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Abstract:  Ocean conditions experienced by Pacifi c salmon (Oncorhynchus spp.) during the fi rst winter at sea may 
aff ect the productivity of Asian and North American populations.  We evaluated potential correlations between 
annual commercial catches of fi ve species of Pacifi c salmon and sea surface temperature anomalies during winter 
in the Bering Sea and North Pacifi c 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 Pacifi c salmon leave the Bering Sea during winter.  North 
Pacifi c 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 diff erences may refl ect density 
eff ects between high and low abundance species during their fi rst winter at sea.
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INTRODUCTION

Understanding the eff ects of climate and ocean condi-
tions on the annual production of Pacifi c salmon (Oncorhyn-
chus spp.) is an important and challenging issue for fi shery 
scientists.  There is a growing body of scientifi c literature 
exploring correlations between climate and ocean conditions 
and the abundance, distribution, feeding, and biological 
characteristics of Pacifi c 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. gor-
buscha) 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 anal-
yses are needed to explore potential relationships between 
salmon production and hydrological conditions in the oce-
anic regions where salmon migrate during periods critical to 
their marine survival.

Both the early marine (spring–summer) and fi rst ocean 
winter periods are hypothesized to be critical for regulation 
of salmon production (Beamish and Mahnken 2001).  The 
general area of oceanic distribution of Pacifi c 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-specifi c distributions 
of Asian and North American salmon during winter (e.g., Bir-
man 1985; Groot and Margolis 1991; Myers et al. 1996, 2007; 
Shuntov and Temnykh 2011).  Nevertheless, the lack of em-
pirical data on salmon during winter in the central part of the 
Bering Sea and the North Pacifi c 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 un-
certain.  Neither aggregation density of migrants nor the extent 
of distributions of Asian and North American salmon into the 
eastern or western North Pacifi c in winter have been clearly 
determined.  Researchers generally agree, however, that the 
winter migrations of all Pacifi c salmon species from both conti-
nents occur within the region of the North Pacifi c Ocean south-
ward from the Aleutian Islands to approximately 40°N–50°N. 
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Currently, the majority of researchers support the idea that 
the eff ects of non-lethal sea temperatures on salmon are indi-
rect.  For example, data from long-term investigations based 
on trawl surveys in the western Bering Sea and northwestern 
North Pacifi c Ocean indicate no correlation between sea sur-
face temperatures and spatial or density distribution of salm-
on 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-specifi c temperature 
tolerances.  Species-specifi c 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 indica-
tion of potential eff ects of climate and ocean conditions on 
adult salmon production, whereas interactions between liv-
ing organisms and environment are of a multifactor charac-
ter.  In the case of wintering Pacifi c salmon, water tempera-
ture regime variations may aff ect the physiological state of 
fi sh, development of the forage base, migration activities of 
pelagic predators, and so on.  To improve our limited under-
standing of the mechanisms of these eff ects, at a minimum, 
would require complex systemic investigations within the 
area of salmon wintering in the ocean.  It is clear, however, 
that all the eff ects mentioned above a priori can aff ect sur-
vival during this period of life. 

A similar diffi  culty arises when considering hydrologi-
cal characteristics at specifi c locations within the North Pa-
cifi c.  The hydrology at a specifi c location is always a part of 
a complex and structurally sophisticated system of regional 
water exchange.  This is why analyzing potential eff ects 
of sea surface temperatures on Pacifi c salmon production 
should take into account not only hydrological conditions 
in the area of dense aggregations of wintering fi sh, 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 be-
tween sea surface temperatures at specifi c 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., My-
ers et al. 2007, 2016), we expected that salmon production 
was more likely to be related to temperatures in the North Pa-
cifi c Ocean than in the Bering Sea.  Nevertheless, circulation 
of Bering Sea waters can aff ect thermal conditions in adjacent 
North Pacifi c waters.  Therefore, we explored the relations be-
tween sea surface temperature and salmon production in both 
the North Pacifi c and Bering Sea basins.

MATERIALS AND METHODS

Our study area encompassed a broad area of the North 
Pacifi c 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 

North American stocks of all Pacifi c salmon species are most 
likely to overlap during the fi rst winter at sea.  The area was 
sub-divided into 19 gridded (5° x 10°) hydrological zones 
(Fig. 1).  The a priori development of 19 diff erent ocean 
zones refl ects 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 Pa-
cifi c Ocean (zones 1, 2, 6, 7), central Pacifi c Ocean (zones 3, 
4, 8, 9), eastern Pacifi c Ocean (zones 5, 10), western Bering 
Sea (zone 15), central Bering Sea (zones 16, 17), and eastern 
Bering Sea (zones 18, 19). 

Offi  cial statistical data on annual (1983–2013) com-
mercial catches (total number of fi sh) of fi ve species of 
Pacifi c salmon (pink, chum, sockeye O. nerka, coho O. 
kisutch, and Chinook O. tshawytscha), reported to the North 
Pacifi c 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 (bio-
mass) of adult commercial catches are also available from 
NPAFC, biomass largely refl ects salmon growth during the 
last summer at sea.  Thus, because our study focused on 
salmon during the fi rst winter at sea, we considered total 
number of fi sh the most appropriate measure of trends in 
salmon production for our analyses.   At present, commer-
cial catch statistics are the most accurate refl ection of trends 
in salmon production in the North Pacifi c.  Additional data 
on spawning escapement of wild adult salmon are incom-
plete and often poorly authenticated.  This is especially 
true for salmon reproduction areas in Russia, as spawning 

Fig. 1.  Map of the study area in the North Pacifi c 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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grounds are geographically extensive and reliable escape-
ment 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 indi-
rect nature of the infl uence of sea surface temperature (SST) 
on Pacifi c salmon production.  For example, one of the most 
obvious infl uences of temperature on salmon is variability 
in growth.  The water temperature regime may directly in-
fl uence the state of the forage base, indirectly aff ecting the 
physiological state of the fi sh and its subsequent growth or 
mortality, and fi nally production.  Thus, if temperature is 
used as a potential indicator of production, we need to ac-
count for inertia in the process from individual fi sh to pop-
ulation-level eff ects.  In addition while correlations can be 
shown at the level of regional or local groups of stocks, we 
lacked suffi  cient detailed information on winter distribution 
and production of salmon at these levels.  Thus, we consid-
ered 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 cor-
related, we decided to use sea surface temperature anomalies 

(aSST) in the North Pacifi c basin as a factor that directly 
characterizes variation in temperature conditions within the 
area of Pacifi c salmon feeding. 

During the period of winter salmon feeding, SSTs de-
crease as heat is released into the atmosphere and convective 
mixing develops.  In oceanic areas far from the coast, the 
vertical temperature profi les 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 Pacifi c, 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) monitor-
ing 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, espe-
cially 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 Pacifi c 
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 inter-
polation in the second version, NOAA OI.v2 SST) of daily 

Fig. 2.  Examples of the average annual temperature profi les in the 1500-m water column (А) and the fi elds of distribution of sea surface 
temperature (B = 0-m horizon, C = 50-m horizon) in the Northern Pacifi c Ocean in January 1955–2012 (NOAA: Locarnini et al. 2013; 
Zweng et al. 2013).
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fi elds 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 So-
ciety (IRI; http://iridl.ldeo.columbia.edu/).  Monthly aSST 
values were estimated for each 5° x 10° zone by singular val-
ue decomposition, i.e., empirical orthogonal function (EOF) 
analysis of all monthly 1° x 1° aSST values in each zone us-
ing the Climate Predictability Tool (IRI, The Earth Institute, 
Columbia University, http//iri.columbia.edu/CPT).  The re-
sulting time series of aSST observations characterized the 

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

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 specifi c 
locations of numbered zones.

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 interannu-
al dynamics of aSST and commercial catch data.  The annual 
time series of aSST data for each basin (Bering Sea, North 
Pacifi c) were analyzed for three longitudinal sub-regions 
(western, central, and eastern), three seasonal periods—late 
autumn (October–November), winter (December–Febru-
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ary), and early spring (March–April)—and four latitudinal 
regions.  Linear correlation analysis (Pearson’s product mo-
ment correlation coeffi  cient, r, α = 0.05) was used to evalu-
ate potential correlations between the annual time series of 
Pacifi c salmon commercial catches in Asia (Russia and Ja-
pan) and North America (USA and Canada) in 1983–2013.  
For tests of statistical signifi cance, 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 coeffi  cient, 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’ fi rst 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 com-
pared to 1983 commercial catches.  The remaining salm-
on 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 ma-
jority (> 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 ex-
ample, 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 eff ect, 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). 

RESULTS

Graphical analyses indicated generally similar interan-
nual dynamics of the average regional sea surface tempera-
ture 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 
signifi cant (p < 0.05) (Table 1).  Contour plots showed that 
the greatest diff erences in annual averaged aSSTs were be-
tween the northernmost (Bering Sea, 57°50’N) and south-
ernmost (North Pacifi c Ocean, 42°50’N) latitudes  (Fig. 5).

The averages (ranges) of annual commercial catches of 
salmon (millions of fi sh) 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 statis-
tically signifi cant for any of the species (Fig. 6). 

 The direction, strength, and statistical signifi cance 
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, signifi cant correla-
tions with aSSTs were positive, stable, and strong in the 
subarctic and temperate North Pacifi c 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 Pacifi c were statistically signifi cant (autumn, 
zones 3 and 4, 40°–45°N, 170°E–170W, Table 2), indicat-
ing no relationship with aSSTs in our study area.  None 

Table 1.  Correlation matrices for seasonal sea surface temperature 
anomalies (аSST) by region in the North Pacifi c Ocean, 1982–
2013.  WPO: Western Pacifi c Ocean (zones 1, 2, 6, 7); CPO: 
Central Pacifi c Ocean (zones 3, 4, 8, 9); EPO: Eastern Pacifi c 
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 signifi cant (p < 0.05).

Basin Region Season Autumn Winter Spring

North Pacifi c 
Ocean

WPO Autumn 1.000   

 Winter 0.543 1.000  

 Spring 0.445 0.756 1.000

CPO Autumn 1.000   

 Winter 0.616 1.000  

 Spring 0.632 0.867 1.000

EPO Autumn 1.000   

 Winter 0.506 1.000  

 Spring 0.353 0.849 1.000

Bering Sea WBS Autumn 1.000   

 Winter 0.695 1.000  

 Spring 0.495 0.646 1.000

CBS Autumn 1.000   

 Winter 0.697 1.000  

 Spring 0.542 0.659 1.000

EBS Autumn 1.000   

 Winter 0.807 1.000  

 Spring 0.741 0.621 1.000
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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 Pacifi c Ocean, 1983–2013 (NOAA: Locarnini 
et al. 2013; Zweng et al. 2013).

of the correlations in the Bering Sea (zones 15–19) was 
statistically signifi cant for Asian and North American pink 
catches (Table 2).

For Asian chum catches, there were no statistically sig-
nifi cant correlations, indicating no relationship with aSSTs 
in the study area (Table 3; Fig. 8).  The statistically-signif-
icant correlations for North American chum, all located in 
North Pacifi c zones between 40–50°N in winter and spring, 
were positive, stable, and either moderate or strong.

For Asian sockeye catches, statistically signifi cant cor-
relations were positive, stable, and generally strong or very 
strong for aSSTs in North Pacifi c zones between 40–45°N 
and west of 180° during autumn and winter (Table 4; Fig. 9).  
There were no signifi cant correlations with aSSTs for North 
American sockeye catches.

There were no signifi cant correlations with aSSTs for 
Asian and North American coho catches (Table 5; Fig. 10).

For Asian Chinook catches, there was only one statisti-
cally signifi cant (negative) correlation with aSSTs (autumn, 
zone 2, Table 6; Fig. 11).  North American Chinook catches 
were signifi cantly (negative) correlated with aSSTs in North 
Pacifi c zones (40–50°N, west of 170°W) in autumn and win-
ter (stable, strong or very strong correlations).  For North 
American Chinook in the Bering Sea, there was only one 
statistically signifi cant (negative) correlation with aSSTs 
(western Bering Sea, Zone 15; Table 6).

DISCUSSION

Climatic Zones, SST, and the aSST in the North Pacifi c 
and Bering Sea

The region encompassing our study area in the Bering 
Sea and North Pacifi c Ocean covers two climatic zones, sub-
arctic and temperate, and exhibits the maximum range of an-
nual SSTs found throughout the world’s oceans (Monin et al. 
1978; Kafanov and Kudryashov 2000). 

The subarctic zone covers the major parts of the Ber-
ing 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 south-
ern 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 in-
teraction 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 sub-
arctic zone. 
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The northern temperate zone covers an extensive wa-
ter area from Asia to North America and is in an interme-
diate 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 fl ow forms the North Pacifi c 
(Subarctic) Current, spreading extensively and transporting 
huge water masses and warmth from west to east, being infl u-
enced 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 infl uenced 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 infl uence of the Bering Sea ice sheet, 
covering a rather extensive area in the eastern Bering Sea 
(Yakunin 1987; Plotnikov 2002; Anonymous 2004).  Signifi -
cant year-to-year fl uctuations in the Bering Sea ice sheet can 
strongly aff ect the thermal regime of the entire sea, including 
via current advection of cold water.  The eff ects on waters 
adjacent to our study area are strongest in the northwestern 
North Pacifi c and in the Kamchatka-Kuril current, reaching 
the northern islands of Japan. 

Moreover, during the cold period of the year from Oc-
tober to March in the subarctic the role of the exchange pro-
cesses between the ocean and atmosphere (Batalin 1959) be-
comes 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 sub-
arctic or Arctic air masses into the North Pacifi c and Bering 
Sea (Glebova 2001). 

In general, interannual dynamics of average region-
al 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 dynam-
ics 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, vari-
ations in the intensity of the Aleutian Low simultaneously 
cause heat fl ux and Ekman transport that, during periods of 
a strong Aleutian Low, cool the western subarctic and warm 
the northeastern Pacifi c 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 
fl uctuations in the early 2000s, and reduction in the last de-
cade of observations.  In the last decade, there was a substan-
tial negative deviation from the norm in eastern Bering Sea 
SSTs, and the range of interannual changes in aSSTs in the 
North Pacifi c 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, 

Fig. 6.  The dynamics of Pacifi c salmon commercial catches in 
Asia and North America, 1983–2013.  r = coeffi  cient for correlations 
between Asian and North American catches; test statistics were 
corrected for autocorrelation (see Methods), p < 0.05 were 
statistically signifi cant.
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Table 2.  Correlation coeffi  cients (r) for seasonal sea surface temperature anomalies (аSST) by zone in the North Pacifi c 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 signifi cant.

Zone
Asia North America

Autumn Winter Spring Autumn Winter Spring
r p r p r p r p r 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

Fig. 7.  Maps of the study area showing the spatial distribution of coeffi  cient values (r) for correlations between sea surface temperature anomalies 
(aSST) during the pink salmons’ fi rst winter at sea and pink salmon production in Asia (A, left panels) and North America (B, right panels).

Pearson correlation (r)
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Zone
Asia North America

Autumn Winter Spring Autumn Winter Spring
r p r p r p r p r 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

Table 3.  Correlation coeffi  cients (r) for seasonal sea surface temperature anomalies (аSST) by zone in the North Pacifi c 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 signifi cant.

Fig. 8.  Maps of the study area showing the spatial distribution of coeffi  cient values (r) for correlations between sea surface temperature anomalies 
(aSST) during the chum salmons’ fi rst winter at sea and chum salmon production in Asia (A, left panels) and North America (B, right panels).

Pearson correlation (r)
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Zone
Asia North America

Autumn 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

Table 4.  Correlation coeffi  cients (r) for seasonal sea surface temperature anomalies (аSST) by zone in the North Pacifi c 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 signifi cant.

Fig. 9.  Maps of the study area showing the spatial distribution of coeffi  cient values (r) for correlations between sea surface temperature anomalies 
(aSST) during the sockeye salmons’ fi rst winter at sea and sockeye salmon production in Asia (A, left panels) and North America (B, right panels).

Pearson correlation (r)
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Zone
Asia North America

Autumn Winter Spring Autumn Winter Spring
r p r p r p r p r 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

Table 5.  Correlation coeffi  cients (r) for seasonal sea surface temperature anomalies (аSST) by zone in the North Pacifi c 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 signifi cant.

Fig. 10.  Maps of the study area showing the spatial distribution of coeffi  cient values (r) for correlations between sea surface temperature anomalies 
(aSST) during the coho salmons’ fi rst winter at sea and coho salmon production in Asia (A, left panels) and North America (B, right panels).

Pearson correlation (r)
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Zone
Asia North America

Autumn Winter Spring Autumn Winter Spring
r p r p r p r p r 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

Table 6.  Correlation coeffi  cients (r) for seasonal sea surface temperature anomalies (аSST) by zone in the North Pacifi c 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 signifi cant.

Fig. 11.  Maps of the study area showing the spatial distribution of coeffi  cient values (r) for correlations between sea surface temperature anomalies 
(aSST) during the Chinook salmons’ fi rst winter at sea and Chinook salmon production in Asia (A, left panels) and North America (B, right panels).

Pearson correlation (r)
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which supports a possible similarity in the character of po-
tential correlations between Pacifi c salmon production and 
aSSTs throughout the latitudinal span of regional zones.  
Specifi cs of the general dynamics of aSSTs in all analyzed 
hydrological zones showed a stable increase in frequency at 
the turn of the fi rst and second decades of the 2000s.  This is 
especially clear given the background of previous substan-
tial decreases in temperature during 1999. 

The northern (Bering Sea, 57°50’N) and southern (Pa-
cifi c Ocean, 42°50’N) latitudinal zones demonstrated the 
greatest diff erences 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 
Pacifi c were the winters of 1983–1989 and 1999–2005.  The 
hydrological situation in the Bering Sea is much more com-
plex due to large diff erences 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 signifi cant negative deviations from the norm, 
whereas the negative deviations were closer to the norm and 
less frequent in the western Bering Sea.  The opposite situa-
tion 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 
fi rst and the second decades of the 21st century, similar to the 
peaks in the fi rst 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 
fl uctuations in catch, and thus the ranges of catch fl uctuations 
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, fi nding potential 
correlations between catch and aSST was more likely for the 
highly abundant species in view of the large fl uctuations 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 cor-
relations between catch and aSST was a reasonable approach. 

Correlation between aSST and Pacifi c 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 analy-
sis of correlation coeffi  cients revealed strong positive cor-
relations between Asian pink catches and aSSTs across the 

longitudinal range of the subarctic and temperate North Pa-
cifi c (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 produc-
tion and aSSTs in the Northern Hemisphere (Krovnin et al. 
2010).  This, in addition to the large fl uctuations in Asian 
pink abundance, supports the non-random character of our 
results.  The pattern of moderate to strong negative correla-
tions in the eastern Bering Sea and the adjacent area of the 
Aleutian Chain compared to weak positive correlations in 
the western Bering Sea likely refl ects 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 signifi cant correla-
tions, except in the temperate zones of the central North Pa-
cifi c 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 diff erences in winter distributions of Asian and 
North American pinks, we can reasonably conclude that wa-
ter 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, respec-
tively, into the eastern and western North Pacifi c (Patton et 
al. 1998; Bugaev et al. 2009, 2012, 2014; Urawa et al. 2009).  
During the fi rst 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 eff ects 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 suf-
fi cient 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 eff ects of artifi cial pro-
duction likely obscured any signifi cant relationships be-
tween aSSTs and natural production of Asian chum.  The 
relatively high positive correlations between chum catches 
in North America and aSSTs in the subarctic and temper-
ate Pacifi c study-area zones in winter, undoubtedly indicates 
similar dynamics in production and aSSTs.  Moreover, the 
relative homogeneity of the Pacifi c 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 fi rst 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 
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to the eff ects of the cold Kamchatka-Kuril (Oyashio) current 
in the western North Pacifi c, where chum aggregations are 
highly dense. 

In the general winter feeding area of sockeye salmon 
in the subarctic North Pacifi c, 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 earli-
er 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 po-
tentially multifactorial nature of the correlations and hence 
a potentially high likelihood of error.  We have no clear ex-
planation of the lack of correlations between aSSTs in the 
study area and catches of North American sockeye.  How-
ever, our study area did not include the central and eastern 
Gulf of Alaska, where many North American sockeye stocks 
are distributed during their fi rst 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 Pacifi c salmon 
(Godfrey et al. 1975).  However, recent research indicates 
wider thermal tolerance for this species (Shuntov and Tem-
nykh 2011), and maximal catches are linked to certain SST 
gradients.  This may be a possible explanation for the nega-
tive 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 Pacifi c salm-
on species, especially in Asia.  For this reason, the fl uc-
tuations of Chinook catches in Asia are very low, which 
makes time series analysis diffi  cult.  In addition, Chinook 
never demonstrate dense aggregations during their winter 
migrations in the North Pacifi c (Major et al. 1978; Shuntov 
and Temnykh 2011).  The winter feeding area of both Asian 
and North American stocks extends into the 200-mile eco-
nomic zones of the USA and Russia (Larson et al. 2013).  
Thus, it is diffi  cult to provide a simple explanation of the 
biological basis for the results of our analyses.  Neverthe-
less, North American Chinook catch was positively cor-
related with winter aSSTs on the eastern Bering Sea shelf, 
where juvenile western Alaska and Canadian Yukon Chi-
nook rear during their fi rst summer at sea (Murphy et al. 
2009), and may be indicative of favorable survival condi-
tions for juveniles earlier in the year.  The strong negative 
correlations between Chinook salmon catch and aSSTs in 
the same North Pacifi c 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 sug-
gests possible density eff ects between high and low abun-
dance species.

CONCLUSION

Our research focused on areas of the Bering Sea and 
North Pacifi c Ocean where distributions of Asian and North 
American stocks of all Pacifi c salmon species are likely to 
overlap during the fi rst winter at sea.    The correlations be-
tween salmon catches and aSSTs during the species’ fi rst 
ocean winter were strongest in North Pacifi c 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 correla-
tions in the Bering Sea were more irregular, and the major-
ity of correlations were slightly negative or neutral (almost 
zero).  In principle, this result was expected given that most 
juvenile Pacifi c salmon leave the Bering Sea during winter 
(Myers et al. 2007). 

The direction of correlations between water tempera-
ture regime and adult salmon production in the North Pacifi c 
diff ered 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 infl u-
ence the relation between temperature and catch.  However, 
given the multi-determinant nature of potential density ef-
fects on fi nal stock abundance, our results are insuffi  cient 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 specifi c hydro-
logical zone.  Well-designed fi eld and laboratory experimen-
tal studies are needed to better understand the role of sea 
temperature and other physical, chemical, and biological 
factors in the stock-specifi c distribution and survival of ju-
venile salmon during their fi rst winter at sea.
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