0.74 -0.08 -0.39 -0.31 0.19 0.18 0.37 0.43 -0.36 -0.24 -0.17 -0.21 -0.12 -0.51 -0.15 -0.12 -0.19 -0.26

21 0.07 -0.25 -0.18 0.22 0.03 -0.22 0.45 0.1 -0.03 0.07 0.07 0.07 0.07 0.14 -0.03 0.11 -0.24 -0.1 -0.73 -0.08 -0.19 -0.35 0.02 0.31 0.02 -0.32 0.53 0.53 0.24 0.15 0.25 0 -0.06 -0.23 0.37 0.52

22 0.31 -0.03 -0.13 -0.31 -0.06 0.14 -0.11 0.03 0.01 0.31 0.31 -0.04 -0.04 -0.03 -0.14 -0.29 -0.08 -0.18 -0.14 -0.39 -0.19 0.05 -0.37 -0.15 -0.05 -0.31 -0.03 -0.09 -0.05 -0.06 -0.13 0.26 -0.05 0.2 -0.16 -0.12

23 -0.07 0.17 0.25 -0.03 -0.22 -0.28 0.02 -0.08 0.39 -0.07 -0.07 0.1 0.1 0.1 0.06 0.08 0.14 0.19 0.02 -0.31 -0.35 0.05 -0.16 -0.23 -0.58 0.15 -0.01 -0.17 0 0.18 -0.1 0.1 0.26 0.09 0.08 0

24 -0.05 0.14 0.09 0.22 0.16 0.08 0.18 0.22 -0.05 -0.05 -0.05 -0.16 -0.16 -0.11 0.06 0.09 -0.05 0.01 0.12 0.19 0.02 -0.37 -0.16 -0.05 0.11 -0.05 0.14 0.26 -0.4 -0.24 0.04 0.11 -0.18 -0.25 0.32 0.21

25 0.71 -0.07 0.18 -0.14 -0.01 0.36 0.04 0.09 -0.3 0.71 0.71 -0.08 -0.08 -0.52 -0.23 -0.37 -0.68 -0.62 -0.08 0.18 0.31 -0.15 -0.23 -0.05 0.25 -0.16 -0.24 -0.25 -0.09 0.08 0.18 -0.3 0.05 0.48 -0.4 -0.4

26 0.29 0.27 -0.12 -0.03 0.23 0.32 -0.31 0.07 -0.33 0.29 0.29 0.14 0.14 -0.24 -0.18 -0.3 -0.19 -0.33 0.24 0.37 0.02 -0.05 -0.58 0.11 0.25 -0.06 -0.18 -0.18 -0.05 0 -0.05 0.05 -0.1 0.2 -0.35 -0.14

27 -0.56 0.1 0.01 -0.01 -0.27 -0.17 -0.16 -0.1 0.2 -0.56 -0.56 -0.14 -0.14 0.31 0.19 0.28 0.62 0.62 0.51 0.43 -0.32 -0.31 0.15 -0.05 -0.16 -0.06 -0.49 -0.4 -0.18 -0.17 -0.36 -0.5 -0.13 -0.05 -0.11 -0.17

28 -0.15 -0.14 -0.04 0.28 0.11 -0.24 0.44 0.09 0.18 -0.15 -0.15 0.06 0.06 0.34 0.21 0.29 -0.04 0 -0.6 -0.36 0.53 -0.03 -0.01 0.14 -0.24 -0.18 -0.49 0.81 0.18 0.22 0.22 0.45 -0.07 -0.38 0.68 0.8

29 -0.18 -0.26 -0.28 0.32 0.08 -0.09 0.55 0.28 0.26 -0.18 -0.18 -0.05 -0.05 0.2 0.26 0.33 -0.02 0.04 -0.52 -0.24 0.53 -0.09 -0.17 0.26 -0.25 -0.18 -0.4 0.81 0.08 0.2 0.19 0.35 -0.03 -0.64 0.82 0.78

30 -0.16 -0.02 -0.19 0.04 0.14 -0.32 0.16 -0.36 -0.13 -0.16 -0.16 0.37 0.37 0.18 -0.21 -0.03 0.02 0.04 -0.28 -0.17 0.24 -0.05 0 -0.4 -0.09 -0.05 -0.18 0.18 0.08 0.14 0.5 -0.07 -0.13 0.01 -0.09 0.06

31 0.16 0.09 -0.2 0.11 -0.18 -0.05 -0.02 0.12 0.08 0.16 0.16 -0.06 -0.06 0.1 0.26 0.16 -0.2 -0.28 -0.25 -0.21 0.15 -0.06 0.18 -0.24 0.08 0 -0.17 0.22 0.2 0.14 -0.29 0.04 0.5 0.11 0.03 0.22

32 0.14 -0.11 0.09 0.05 0.26 -0.05 0.43 0.01 -0.02 0.14 0.14 -0.02 -0.02 -0.1 -0.16 -0.08 -0.24 -0.13 -0.25 -0.12 0.25 -0.13 -0.1 0.04 0.18 -0.05 -0.36 0.22 0.19 0.5 -0.29 -0.04 -0.29 -0.1 0.09 0

33 0.12 -0.02 0.11 0.25 0.16 -0.04 0.1 0.08 0.12 0.12 0.12 0.32 0.32 0.05 0.04 0.04 -0.18 -0.18 -0.35 -0.51 0 0.26 0.1 0.11 -0.3 0.05 -0.5 0.45 0.35 -0.07 0.04 -0.04 0.24 -0.11 0.28 0.3

34 0.15 -0.01 0.15 0.13 -0.19 -0.04 -0.13 0.27 0.13 0.15 0.15 0.28 0.28 -0.11 0.06 -0.03 -0.18 -0.06 -0.06 -0.15 -0.06 -0.05 0.26 -0.18 0.05 -0.1 -0.13 -0.07 -0.03 -0.13 0.5 -0.29 0.24 0.08 -0.11 -0.13

35 0.45 -0.06 0.26 -0.49 -0.01 -0.01 -0.34 0.01 -0.27 0.45 0.45 0.11 0.11 -0.2 -0.25 -0.39 -0.28 -0.34 0.07 -0.12 -0.23 0.2 0.09 -0.25 0.48 0.2 -0.05 -0.38 -0.64 0.01 0.11 -0.1 -0.11 0.08 -0.7 -0.5

36 -0.38 -0.23 -0.22 0.41 0.04 -0.08 0.53 0.3 0.41 -0.38 -0.38 -0.16 -0.16 0.29 0.39 0.49 0.18 0.23 -0.38 -0.19 0.37 -0.16 0.08 0.32 -0.4 -0.35 -0.11 0.68 0.82 -0.09 0.03 0.09 0.28 -0.11 -0.7 0.72

37 -0.36 -0.15 -0.25 0.3 0.05 -0.37 0.43 0.16 0.36 -0.36 -0.36 0.06 0.06 0.54 0.23 0.38 0.26 0.27 -0.53 -0.26 0.52 -0.12 0 0.21 -0.4 -0.14 -0.17 0.8 0.78 0.06 0.22 0 0.3 -0.13 -0.5 0.72
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River Brood year 1.2 1.3 1.4 1.5 Total
Andreafsky 1975 9 29 4 42

1976 13 27 0 40
1977 7 29 6 42
1978 1 26 10 37
1979 8 25 11 44
1980 2 24 5 31
1981 21 24 23 68
1982 1 25 26
1983 8 12 7 27
1984 15 26 6 47
1985 20 25 2 47
1986 25 7 4 36
1987 1 25 16 42
1988 9 25 5 39
1989 23 25 11 59
1990 5 25 30
1991 20 25 3 48
1992 9 25 1 35
1993 24 25 49
1994 13 25 2 40
1995 21 25 5 51
1996 1 3 25 6 35
1997 3 20 25 3 51
1998 24 25 2 51
1999 23 25 48
2000 23 1 24
2001 22 6 28
2002 10 24 1 35
2003 1 18 24 2 45
2004 1 8 24 33
2005 23 21 44

Total 1274
Kogrukluk 1975 26 15 41

1976 15 25 9 49
1977 3 23 22 48
1978 23 12 35
1979 11 25 10 46
1980 9 25 34
1981 5 25 25 55
1982 1 25 2 28
1983 23 25 2 50
1984 3 23 5 31
1985 25 25 4 54
1986 21 25 8 54
1987 11 25 2 38
1988 7 24 2 33
1989 21 24 24 69
1990 24 24 3 51
1991 18 25 1 44
1992 6 19 5 30
1993 11 25 1 37
1994 10 24 3 37
1995 7 25 4 36
1996 8 25 10 43
1997 14 25 4 43
1998 8 25 4 37
1999 17 23 16 56
2000 25 25 8 58
2001 23 24 2 49
2002 19 24 2 45
2003 23 25 3 51
2004 20 24 0 44
2005 1 15 34 0 50

Total 1376

Appendix Table 2.  Fish scale sample sizes by river, brood year, and age class.



325

NPAFC Bulletin No. 6Changing growth of western Alaskan Chinook salmon

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

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

1.4 Fork Length -0.013 (0.005) 6.06 0.02 28 0.15

FW1 -0.034 (0.008) 20.7 < 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

SW4 -0.158 (0.009) 3.24 0.08 28 0.07

Kogrukluk 1.3 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

1.4 Fork Length -0.017 (0.005) 12.6 0.001 29 0.28

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 coeffi  cient for fi xed eff ects refers to the standardized 
regression coeffi  cient.

River X Y Fixed eff ects 
intercept Coeffi  cient p Random eff ects 

SD (intercept) SD (slope) R2
M R2

C

Andreafsky 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 NA 0.001 0.099

SW2 Length 0.003 (0.062) -0.029 (0.028) 0.301 0.312 NA < 0.001 0.098

SW3 Length 0.009 (0.062) 0.166 (0.027) < 0.0001 0.310 NA 0.028 0.125

SW4 Length 0.397 (0.049) 0.169 (0.026) < 0.0001 0.226 NA 0.046 0.128

FW1 SW1 0.005 (0.069) 0.102 (0.034) 0.003 0.351 0.102 0.010 0.144

FW1 SW2 0.015 (0.065) 0.149 (0.028) < 0.0001 0.328 NA 0.022 0.126

SW1 SW2 0.015 (0.061) 0.133 (0.046) 0.004 0.303 0.201 0.017 0.147

FW1 SW3 -0.005 (0.040) 0.063 (0.029) 0.029 0.156 NA 0.004 0.028

SW1 SW3 -0.005 (0.040) 0.059 (0.029) 0.040 0.161 NA 0.004 0.029

SW2 SW3 -0.008 (0.044) 0.169 (0.028) < 0.0001 0.193 NA 0.028 0.065

Kogrukluk FW1 Length -0.008 (0.067) 0.046 (0.041) 0.261 0.343 0.164 0.002 0.146

SW1 Length 0.001 (0.068) 0.003 (0.026) 0.916 0.348 NA < 0.001 < 0.001

SW2 Length -0.003 (0.069) -0.041(0.037) 0.276 0.354 0.139 0.002 0.145

SW3 Length 0.007 (0.063) 0.223 (0.033) < 0.0001 0.318 0.117 0.050 0.167

SW4 Length 0.328 (0.056) 0.107 (0.027) 0.0001 0.277 NA 0.016 0.120

FW1 SW1 -0.014 (0.058) 0.060 (0.028) 0.035 0.285 NA 0.004 0.084

FW1 SW2 -0.002 (0.063) 0.139 (0.038) < 0.0001 0.317 0.145 0.019 0.142

SW1 SW2 -0.009 (0.064) 0.033 (0.027) 0.211 0.324 NA 0.001 0.106

FW1 SW3 0.003 (0.051) 0.178 (0.027) < 0.0001 0.248 NA 0.033 0.095

SW1 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 Intercept Zoop coef F p df Adj. R2

Andreafsky 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

Kogrukluk 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


