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Project Summary: 
Ongoing declines of Alaskan stocks of Chinook and chum salmon have led to concerns statewide, 
particularly in western Alaska where these species are important subsistence resources. While a number 
of potential causes have been hypothesized for these declines, it is suspected that processes associated 
with the marine phase of the salmon life history play an important role. These include natural (e.g., 
climate cycles) and anthropogenic (e.g., climate warming, overharvest in target and non-target fisheries) 
factors. The large number of hatchery salmon, primarily pink and chum salmon, released into the North 
Pacific has prompted concern that competition for marine resources has contributed to these declines. We 
addressed this issue by conducting both a synthesis of existing data and novel analyses of growth 
indicators (insulin-like growth factor and scale data) to examine the potential role that Asian populations 
of pink and chum salmon negatively influence growth of western Alaskan populations of Chinook and 
chum salmon in the Bering Sea. An updated synthesis of distribution and diet data indicated considerable 
potential for competition between western Alaska chum salmon and pink and chum salmon from Russia 
and Japan. Despite this potential, we found limited evidence that abundant pink salmon from Russia were 
inhibiting the growth of chum salmon from western Alaska. Instead, growth of western Alaskan chum 
salmon was more responsive to the abundance of Asian chum salmon, primarily hatchery stocks from 
Japan. We found some evidence for indirect effects of pink salmon on the growth of Chinook salmon, but 
the direction of the effect (i.e., slightly better Chinook salmon growth and slightly younger males during 
years of high pink abundance) did not support the idea that pink salmon directly compete with Chinook 
salmon during later years of Chinook salmon growth. We did find that juvenile Chinook salmon in the 
eastern Bering Sea had reduced growth rates during their first marine year, as evidenced by IGF-1 levels, 
during odd years when maturing Russian pink salmon are expected to be abundant. Any causal 
mechanism behind this relationship is also likely to be indirect, because maturing Russian pink salmon 
would not be occupying the eastern Bering Sea shelf in mid- to late-summer, when western Alaskan 
Chinook salmon would be moving offshore. Finally, we found no evidence that decreased hatchery 
production of chum salmon due to the 2011 earthquake and tsunami in Japan led to enhanced growth of 
western Alaska chum salmon. Recent increases in the abundance of Russian chum salmon may have 
obscured the hypothesized relationship. 
 
 
Results by Objective: 
Objective 1 – synthesize existing data regarding the effects of pink and chum salmon abundance on 
growth and age-at-maturity of Chinook and chum salmon from western Alaska. 
 
Objective 1a - determine extent of spatial overlap between Asian pink/chum salmon populations and 
western Alaska chum and Chinook salmon populations in the North Pacific Ocean 
 
Information regarding the extent of spatial overlap between Asian pink and chum salmon populations and 
western Alaska chum salmon populations was compiled from a variety of published literature and agency 
reports to determine when and where potentially competing stocks are most likely to overlap in 
distribution in the North Pacific Ocean and Bering Sea. There is a high degree of spatial overlap between 
Japanese chum salmon and western Alaska chum salmon during early summer months (June and July, 
Fig. 1a). Pink salmon originating from Russia represent the dominant stock of pink salmon in the Bering 
Sea and are abundant during odd-numbered years. Pink salmon from Russia migrate to their spawning 
grounds through the Bering Sea, resulting in a high degree of spatial overlap during the late summer and 
early fall (July - September) of odd-numbered years (Fig. 1b). 
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Figure 1. Distribution of Japanese chum salmon (red), western Alaska chum salmon (green) and Russian 
pink salmon (black) stocks in the Bering Sea and North Pacific Ocean during early summer (a), late 
summer/fall (b) and winter (c) months. Maps by Evan Fritz. 
 
Objective 1b - determine the degree of diet overlap between Asian pink/chum salmon populations and 
western Alaska chum and Chinook salmon populations 
 
Information regarding the extent of diet overlap between Asian pink and chum salmon populations and 
western Alaska chum salmon populations was compiled from a variety of published literature to 
determine the potential for diet overlap and resource limitation in the North Pacific Ocean and Bering 
Sea. To conduct a more robust analysis, we collaborated with researcher Nancy Davis on salmon diets in 
the Bering Sea. Davis’s study describes food habits and feeding ecology of Pacific salmon in the central 
North Pacific Ocean (45oN – 51oN) and Bering Sea (52oN – 58oN) during June and July, 1991-2000. 
Many of these data have not yet been published and were used to supplement published data (Davis 2003; 
Davis et al. 2004, 2005), resulting in the most complete synthesis of chum salmon diets in the Bering Sea 
to date.  
 
Chum and pink salmon occupy a similar feeding niche, which can result in increased inter- and 
intraspecific competition for prey when food resources are limited. Davis (2003) collected stomach 
samples from pink (n=1,199) and chum (n=2,425) salmon in the Bering Sea to assess stomach contents 
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(Fig. 2). Results showed that pink salmon foraged heavily on fish, euphausiid, and squid species, while 
chum salmon consumed more euphausiids and gelatinous zooplankton species. 
 

 
Figure 2. Weight of prey groups of chum and pink salmon sampled in the Bering Sea (52oN-58oN), 
1991-2000. Prey are arranged from top to bottom by high to low caloric density. Data from Davis 2003). 
 
 
 
To determine the amount of diet overlap, Tadokoro et al. (1996) used a modified Schoener’s index to 
calculate the percent similarity in diets between these two species. The authors found that during a year of 
low pink salmon abundance in the Bering Sea, chum and pink salmon exhibited a 58% diet overlap. In a 
year of high pink salmon abundance in the Bering Sea however, the percent diet overlap decreased to 
40%. Changes in chum salmon prey consumption between even- and odd-numbered years may be due to 
the effects of interspecific competition. While at sea, chum salmon have the most diverse diet of the 
Pacific salmon species, possessing stomachs specially adapted to feed on gelatinous zooplankton species, 
which are easier to digest than high lipid content prey species (Dulepova and Dulepov 2003; Davis et al. 
2005). This trait may have evolved to differentiate the ecological niche of chum salmon and to minimize 
competition for food. To determine differences in chum salmon diet during years of high and low pink 
salmon abundance, Davis (2003) examined chum salmon diet in the Bering Sea from 1991-2000 (Fig. 
3). Although there was no significant difference in prey quantity between during years of high and low 
pink salmon abundance, there was a significant difference in prey quality, with chum salmon showing 
~20% increase in the weight of low-quality prey and ~35% decrease in high-quality prey during years of 
high pink salmon abundance. For this analysis, high-quality prey refers to high-calorie prey items, such as 
fish and euphausiid species, and low-quality prey refers to low-quality prey items, such as gelatinous 
zooplankton species. 
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Figure 3. Percent change in weight of prey groups of chum and pink salmon sampled in odd- and 
even-numbered years in the Bering Sea (52oN-58oN), 1991-2000. Data from Davis (2003). 
 
 
Objective 1c) - test the hypothesis that competition between Asian pink salmon and western Alaska chum 

and Chinook salmon populations is manifested as even/odd patterns in: 
 
i.   growth rate as indicated by insulin-like growth factor I (IGF-1) 
 
Chum salmon.--Due to changes in the NOAA Bering Sea survey protocols, IGF-1 samples were not 
collected after 2012. These data for chum salmon were summarized in a recent publication from the 
McPhee lab (Wechter et al. 2017). The time series was too short to adequately test for even/odd 
differences, and while IGF-1 values were low in 2009, there was no significant difference in levels 
between 2011 and 2010/2012. Because NOAA surveys discontinued the collection of IGF-1 from chum 
salmon beyond 2012, we were not able to incorporate chum salmon IGF-1 data into this project.  
 
Chinook salmon.--We were able to obtain slightly more extensive IGF-1 data for juvenile Chinook 
salmon caught in the eastern Bering Sea  (2010-2016; Beckman et al., unpubl.). IGF-1 levels correlated 
positively with SST during the summer of capture (Fig. 4a), but after accounting for that effect we did 
observe an even/odd pattern in IGF-1 levels (Fig. 4b). In years when the abundance of pink salmon 
returning to eastern Kamchatka was high, IGF-1 levels were low (indicating poorer growth) after 
accounting for the effects of SST (Fig. 4c).  
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Figure 4. Insulin-like growth factor I (IGF-1) levels in juvenile Chinook salmon in the eastern Bering Sea 
were positively associated with summer SST (a); residuals from this relationship expressed an even-odd 
pattern (b) and were negative in years of high abundance of Asian pink salmon, expressed as eastern 
Kamchatka pink salmon harvest (c). 
 
ii.  growth rate as indicated by scale annulus width 
 
Chum salmon.--To test the hypothesis that competition between Asian pink salmon and western Alaska 
chum populations is manifested as even/odd patterns in growth rate as indicated by scale annulus width, 
we examined growth of chum salmon scales collected by ADF&G from commercial and test fisheries in 
the Kuskokwim River near Bethel, Alaska. Using a linear mixed-effects model, we examined growth of 
Kuskokwim chum salmon during their second, third, and fourth ocean year. Rather than testing for 
even/odd patterns in chum salmon growth (an indirect measure of competition with Asian pink salmon), 
we ultimately decided to model chum salmon growth as a function of the abundance of maturing, eastern 
Kamchatka (wild) pink salmon, as they are most abundant during odd-numbered years and represent the 
dominant stock of pink salmon in the Bering Sea (Ruggerone and Nielsen 2004, Davis et al. 2004). 
Abundance estimates of Japanese hatchery chum salmon, chum salmon sex and age-at-maturation, and 
spring and summer sea-surface temperatures in the Bering Sea were also included in the model, as these 
are indices that have been shown to affect western Alaska chum salmon growth  (Ruggerone et al. 2009; 
Yasumiishi et al. 2015). The model (eqn 1) was: 
 

5 



(eqn 1) gi,y,s = Sexs + β1OceanAge + β2SpringSSTy + β3SummerSSTy + β4JapanChumy + β5EKamPinksy + 
β6(JapanChum*EKamPinks)y + αy + 𝜀i,y,s 

 
where gi,y,s was the anomaly in growth at growth zone i for sex s during calendar year y, JapanChum was 
a covariate for Japanese chum salmon abundance, EKamPink was a covariate for eastern Kamchatka pink 
salmon abundance, Sex was included as a factor to allow for differences in growth between males and 
females, OceanAge was a factor included to allow for differences in growth of fish that matured at 
different ages, the β coefficients described linear changes in growth with temperature and Asian pink and 
chum salmon indices, and αy was a random effect to allow for interannual variability in the average 
growth index by calendar year y. The random intercepts αy  and the residuals 𝜀i,y,s were assumed to be 
independent and normally distributed with means 0 and variances σα

2
 and and σ𝜀

2, respectively. 
 
Growth of Kuskokwim chum salmon declined significantly with increasing abundance of Japanese 
hatchery chum salmon in the second, third, and fourth years of marine growth (Fig. 5a). In contrast, we 
found no significant relationship between Asian pink salmon abundance and Kuskokwim chum salmon 
growth for any of the growth zones examined (Fig. 5b). These results are supported by other studies 
which also found that western Alaska chum salmon growth was more strongly affected by Japanese 
hatchery chum salmon than by Asian pink salmon abundance (Ruggerone and Nielsen 2004; Agler et al. 
2013). Full model results are summarized in Table 1.  
 

 
Figure 5. Relationship between average Kuskokwim growth zone width (mm) and loge Japanese hatchery 
chum salmon abundance (a) and loge eastern Kamchatka wild pink abundance (b). Linear regression lines 
represent 95% confidence intervals for each growth zone (g2 - g4). 
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Table 1. Coefficients of linear mixed-effects regression of Kuskokwim chum salmon growth zone width 
(g) by marine growth year (2-4) against Asian chum and pink salmon abundance as well as covariates 
accounting for sea surface temperature (SST), sex, and age. Japan:Ekam represents an interaction between 
Japanese hatchery chum salmon abundance and the abundance of eastern Kamchatka pink salmon. 

 
 
There are several possible reasons why a statistical relationship between Kuskokwim chum salmon 
growth and Asian pink salmon abundance was not detected in our analysis. For example, the effects of 
Asian pink salmon abundance on western Alaska chum salmon growth may be masked by other variables 
that were not included in the model. Studies have also shown that Asian pink salmon may indirectly affect 
chum salmon, and these relationships cannot be captured using a linear model. For example, Azumaya 
and Ishida (2000) found that in the Bering Sea, chum salmon distribution shifted towards the eastern 
North Pacific Ocean during odd-numbered years, which represent years of high pink salmon abundance. 
Chum salmon may avoid interspecific competition with pink salmon by migrating to areas of lower 
salmon abundance. However, shifts in species distribution may have adverse effects on chum salmon 
growth by directing them out of their preferred feeding grounds to areas with less abundant or less 
nutritious prey. We also found in objective 1b that chum salmon diets during odd-numbered years 
consisted of lower quality prey items compared to even-numbered years. Changes in chum salmon diets 
from high-lipid food sources, such as euphausiids, to low-lipid food sources, such as gelatinous 
zooplankton,  may lower chum salmon fecundity and growth rates through decreased lipid reserves, 
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which are needed for growth and maturation (Helle 1989; Bigler et al. 1996; Morita et al. 2005). To 
assess how pink salmon abundance affects chum salmon lipid reserves, Kaga et al. (2013) analyzed chum 
salmon lipid content in the Bering Sea in summer during 2002 – 2007. Their results found that chum 
salmon lipid content was significantly lower in odd-numbered years due to higher pink salmon 
abundance. While this study only assessed changes in salmon length, additional research may want to 
consider how pink salmon affect chum salmon weight in additional to length.  
 
Chinook salmon.--Scale increment data were available from two escapement projects in western Alaska: 
the Kogrukluk River (Kuskowkim basin) and the east fork of the Andreafsky River (Yukon basin). 
Details of scale sampling and reading in systems can be found in McPhee et al. (2016) and Siegel et al. 
(2017). We used these data to test the hypothesis that interactions with Asian pink salmon influenced 
growth of western Alaskan Chinook salmon (for marine growth during the second through fourth year at 
sea). We tested for a pink salmon effect in two ways: 1) log abundance of pink salmon returning to 
eastern Kamchatka during the year of Chinook salmon growth; and 2) even/odd patterns in marine 
growth. These models accounted for stock (Andreafsky versus Kogrukluk), summer SST in the central 
Bering Sea, and an interaction among year of marine growth, sex, and age at maturity, as these also 
influence growth in Chinook salmon (Siegel et al. 2017). After accounting for these effects, we found no 
statistical evidence that log abundance of eastern Kamchatka pink salmon was related to Chinook salmon 
growth. We found equivocal support for an even/odd effect. The coefficient for ‘even/odd’ was modest 
but its standard error bounds did not include zero, and the model had similar support as the model 
containing only covariates (∆AIC = 0.11). However, the coefficient was positive for odd years (i.e., better 
growth during years when the abundance of maturing pink salmon expected to be higher in the Bering 
Sea), indicating that if this even/odd signal truly reflects a pink salmon effect, the mechanism is not due to 
direct competition between pink and Chinook salmon, but possibly due instead to indirect food web 
effects. The even/odd differences appeared to be strongest for the second year of marine growth, but were 
minor across all growth zones (Fig. 6). 
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Figure 6. Even-odd comparisons in residual annual scale growth (from mixed model with SST as fixed 
effect and brood year as random effect). For each pane, the first term defines the marine growth increment 
(SW2-SW5), the second term defines the sex/age-at-maturity combination (1-3 = females, age 5, 6, and 7 
respectively; 4-6 = males, age 4, 5, and 6 respectively) and the third term defines the population (Kog = 
Kogrukluk River; And = Andreafsky River). 
 
Because multiple cohorts of Chinook and chum salmon could be interacting in the Bering Sea (given their 
extended marine rearing periods), we focused our analysis of potential chum salmon effects on 
interactions between Chinook salmon that were in the Bering Sea during their second summer of marine 
growth (the SW2 growth increment) and juvenile/immature chum salmon that would be comparable in 
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size (i.e., chum salmon in their second [slightly smaller] and third [slightly larger] years of life). We took 
the same modeling approach as described above for log pink salmon abundance (accounting for summer 
SST, sex, and age at maturity), but we modeled instead relationships with log abundance of Japanese 
chum salmon hatchery releases, lagged to their appropriate marine rearing year (i.e., same brood year as 
that of Chinook salmon for effects of chum salmon during their third year of marine growth, and Chinook 
salmon brood year + 1 for effects of chum salmon during their second year of marine growth). We used 
AIC to compare models containing different chum salmon lags and a model without chum salmon 
abundance, and found that the model containing no effect of chum salmon outperformed both chum 
salmon models (∆AIC > 5).  
 
iii. age at maturity 
 
Chum salmon.--Age composition estimates for western Alaska chum salmon are available through the 
ADF&G age, sex, and length (ASL) database . However, in planning for our analyses of chum salmon 1

age composition,  communication with ADF&G personnel revealed that “run and brood table 
reconstruction methodologies employed by ADF&G have been criticized as flawed by many, including 
AYK Sustainable Salmon Initiative science expert panel members” (H. Hamazaki, personal 
communication). It was therefore determined that the data would be insufficient for accurately depicting 
how age at maturity is changing for western Alaska chum salmon.  
 
Growth has a strong influence on age-at-maturation in salmon, where the timing of maturation is a 
trade-off between increased ocean foraging time and increased risk of mortality (Morita and Fukuwaka 
2006). Longer ocean residence leads to increased body size, resulting in increased fecundity and larger 
egg size for females, thus increasing their reproductive success. Research suggests that the “decision” to 
mature in chum salmon is influenced by the most recent growth condition, where individuals that did not 
grow enough during a critical period may delay maturation due to decreased energy reserves (Morita and 
Fukuwaka 2006). It has also been shown that a reduction in chum salmon growth rates can be attributed 
as an adaptive phenotypic response, which helps to explain changes in chum salmon age-at-maturity, 
independent of changes in the genetic heritability (Morita et al. 2005). Based on our analyses of scale 
growth, we then expect that increased production of hatchery chum salmon should result in delayed 
maturation of western Alaskan chum salmon. Unfortunately, we were unable to directly test the 
hypothesis. 
 
Chinook salmon.-- We had age composition reconstructions for the Andreafsky and Kogrukluk 
populations of Chinook salmon (methods detailed in Siegel 2017). Therefore, we investigated potential 
effects of pink and chum salmon on maturation of Chinook salmon, hypothesizing that direct competitive 
effects should manifest as delayed maturation (older cohorts). We focused this analysis on the Kogrukluk 
population, because we had more years of data (brood years 1977-2006, versus 1990 - 2005 for 
Andreafsky), and on effects that would occur during Chinook salmon’s second year at sea, because that is 
the growth increment best correlated with age at maturity in this population (McPhee et al. 2016, Siegel et 
al. 2017).  
 
After accounting for summer SST during the second year of marine growth (Siegel et al. 2017), we found 
no significant differences in age composition between even and odd brood years, for both sexes and for 
males and females examined separately. Residual mean recruit age (after accounting for SST) tended to 
decline with increasing pink salmon abundance during the second year of growth (Fig. 7), which is the 

1 http://www.adfg.alaska.gov/CommFishR3/Website/AYKDBMSWebsite/DataSelection.aspx 
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opposite of what would be expected if pink salmon abundance was limiting growth of Chinook salmon in 
the Bering Sea and North Pacific. The relationship was stronger for males (and a model containing log 
pink abundance was preferred over the SST-only model only for males based on AIC), but the fit was 
poor for both sexes. No models containing chum salmon abundance (release size from Japanese 
hatcheries, lagged to age-0.1 or age-0.2 interactions with Chinook during their second year of growth) 
were preferred over the model including only summer SST.  
 

 
Figure 7. Relationship between average age of recruits (escapement + harvest) from a given brood year of 
Kogrukluk River Chinook salmon and the abundance of maturing Asian pink salmon during the second 
year of Chinook salmon marine growth, after accounting for summer SST. a) average age of males; b) 
average age of females. Only in males was the model including pink salmon abundance preferred over the 
simpler SST model. 
 
 
Objective 2 – test the hypothesis that decreased production of hatchery chum salmon in 2011 resulted in 
enhanced growth of western Alaska Chinook and chum salmon 
 
In 2011, the Tōhoku earthquake occurred 80 miles east off the Pacific side of Honshu, Japan, triggering a 
large tsunami that stuck the Iwate and Miyagi Prefectures (NPAFC 2012).  As a result, 26 salmon 
hatcheries were destroyed and fry reared at these facilities were considered a total loss (NPAFC 2012; 
NPAFC 2015). This led to a 37% decrease in Japanese hatchery chum salmon releases in 2011, 
representing the lowest year of hatchery chum salmon production since 1978 (NPAFC, 
http://www.npafc.org/new/science_statistics.html). Although many of the hatcheries were rebuilt by the 
following year, this decrease in hatchery chum salmon production provided a means to test for 
density-dependent effects between western Alaska chum salmon and Japanese hatchery chum salmon in 
the Bering Sea. Western Alaska chum salmon from brood years that would have interacted with the 2011 
release year of Japanese hatchery chum salmon during their second, third, and/or fourth ocean year may 
have experienced increased growth due to decreased intraspecific competition for resources. Western 
Alaska chum salmon that would have interacted with the Japanese chum salmon from the 2011 releases 
includes salmon that were in the ocean during 2012 – 2014. 
 
To test for changes in chum salmon growth during 2012 – 2014, we used a linear mixed effects model to 
examine growth during the second, third and fourth ocean year for chum salmon that were collected in the 
Bering Sea via the BSAI pollock fishery. Japanese hatchery chum salmon releases, chum salmon sex and 
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age-at-capture, as well as Bering Sea sea-surface temperatures (SST) were included in the model to 
account for changes in chum salmon growth. For our analysis, we focused on chum salmon that were 
captured from 2001 – 2016. The model (eqn 2) was as follows: 
 
(eqn 2)        gi,y,s = 𝛿EQy + Sexs + β1OceanAge + β2SpringSSTy + β3SummerSSTy + αy + 𝜀i,y,s 
 
where where gi,y,s was the anomaly in growth at growth zone i for sex s during calendar year y, EQ was a 
dummy variable (0,1) for years affected by decreased hatchery chum salmon releases, and the remaining 
covariates, random effects, and error structure were as described for eqn 1.  
 
Results of the model are summarized in Table 2. We found that decreased hatchery releases from Japan in 
2011 were not associated with increased growth of Bering Sea chum salmon at any of the growth zones 
examined (Fig. 8), and the model fit without the earthquake covariate had a lower AIC value (ΔAIC = 2) 
than did the full model, further suggesting that decreased Japanese hatchery chum salmon outputs had no 
measurable effect on the growth of chum salmon in the Bering Sea.  
 
 
Table 2. Coefficients of linear mixed-effects regression of Bering Sea chum salmon growth zone width 
(g) against standardized model covariates. Earthquake effect refers to years when the reduced Japanese 
hatchery release cohort (2011) would be interacting with other chum salmon in the Bering Sea.  
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Figure 8. Standardized growth zone width of Bering Sea chum salmon during years of normal 
(2001-2011, 2015) and low (2012-2014) Japanese hatchery chum salmon, by growth zone 2-4. 
 
Our finding of a negligible earthquake effect may be because decreases in Japanese hatchery chum 
salmon outputs may have been too small to detect a difference in growth over a short time period. It is 
also possible that chum salmon growth is not limited by the abundance of conspecifics in the Bering Sea. 
However, a caveat with this research regards the accuracy of hatchery chum salmon releases as reported 
by the NPAFC. Hatchery salmon release data is made available during July for the previous calendar 
year. While NPAFC data released from 2012 – 2016 reported that 1.2 billion chum salmon were released 
from Japan during 2011, the most recent data released in July 2017 changed the 2011 estimated hatchery 
releases from 1.2 billion to 1.8 billion (NAPFC). This 600 million fish discrepancy came from changes in 
the releases on the Pacific side of Honshu, the area that was most impacted by the 2011 tsunami. Personal 
communication with the NPAFC secretariat and personnel familiar with the data indicated that there was 
there is high uncertainty regarding the Honshu output estimates for 2011. It is possible that some chum 
salmon fry had been released prior to the March 11th earthquake, while others had already been 
transferred fry to salt-water net pens and were considered as “released” in the data (V. Radchenko, 
NPAFC, personal communication). Therefore, it is possible that no changes in growth were observed 
because decreases in Japanese hatchery chum salmon abundance were not as drastic as previously 
reported. 
 
We also note a recent increase in the abundance of wild chum salmon, specifically from the Russian Far 
East (Irvine and Ruggerone 2018). It is therefore possible that increased competition with wild Russian 
chum salmon offset any diminished competition with Japanese hatchery salmon during those year 
affected by the earthquake. 
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