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We examined spatial patterns in diet, trophic niche width and niche overlap for chum, pink and sockeye salmon across the North Pacific during 1959–1969. This is a baseline period before major hatchery enhancement occurred coinciding with a negative phase of the Pacific Decadal Oscillation. Large-scale (between regions) and fine-scale (within regions) spatial and interspecies differences were apparent. In the Western Subarctic, all species tended to consume zooplankton. In the Bering Sea, chum consumed zooplankton, while sockeye and pink alternated between zooplankton and micronekton. In the Gulf of Alaska/Eastern Subarctic, chum and sockeye specialized on gelatinous zooplankton and cephalopod prey, respectively, while pink consumed a mixture of zooplankton and micronekton. The highest diet overlap across the North Pacific was between pink and sockeye (46.6%), followed by chum and pink (31.8%), and chum and sockeye (30.9%). Greater diet specialization was evident in the Gulf of Alaska/Eastern Subarctic compared to the Western Pacific. Generally, species had higher niche width and overlap in areas of high prey availability, and this was particularly evident for chum salmon. In addition to the large-scale trophic patterns, our data revealed novel fine-scale spatial patterns, including latitudinal, onshore-offshore, and cross-gyre gradients. Our results showed that pink tended to be more generalist consumers, and their diets may be a better reflection of overall prey presence and abundance in the environment. Conversely, chum and sockeye tended to be more specialist consumers, and their diets may provide a better reflection of interspecies dynamics or prey availability. This study provides a baseline for comparison with current and future changes in salmon marine ecology and North Pacific ecosystems. Finally, we identify two important data gaps that need addressing, that of improved taxonomic resolution diet data for Pacific salmon and focused research on sub-mesoscale oceanographic features that may play an important role in salmon health and productivity.
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INTRODUCTION

Pacific salmon spend at least 50% of their life cycle as post juveniles in the coastal or open ocean, yet this phase of their life cycle is the least understood (Groot and Margolis, 1991; Beamish, 2017). The marine phase is of increasing concern due to unanswered questions about the carrying capacity of the North Pacific, including how it may be impacted by climate change and long-term hatchery enhancement (Beamish and Mahnken, 2001; Ruggerone and Nielsen, 2004; Beamish, 2017; Schoen et al., 2017; Ruggerone and Irvine, 2018; Connors et al., 2020). Even though total numbers of Pacific salmon are increasing, many stocks are in decline, especially in more southern regions, and all salmon face an unpredictable future with climate change (Irvine et al., 2009; Abdul-Aziz et al., 2011; Healey, 2011; Irvine and Fukuwaka, 2011; Ruggerone and Irvine, 2018). Foraging conditions experienced by salmon during their marine phase are expected to be a key factor in their survival and productivity. Studying salmon foraging ecology can provide insight into salmon health, interspecies interactions, and the effect of changing ocean conditions on forage availability and composition, illuminating the challenges that salmon may face during the marine phase.

The abundance of the three most common salmon species in the North Pacific—pink (Oncorhynchus gorbuscha), chum (O. keta), and sockeye (O. nerka)—is estimated to have nearly tripled from less than 300 million adults during the 1960s to approximately 800 million adults in 2009 (Ruggerone and Irvine, 2018). These species all rear in off-shelf regions and their substantial increase has been partially attributed to hatchery enhancement, especially of chum salmon, initiated in the 1970s. This culminated in hatcheries contributing 60% of chum, 15% of pink, and 4% of sockeye produced in the North Pacific between 1990 and 2015 (Ruggerone and Irvine, 2018). Increases in salmon production have also been attributed to favorable ocean conditions in specific regions and during certain time periods. For example, multi-decadal climate shifts related to the Pacific Decadal Oscillation (PDO) have been discussed as important drivers of salmon productivity, producing distinct warm and cool conditions across the North Pacific (Mantua et al., 1997; Irvine et al., 2009; Kim et al., 2017). During a positive phase of the PDO, the eastern North Pacific and Bering Sea are warmer while the western North Pacific is cooler than average. In the eastern North Pacific, the 1977 regime shift from a negative to a positive PDO phase was associated with increased salmon production in more northern regions and decreased production in more southern regions (Mantua et al., 1997; Anderson and Piatt, 1999). In the western Pacific, Russian salmon productivity was negatively correlated with the PDO, while Japanese and Korean salmon productivity was positively correlated with the PDO (Kim et al., 2017). More broadly, North Pacific ecosystems have also been impacted by climate change through rising temperatures, increasing ocean acidification, growing oxygen minimum zones and changing circulation patterns, among other impacts (Ainsworth et al., 2011; Doney et al., 2012; Cheung et al., 2015). Changing ocean conditions can affect foraging conditions experienced by salmon due to shifts in the types, distributions and biomass of prey species (Welch et al., 1998; Healey, 2011; Atcheson et al., 2012). Analysis of historic salmon foraging ecology can improve understanding of intra- and inter-specific salmon responses to changing ocean conditions and increased hatchery production.

Salmon are size-selective consumers that have often been thought of as ecosystem samplers, consuming whatever prey is available in their environment (Brodeur, 1990; Karpenko et al., 2007). However, salmon are not completely indiscriminate consumers and different species have been found to have different dietary trophic niches. Chum have been shown to mostly consume zooplankton and are often considered to have a unique trophic niche due to their consumption of gelatinous zooplankton (Brodeur, 1990; Welch and Parsons, 1993; Myers and Aydin, 1996; Dulepova and Dulepov, 2003). Sockeye and pink salmon diets are comprised of largely crustacean zooplankton and micronekton, in varying proportions (Ito, 1964; Kaeriyama et al., 2004; Qin and Kaeriyama, 2016). It has been hypothesized that competitive interactions exist between salmon, especially in years where pink salmon are abundant (Tadokoro et al., 1996; Ruggerone et al., 2003; Ruggerone and Nielsen, 2004; Karpenko et al., 2007). Evidence for this competition is found in the form of reduced sockeye salmon growth, reduced abundances of large copepods, and chum salmon prey-switching to less nutritious prey when pink salmon are abundant (Andrievskaya, 1966; Tadokoro et al., 1996; Ruggerone et al., 2003, 2005; Batten et al., 2018). Improved understanding of the diets and trophic niche width and overlap of different salmon species can give insight into their degree of specialization, potential for competition, and vulnerability to changing conditions in the North Pacific. Furthermore, as ecosystem samplers, salmon diets provide insights into the effect of changing ocean conditions on zooplankton and micronekton composition and distribution, and the information gained in this way can be better qualified with a detailed knowledge of salmon trophic ecology.

The North Pacific Ocean is composed of a mosaic of dynamic ecosystems and regions, which includes the Gulf of Alaska, Bering Sea, Sea of Okhotsk, Sea of Japan and the Subarctic Pacific (Figure 1). Diverse geomorphology and oceanographic processes in these regions lead to different levels of productivity and communities of plankton and nekton (Table 1). Although the diets of Pacific salmon in the open ocean have been studied since the early 1900s, there are few quantitative studies comparing the diets of salmon species and their trophic niches across different regions of the North Pacific basin. However, salmon diets and trophic niche have been found to vary spatially across certain parts of the North Pacific. Research has revealed onshore to offshore changes in salmon diets (Carlson et al., 1996; Auburn and Ignell, 2000), intra-regional spatial differences (Fukataki, 1967; Kanno and Hamai, 1971; Starovoytov, 2007; Davis et al., 2009), as well as inter-regional differences (Takeuchi, 1972; Brodeur et al., 2007; Karpenko et al., 2007; Hertz et al., 2015; Qin and Kaeriyama, 2016). Comparisons between the eastern and western North Pacific, specifically for post-juvenile salmon in off-shelf areas, have been limited, with the exception of Qin and Kaeriyama (2016) who compared spatially patchy salmon diet data in the Gulf of Alaska, Bering Sea and Western Subarctic Gyre from an unspecified time period. They found evidence that pink and sockeye predominantly consumed squid in the Gulf of Alaska and zooplankton in other areas, while chum consumed different zooplankton species throughout these three regions. Qin and Kaeriyama (2016) also examined overall trophic niche overlap for the entire North Pacific basin and reported high overlap for chum, pink and sockeye. However, the question of how trophic niche varies spatially is still unresolved. Since the migratory pathways of salmon cross vast regions of the North Pacific, analysis of spatial diet data from across the basin can help further understanding of the complex marine phase of the salmon life cycle.
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FIGURE 1. A map of the regions in the North Pacific Ocean. In the Subarctic Pacific, the area east of 165°E is the Gulf of Alaska / Eastern Subarctic and the area west of 165°E is the Western Subarctic.



Table 1. Oceanographic and biological information for each region of the North Pacific Ocean.
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Here we use the North Pacific Marine Salmon Diet Database v1 (Graham et al., 2020a) to investigate spatial and interspecies differences in diet and trophic niche between the three most abundant salmon species (chum, pink, and sockeye) across the North Pacific Ocean during a baseline period. The spatial data used are from 1959 to 1969, during which time there was a lot of interest in studying salmon on the high seas and salmon diet data were collected with relatively good spatial coverage. The 1959–1969 time period was during a negative Pacific Decadal Oscillation phase, meaning cooler conditions than normal in the eastern Pacific and warmer conditions than normal in the central and western Pacific (Mantua and Hare, 2002), and preceded the major effects of hatchery enhancement (Ruggerone and Irvine, 2018). This study establishes a historic baseline from which researchers can compare cross-basin changes in diet and trophic niche for chum, pink and sockeye salmon that furthers understanding of salmon production and spatial differences in salmon marine ecology and North Pacific ecosystems.



METHODS


Data Extraction and Standardization

We extracted all pink, chum, and sockeye stomach content diet data between the years 1959 and 1969 from the North Pacific Marine Salmon Diet Database v1, as well as associated source, predator, and site information (Graham et al., 2020a). Detailed information about the systematic review and data compilation for v1 of the North Pacific Marine Salmon Diet Database can be found in Graham et al. (2020b). Diet data for other salmon species did not have good spatial coverage and were therefore not included. If data were collected over a range of years that fell at least partially outside of 1959–1969, then the data outside of this time period were excluded from the analysis. Weight and volume diet data were by far the most common diet metrics reported in the database and thus were the most comparable across the North Pacific. We eliminated the data that were not reported in this way. If data were reported as raw prey weight or volume, then they were converted to proportional data. Dietary proportions calculated from weight and volume data were merged for the analysis and duplicated data were removed.

Since salmon are size-selective feeders, to standardize the data we only used diet data for salmon that were ocean age 1 and above. If the source provided the maturity of the salmon then immature, maturing, and mature were all included. If the source provided lengths or weights for the salmon then we used diet data from fish greater than 30 cm (Beamish, 2018) or greater than 289 g, based on the length-weight relationship for the genus Oncorhynchus from FishBase (Binohian and Pauly, 2000). If the samples included a mixture of juveniles (< ocean age 1) and post-juveniles, then these samples were excluded. If the source did not provide any information about salmon life stage but the data were collected from an offshore environment, then the samples were assumed to consist of post-juvenile salmon and were included in the analysis.

Most data were reported as summary statistics of diet data from multiple salmon of the same species and life stage reported by the same source (i.e., article) from a certain time and spatial location with a certain gear type. However, where data were reported for individual fish, this information was averaged for each source, salmon species, salmon life stage, time, spatial location, and gear type. In order to compare diet data across multiple sources, we determined the prey taxonomic level of the analysis based on the level of detail reported in most cases for prey taxonomic groups. The majority of studies reported to higher taxonomic levels (e.g., order—Decapoda, Amphipoda; subclass—Copepoda), and we therefore used the following prey taxonomic categories in our analysis: amphipod, cephalopod, copepod, decapod, euphausiid, fish, and gastropod (comprising pteropod species). Prey taxa that did not fit into these categories were grouped into an “other” category. For this study, the “other” category included prey taxonomies such as cnidarians, ctenophores, chaetognaths, polychaetes, ostracods, and larvaceans. To avoid false zeros, sources were eliminated if we had reason to believe they did not examine or report all of the prey categories listed above, which applied to one source in this study.

In addition to the diet data, we extracted average 8-daily total chlorophyll concentration data across the North Pacific between 1997 and 2010 from the Giovanni online data system [SeaWiFS SeaWiFS_L3m_CHL_8d v2018] (Acker and Leptoukh, 2007; NASA, 2018). These data were used to assess spatial differences in productivity across the North Pacific. There is very limited chlorophyll data from the 1959 to 1969 time period, however, previous research supports the large-scale inter-regional trends in productivity reflected in the 1997–2010 data as long-term trends (Sugimoto and Tadokoro, 1997; Mackas and Tsuda, 1999; Saito et al., 2011). We also extracted sea surface temperature data from NOAA's Extended Reconstructed Sea Surface Temperature (ERSST) model (version 4) from 1950 to 2019 to compare long-term spatial differences in temperature across the North Pacific (Huang et al., 2015).



Data Analysis

We examined diet and trophic niche differences among different regions of the North Pacific: the Bering Sea, Sea of Okhotsk, Sea of Japan, Gulf of Alaska/Eastern Subarctic Pacific and the Western Subarctic Pacific (Figure 1). The Bering Sea was defined as the region north of the Aleutian Islands and Alaska Peninsula, south of the Bering Strait, west of Alaska, and east of Russia. The Sea of Okhotsk was defined as the region east of Sakhalin, north of the Kuril Islands and Hokkaido, and west of the Kamchatka Peninsula. The Sea of Japan was defined as the region between the Japanese archipelago, Sakhalin, Korea and the Russian mainland. The Gulf of Alaska/Eastern Subarctic was defined as the region south of the Bering Sea, east of −165°E and west of Southeast Alaska and British Columbia. The Western Subarctic was defined as the region south of the Bering Sea, west of −165°E and east of the Kamchatka Peninsula and Kuril Islands. If a sampling area overlapped with two regions, then the sampling area was assigned to the region where the majority of the sampling area lay.

To examine the differences between salmon species diets, we first performed an arcsine square root transformation, which is frequently used for proportional data and can handle many zero values that are common in diet data (Sokal and Rohlf, 1995). This transformation is used to spread out the distribution of values while reducing the influence of the most common and rarest taxonomic groups. We then performed two-dimensional non-metric multidimensional scaling (NMDS) based on a Bray-Curtis dissimilarity matrix of the arcsine square root transformed proportional diet data (Legendre and Legendre, 2012). The Bray-Curtis dissimilarity matrix is frequently used with community data that contain lots of zeros and this dissimilarity measure gives more weight to abundant species than rare species (Bray and Curtis, 1957; Legendre and Legendre, 2012). The NMDS ranked differences between samples based on the dissimilarity matrix and reproduced those differences in a reduced number of dimensions. The NMDS analysis produces a measure of stress that represents the differences in distance between samples in reduced dimensional space versus complete multidimensional space, and that stress value should not exceed 0.2 for community data (Clarke, 1993). When visualizing the results, samples that are plotted closer together are more similar. Prey taxonomic category vectors, calculated by performing a version of Clarke and Clarke and Ainsworth's (1993) BIOENV analysis, were projected onto the ordination plot to show how prey categories correlated with sample differences (Oksanen et al., 2016).

Pairwise analyses of similarity (ANOSIM) were performed to test for differences in diet between species pairs. The ANOSIM test produces an R value between 0 and 1, which indicates whether species diets are more similar (closer to 0) or different (closer to 1), based on a comparison of within-group and between-group Bray-Curtis dissimilarities. To further interrogate species differences we used a similarity percentages test (SIMPER) to determine the contribution of each prey taxonomic category to the average between-group Bray-Curtis dissimilarity (Clarke, 1993).

To assess spatial diet patterns across the North Pacific, we used Ward's clustering method to analyze a Bray-Curtis dissimilarity matrix of the arcsine square rooted transformed proportional diet data. Ward's method is an agglomerative hierarchical clustering method that merges objects by minimizing the within group sum-of-squares (Ward, 1963). Although the sum-of-squares calculation is technically based on a Euclidean model, this method still produces meaningful clusters for non-Euclidean data (Borcard et al., 2018).

We clustered data separately for each salmon species and determined an appropriate number of clusters by optimizing the silhouette coefficients and plots. Silhouette coefficients are a measure of a sample's similarity to its own cluster compared to other clusters and can range from −1 to 1, with a higher value signaling that the sample fits well within its own cluster (Rousseeuw, 1987). We examined average silhouette coefficients and silhouette plots for a range of cluster numbers from 2 to 9 for sockeye, pink, and chum. To further illuminate spatial diet patterns, we calculated Spearman's rank correlation coefficients to determine how well each prey taxonomic group correlated with latitude and longitude midpoints. Spearman rank correlation is a non-parametric method for assessing how well the relationship between two variables can be described with either a linear or non-linear function (Zar, 2005).

To understand how trophic niche overlap between salmon species changed spatially across the North Pacific based on their diets, we used Schoener's index, defined by:
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where Pab is the percentage overlap between species a and b, pia (and pib) are the percentage of all the prey taxonomic categories used by species a (or b) that is prey taxonomic category i, and n is the total number of prey taxonomic categories found in the diets. This is a common and simple index to examine percentage niche overlap with proportional data that is not sensitive to how prey items are grouped (Schoener, 1970; Krebs, 1999). Previous studies have considered niche overlap values of greater than 60% to be biologically significant (Zaret and Rand, 1971; Wallace, 1981). We also calculated average trophic niche overlap by species for the entire North Pacific and by region. Only samples where all three species were found at the same time and place were included in the trophic niche overlap calculations.

We examined how trophic niche width, based on their diets, changed spatially for each salmon species using Levin's measure, defined by:
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where p is the proportion of the diet consisting of prey taxonomic category i. We report the standardized index which is:
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where n represents the total number of prey taxonomic categories. Levin's measure gives relatively more weight to the abundant species as opposed to the rare species and it can be used with proportional data (Levins, 1968; Krebs, 1999). Novakowski et al. (2008) considered niche width values to be low if they were less than 0.4, moderate if they were between 0.4 and 0.6, and high if they were greater than 0.6. Additionally, we calculated average trophic niche width by species for the entire North Pacific during this time period and by region. Only samples where all three species were found at the same time and place were included in the trophic niche width calculations.

We compared trophic niche width with trophic niche overlap between salmon species by region using beta regression with a logit link function. Beta regression is used to model relationships between variables that have values between 0 and 1 (Ferrari and Cribari-Neto, 2004). Width and overlap data were transformed prior to regression using the following equation to remove values of exactly 0 or 1: (y · (n – 1) + 0.5)/n, where n is sample size (Smithson and Verkuilen, 2006). We also calculated a pseudo R2 value, which is the squared correlation of the linear predictor and link-transformed response.

All statistical analyses were conducted in R statistical software v3.6.1 (R Core Team, 2019) with multivariate analyses performed using the “vegan” package (Oksanen et al., 2016). The “cluster” package was used to calculate silhouette coefficients (Maechler et al., 2019), the “spaa” package was used to calculate niche width and niche overlap indices (Zhang, 2016) and the “betareg” package was used to perform beta regression analyses (Cribari-Neto and Zeileis, 2010). Results were visualized using R statistical software v3.6.1 (R Core Team, 2019).




RESULTS

A total of nine sources were used in the final diet data spatial meta-analysis and these sources provided data from the Sea of Japan, Sea of Okhotsk, Subarctic Pacific, Bering Sea, and the Gulf of Alaska between the years 1959 and 1969 (Table 2). Most available data were collected from the Subarctic Pacific, Bering Sea, and the Gulf of Alaska, while minimal data were collected from the Sea of Japan and Sea of Okhotsk.


Table 2. The sources from the North Pacific Marine Salmon Diet Database included in the analysis.
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Species Differences in Diet Composition

Differences in diet were apparent between sockeye, chum and pink salmon with the most abundant prey items being “other” for chum; fish, euphausiids and amphipods for pink; and fish, euphausiids, cephalopods and amphipods for sockeye (Figure 2). Differences in diet among species were confirmed by the NMDS analysis (stress = 0.198; Figure 3). The greatest dietary overlap was seen between pink and sockeye. Prey category vectors overlaid on the NMDS ordination showed that “other” was an important driver of the differences between chum and other species, as was cephalopods for sockeye, while several different prey categories drove differences between pink and sockeye. The ANOSIM tests showed significant differences between all pairwise comparisons of species—chum and sockeye (R = 0.185, p < 0.001), chum and pink (R = 0.161, p < 0.001), as well as sockeye and pink (R = 0.037, p < 0.001). The SIMPER analysis revealed that the prey categories contributing most to dissimilarity between pink and sockeye salmon were fish (14.6%), cephalopods (13.9%), amphipods (13.2%) and euphausiids (12.2%; Table 3). Fish made up 22.8% of prey in both pink and sockeye diets, while cephalopods made up 11.0% of pink and 26.6% of sockeye diets, amphipods made up 21.1% of pink and 18.0% of sockeye diets, and euphausiids made up 17.6% of pink and 17.9% of sockeye diets (Figure 2). The category of “other” contributed the most to dissimilarity between chum and other species (18.8% for pink, 19.1% for sockeye), while other prey taxonomic categories did not come close to “other” in percent contribution. The category of “other” made up 41.6% of prey in chum diets, 6.2% of prey in pink diets and 5.3% of prey in sockeye diets (Figure 2).


[image: Figure 2]
FIGURE 2. Average proportional diet composition by species across the North Pacific. Known sample sizes (total number of salmon) are displayed above each bar. These numbers are an underestimate of the actual sample size since it was not always reported in the source.



[image: Figure 3]
FIGURE 3. Non-metric multidimensional scaling ordination of Bray-Curtis dissimilarities between arcsine square root transformed proportional weight/volume data for prey taxonomic classifications of chum, pink, and sockeye stomach content data. Prey taxonomic classification vectors are overlaid on the ordination to show how prey taxonomic groups relate to species differences in diet composition. Ellipses represent standard deviation.



Table 3. The percent contribution of prey taxonomic categories to the average Bray-Curtis dissimilarity between sockeye, pink, and chum salmon in the North Pacific Ocean, as determined by SIMPER analysis.
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Spatial Differences in Diet Composition

Cluster analyses produced six clusters for chum (silhouette coefficient = 0.49), six for pink (silhouette coefficient = 0.35), and four for sockeye (silhouette coefficient = 0.41). Based on the clusters, spatial patterns for chum, pink and sockeye, were apparent to varying degrees (Figure 4). Spatial differences in diet were also supported by Spearman rank correlations between latitude, longitude and the different prey taxonomic categories (Table 4).


[image: Figure 4]
FIGURE 4. Spatial representation of a cluster analysis performed on Bray-Curtis dissimilarities between arcsine square root transformed proportional weight/volume diet data of (A) chum, (B) sockeye and (C) pink salmon. The boxes on the maps in (A–C) represent one data point reported for an entire area, as opposed to data points with precise spatial coordinates. Ward's clustering method was performed separately for each salmon species. Silhouette coefficients and plots were used to determine the number of clusters. The proportional cluster composition for each species and spatial area (BS, Bering Sea; GoA/ES, Gulf of Alaska/Eastern Subarctic; SoJ, Sea of Japan; SoO, Sea of Okhotsk; WS, Western Subarctic) is displayed (D) with known samples sizes (total number of salmon) above each bar. The average proportional diet composition of each cluster and species is displayed (E) with known sample sizes above each bar. The sample sizes displayed are an underestimate of the actual sample sizes since these values were not always reported in the source.



Table 4. Spearman rank correlations between latitude, longitude and prey taxonomic categories for chum, pink, and sockeye.
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The cluster analysis revealed a distinct feeding behavior for chum in the Gulf of Alaska/Eastern Subarctic, where they consumed a high proportion of prey items classified into the “other” taxonomic category (Cluster 2). While this dietary pattern was also present to some extent in the Western Subarctic, it was minimal in the Bering Sea. Spearman rank correlations revealed a significant positive correlation between longitude and “other” (ρ = 0.445, p < 0.001) while there was a weak negative, non-significant correlation between latitude and “other” (ρ = −0.039, p = 0.418). From the cluster analysis, chum appeared to consume more amphipods and copepods in the Bering Sea and the northern Gulf of Alaska/Eastern Subarctic compared to other areas (Cluster 3). Amphipods showed a significant negative correlation with longitude (ρ = −0.255, p < 0.001), while copepods showed a weak, non-significant negative correlation (ρ = −0.086, p = 0.078). In the Western Subarctic, chum seemed to consume a mixture of mainly euphausiids, gastropods and “other” (Clusters 1, 2, and 4). Euphausiids (ρ = −0.308, p < 0.001) and gastropods (ρ = −0.515, p < 0.001) had significant negative correlations with longitude, while “other” (ρ = 0.445, p < 0.001) had a significant positive correlation with longitude. In the Sea of Okhotsk, chum consumed mostly cephalopods (Cluster 5), but the sample size was limited and confined to a relatively small spatial area. Cephalopods did show a significant negative correlation with longitude (ρ = −0.365, p < 0.001) and a weaker, but still significant, negative correlation with latitude (ρ = −0.141, p = 0.004).

For pink salmon diets, the cluster analysis revealed evidence of an onshore to offshore gradient in the Gulf of Alaska/Eastern Subarctic where they consumed more gastropods closer to the coast, specifically off the coast of Southeast Alaska and Canada (Cluster 5; Figure 4). This trend was not apparent in the Spearman rank correlations, likely because this spatial pattern only occurred in a small area of the North Pacific. From the cluster analysis, pink salmon also appeared to consume more euphausiids, copepods and “other” in the Subarctic Pacific (Clusters 3 and 6), compared to the Bering Sea. However, only copepods showed a significant negative correlation with latitude (ρ = −0.285, p < 0.001) while euphausiids and “other” showed weak, non-significant negative correlations (ρ = −0.010, p = −0.844; ρ = −0.052, p = 0.279). Euphausiids did show a negative correlation with longitude (ρ = −0.198, p < 0.001) and were more common prey in the western North Pacific (Cluster 3). Amphipods (Cluster 1) and fish (Cluster 4) were common in pink diets across the North Pacific, but amphipods were more common in the western North Pacific (ρ = −0.271, p < 0.001) and fish were more common in the northern North Pacific (ρ = 0.208, p < 0.001). In the Sea of Okhotsk and Sea of Japan there were few samples but amphipods dominated these samples (Cluster 1).

Based on the cluster analysis, sockeye diets showed some evidence of a latitudinal gradient in the Gulf of Alaska/Eastern Subarctic where they appeared to consume more fish in the north and more cephalopods in the south (Figure 4). Spearman rank correlations supported this pattern, with fish having a strong positive correlation with latitude (ρ = 0.184, p < 0.001) and cephalopods having a strong negative correlation with latitude (ρ = −0.2, p < 0.001). In the Bering Sea, the cluster analysis revealed potential longitudinal patterns which included sockeye consuming more fish in the eastern Bering Sea (Cluster 4), more cephalopods in the central Bering Sea (Cluster 2) and a variety of mainly zooplankton in the western Bering Sea (Cluster 1). When looking across the entire North Pacific, the cluster analysis showed that sockeye consumed more zooplankton in the Western Subarctic (Clusters 1 and 3) and more micronekton in the Bering Sea and Gulf of Alaska/Eastern Subarctic (Clusters 2 and 4). These patterns were not always apparent in the Spearman rank correlations, likely because they were not strictly latitudinal or longitudinal gradients. The Spearman rank correlations showed significantly lower consumption of cephalopods in the north (ρ = −0.2, p < 0.001) and a higher consumption of fish in the north and west (ρ = 0.184, p < 0.001). Additionally, Spearman rank correlations showed higher consumption of euphausiids and amphipods in the west (ρ = −0.117, p < 0.008; ρ = −0.258, p < 0.001). Prey taxonomic categories such as decapod, copepod, gastropod and “other” did show significant correlations with latitude or longitude but made up a relatively small percent of sockeye diets (Table 4).



Species and Spatial Differences in Trophic Niche Overlap and Trophic Niche Width

Schoener's index of niche overlap revealed spatial patterns in trophic niche overlap for all three species interactions (chum/pink, chum/sockeye, and pink/sockeye) (Figure 5). Overall, trophic niche overlap did not exceed the 60% threshold for biological significance for any of the species pairs. The highest trophic niche overlap across the North Pacific was between pink and sockeye (46.6%), followed by chum and pink (31.8%), and lastly by chum and sockeye (30.9%). This pattern was consistent for the Gulf of Alaska/Eastern Subarctic and for the Western Subarctic, but in the Bering Sea, overlap between chum and sockeye was higher than overlap between chum and pink. In general, trophic niche overlap was higher in the Western Subarctic for all species pairs, followed by the Bering Sea and then the Gulf of Alaska/Eastern Subarctic. Chum and pink overlap as well as chum and sockeye overlap appeared to follow similar spatial patterns with patches of high trophic niche overlap in the western portion of the Eastern Subarctic and in the Western Subarctic near the Aleutian Islands. Pink and sockeye overlap was more spatially homogenous.
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FIGURE 5. A spatial map of trophic niche overlap, measured using Schoener's index of niche overlap, for (A) chum/pink, (B) chum/sockeye and (C) pink/sockeye calculated for each site where chum, sockeye and pink were collected together at the same time. Additionally, the average spatial niche overlap for the entire North Pacific (All) and broken down by three regions (BS, Bering Sea; GoA/ES, Gulf of Alaska/Eastern Subarctic; WS, Western Subarctic) are displayed with standard error bars (D). The boxes on the maps in (A–C) represent data reported for an area, as opposed to precise spatial coordinates.


Levin's standardized measure of trophic niche width revealed spatial patterns in niche width for chum, pink and sockeye (Figure 6). Overall, niche width was low for all species. Chum had the narrowest niche width (0.108), followed by sockeye (0.129) and then pink (0.138). However, this pattern was not consistent across the spatial regions. Trophic niche width was highest in the Western Subarctic for all species, compared to other regions. Pink and sockeye had similar spatial patterns in trophic niche width, while chum appeared to have a lower niche width in the central portion of the Gulf of Alaska/Eastern Subarctic compared to other areas. Beta regression of trophic niche width and trophic niche overlap by species and region showed different relationships based on species and regions (Figure 7). In the Western Subarctic, there were relatively weak, negative correlations between width and overlap. In the Bering Sea, there were mostly positive correlations between width and overlap, except for strong negative correlations between pink width and pink/sockeye overlap (R2 = 0.216) as well as sockeye width and pink/sockeye overlap (R2 = 0.258). In the Eastern Subarctic/Gulf of Alaska, all correlations were positive with the strongest correlation between chum width and chum/pink overlap (R2= 0.230) as well as chum width and chum/sockeye overlap (R2 = 0.151).
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FIGURE 6. A spatial map of trophic niche width, reported using Levin's standardized measure, for (A) chum, (B) sockeye, and (C) pink calculated for each site where chum, sockeye, and pink were collected together at the same time. Additionally, the average spatial niche overlap for the entire North Pacific (All) and broken down by three regions (BS, Bering Sea; GoA/ES, Gulf of Alaska/Eastern Subarctic; WS, Western Subarctic) are displayed with standard error bars (D). The boxes on the maps in (A–C) represent data reported for an area, as opposed to precise spatial coordinates.
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FIGURE 7. The relationships between trophic niche width for salmon species and trophic niche overlap between species pairs fitted using beta regression with a logit link function. Results are displayed by region: (A) Western Subarctic, (B) Bering Sea, (C) Eastern Subarctic/Gulf of Alaska. Prior to regression, data were transformed using [y · (n – 1) + 0.5]/n, where n is sample size, to remove values of 0 and 1. The R2 value represents the pseudo-R2 value, which is calculated by squaring the correlation of the linear predictor and link-transformed response.





DISCUSSION

This study examined the trophic ecology of the three most abundant open ocean rearing North Pacific salmon species—sockeye, pink and chum—for the time period 1959–1969, a baseline period during a negative phase of the PDO and before the major increase in hatchery enhancement. We demonstrate inter-regional differences in trophic ecology across the more data rich North Pacific regions: the Gulf of Alaska/Eastern Subarctic, the Bering Sea and the Western Subarctic. Within regions, smaller-scale spatial trophic patterns were observed, including latitudinal, onshore-offshore, and cross-gyre gradients. These spatial patterns also differed by species. Overall, chum had the most distinct foraging ecology, with high consumption of “other”—which likely consisted of mainly gelatinous prey, such as cnidarians and ctenophores—and consistent consumption of zooplankton across the North Pacific. Sockeye and pink had high trophic niche overlap and consumed more varied diets containing both zooplankton and micronekton, depending on the region. Sockeye tended to eat more micronekton than pink, specifically cephalopods, while pink had more diverse diets in which they consumed a mixture of zooplankton and micronekton, giving them the largest trophic niche width among the three species. Below we discuss these finding in detail and their application in untangling the dynamic marine phase of the salmon life cycle.

Our findings on large-scale spatial patterns in interspecies diets and trophic niche largely agreed with previous findings for the North Pacific Ocean. In the Western Subarctic, chum, pink and sockeye diets were the most similar with all species consuming mainly zooplankton. This region had both the highest trophic niche overlap and niche width values. On the other side of the Pacific, in the Gulf of Alaska/Eastern Subarctic, interspecies diet differences were most apparent, with chum consuming mainly zooplankton while pink consumed a mixture of zooplankton and micronekton and sockeye consumed more micronekton, specifically cephalopods. Niche overlap and niche width were lower in the Gulf of Alaska/Eastern Subarctic compared to the Western Subarctic in all cases. Although environmental and biological data from 1959 to 1969 are limited, previous research has shown that the western part of the Subarctic Pacific has typically been more productive, in terms of primary productivity and zooplankton biomass, compared to the eastern part (Table 1). This could be attributed to a higher concentration of nutrients in the west than the east (Serno et al., 2014; Nishioka et al., 2020). Diet specialization in the Gulf of Alaska/Eastern Subarctic may therefore be due to more limited prey in this region. In the Bering Sea, chum mostly consumed zooplankton while pink and sockeye consumed largely micronekton. Trophic niche overlap values were in the range of values calculated for the Gulf of Alaska/Eastern Subarctic and Western Subarctic and niche width was low for all species in this region. Qin and Kaeriyama (2016) found similar large-scale spatial patterns among these regions with slight differences. They found chum, pink and sockeye salmon consumed mostly zooplankton in the Western Subarctic and Bering Sea, while they mainly consumed micronekton, specifically squid, in the Gulf of Alaska, except for chum which consumed largely zooplankton in all regions. These differences could be due to the time period in which they collected their samples, however, the sampling dates in their study were not noted which makes comparisons difficult. Our results also included some data from other regions, such as the Sea of Okhotsk and Sea of Japan, however, data from these regions were limited, making it difficult to draw any conclusions about the trophic ecology of salmon in these regions.

In addition to large-scale trophic patterns, our data revealed some fine-scale spatial diet patterns by species. One of these fine-scale patterns was the consumption of pteropods by pink salmon in the eastern Gulf of Alaska. Other studies have shown gastropods to be important prey for juvenile and adult pink salmon near southeast Alaska (Orsi et al., 1997; Sturdevant and Ignell, 1997; Sturdevant et al., 2012), suggesting that this is a consistent feature of the region. In the Gulf of Alaska/Eastern Subarctic, sockeye salmon showed latitudinal differences in diet, consuming more fish in the north and more cephalopods in the south. Cephalopods have previously been shown to make up a large component of salmon diets in the Gulf of Alaska / Eastern Subarctic (Kaeriyama et al., 2004; Qin and Kaeriyama, 2016). The prevalence of cephalopods in the diets of sockeye in the south likely reflects their temperature-dependent growth and distributions, with greater abundance in the warmer southern water compared to the cooler northern waters (Fiscus and Mercer, 1982; Forsythe, 2004). These findings highlight the potential importance of fine-scale ocean conditions in determining salmon diet, and the need for a better understanding of how factors such as temperature, salinity, stratification and circulation impact North Pacific ecosystems and foraging conditions for salmon.

In addition to the fine-scale diet patterns, our data pointed to some novel, fine-scale trophic niche patterns, a metric that is normally reported for salmon only at coarse spatial scales. With regards to trophic niche overlap, while pink and sockeye showed fairly consistent spatial overlap across the North Pacific, chum revealed certain hotspots of niche overlap with both pink and sockeye. These areas included the perimeter of the Alaskan Gyre, in addition to the area directly south of the Aleutian Islands. We expect prey to be more abundant in these areas because of prey accumulation at the edges of the Alaskan Gyre and the Western Subarctic Gyre (Mackas and Tsuda, 1999). We found a positive relationship between niche overlap values and niche width values in the Gulf of Alaska/Eastern Subarctic, and this relationship was strongest for chum niche width and chum niche overlap with sockeye and pink salmon. In the Western Subarctic, there were very weak negative correlations between width and overlap, but there were also less data available for this region. These fine-scale pattern in trophic niche may be attributed to all salmon species feeding on abundant and diverse prey that accumulate at the edges of the Alaskan Gyre and the Western Subarctic Gyre compared to lower prey biomass in the middle of these gyres which may cause specialization (Mackas and Tsuda, 1999). This supports the idea that in areas where prey are abundant, chum may find refuge from competition and consume the same prey as other species. However, when chum migrate to lower productivity areas, competition increases and chum begin to specialize, resulting in lower niche overlap and width values.

Our findings support previous research showing that chum salmon have a distinct foraging ecology compared to other species of salmon and we provide new evidence in support of chum specializing due to competition with other salmon species. Chum have been found to specialize on zooplankton and types of prey not usually consumed by other species, specifically gelatinous prey, such as cnidarians and ctenophores (Brodeur, 1990; Welch and Parsons, 1993; Myers and Aydin, 1996; Dulepova and Dulepov, 2003). Chum have been shown to have anatomical differences compared to pink and sockeye, which may be related to their specialization on gelatinous prey that is generally considered lower quality compared to other zooplankton and micronekton prey (Davis et al., 1998). For example, chum salmon have large and highly acidic stomachs, which allow for rapid digestion of large prey items, and a small spleen, which may require less active feeding strategies (Azuma, 1995; Welch, 1997). In our analysis, we examined historic diet data that were coarse in taxonomic resolution, however, the “other” category that was often consumed by chum and rarely by other species has been identified by previous studies as likely comprising mainly gelatinous prey that is quickly digested and difficult to identify during stomach content analyses (Brodeur, 1990; Davis, 2003). Our research found that chum disproportionately consumed large amounts of “other” in the Gulf of Alaska/Eastern Subarctic, an area with relatively low productivity (Table 1). Our trophic niche spatial comparison revealed that in areas where chum salmon were consuming large amounts of “other” they had low niche overlap with pink and sockeye and also low niche width. This suggests that chum specialization on gelatinous zooplankton may be a way of avoiding competition in areas of lower productivity. Limited previous research supports the idea that chum salmon may change their diets in response to increases in the abundance of other salmon species which can cause competition (Andrievskaya, 1966; Tadokoro et al., 1996; Kaga et al., 2013).

Our findings support previous research showing that pink and sockeye salmon have similar diets and trophic niche, however, our results suggest that there are important interspecies spatial differences to consider. Pink and sockeye diets were the most similar and had the highest trophic niche overlap, both alternating between zooplankton and micronekton prey. However, these species showed spatial differences in diets reflected in variable consumption of micronekton, specifically cephalopods. Sockeye had a tendency to consume more cephalopods compared to pink, especially in the Gulf of Alaska/Eastern Subarctic. This tendency of sockeye to consume at a slightly higher trophic level compared to pink is supported by stable isotope analyses, even though their diets are usually considered to be very similar (Welch and Parsons, 1993; Kaeriyama et al., 2000; Johnson and Schindler, 2009; Qin and Kaeriyama, 2016). Sockeye also had less diverse diets than pink and chum, with the fewest number of clusters and the lowest niche width among species, indicating that they may specialize on cephalopods (squid), when they are available. Qin and Kaeriyama (2016) also hypothesized that sockeye selectively feed on squids when they are available. Pink salmon showed the greatest niche width among species, which is in contrast to the results of Qin and Kaeriyama (2016) who found chum to have the highest trophic niche width. However, our results do show similar niche width for pink, chum and sockeye when averaged across all spatial areas. It is possible that this similarity in trophic niche was due to the coarse taxonomic resolution of the diet data available and future research should aim to conduct analyses to a higher taxonomic resolution.

When comparing sockeye, pink and chum diets, we found that they fell into a gradient of specialist to generalist consumers, and that this gradient had a spatial component. Chum salmon were found to be the most specialized consumers due to their high consumption of zooplankton and particularly high consumption of “other,” likely gelatinous prey. This may be to avoid competition with other salmon species. Sockeye salmon were also found to be more specialist consumers, specializing on micronekton, more specifically cephalopods, compared to other species. Pink salmon, in contrast, were more generalist consumers, alternating between a diverse array of zooplankton and micronekton. The different species may therefore be able to provide different information about the dynamic marine phase of the salmon life cycle. Generalists, like pink salmon, may better reflect overall prey presence and abundance in the environment, while specialists like chum and sockeye may better reflect interspecies dynamics (competition) and/or specific prey presence and abundance.

The information gained from the diets of each salmon species can provide important insights into salmon production and North Pacific ecosystems. We emphasize the importance of understanding salmon marine ecology at a basin-wide scale, since salmon migrate across regional boundaries and a recent study by Connors et al. (2020) found important large-scale spatial differences when trying to understand the combined effects of hatchery enhancement and climate change on salmon production. A robust spatial comparison with more recent data on salmon diets may help in understanding the carrying capacity of the North Pacific by revealing whether competition has increased with increased salmon production over the past half-century. If this is true, we might expect chum salmon to consume more gelatinous prey. Since the data used in this study were collected during a negative phase of the PDO, a comparison with a positive phase of the PDO could yield valuable insights into the effects of a shift in ocean conditions on salmon prey fields, competition and production. For example, we would expect climate driven ocean warming to cause changing prey distributions and abundance, potentially leading to increased abundance of prey that prefer warmer waters, such as squid, and decreased abundance of prey that prefer cooler waters, such as certain fish and copepods (Peterson and Schwing, 2003; Batten and Welch, 2004). It should be emphasized that improved taxonomic data in diet studies could make an important contribution to enhanced understanding of climate change impacts on salmon trophic ecology. Such data can be used to estimate the nutritional quality of prey, an important aspect for salmon production that can only be coarsely examined with low taxonomic resolution data.

In conclusion, this study provides a novel and robust cross-basin comparison of salmon diet and trophic niche during a negative PDO phase in the North Pacific Ocean. While supporting limited previous research on large-scale spatial and interspecies salmon diet differences, this study also revealed novel fine-scale patterns that point to the importance of sub-mesoscale oceanographic features in Pacific salmon foraging ecology. Our findings suggest that the spatial trophic ecology of chum, pink and sockeye salmon may provide unique insights into challenges salmon face from changing ocean conditions and interspecies interactions. Studying the diets of more specialist consumers, like chum and sockeye salmon, may further understanding of competition, productivity, and ocean conditions relevant to specific prey items, like gelatinous organisms in the case of chum and cephalopods in the case of sockeye. Studying the diets of pink salmon, which tend to be more generalist consumers, may further understanding of overall prey presence, abundance and diversity, which can help in understanding ecosystem responses to changing ocean conditions. In the future, salmon may face increased challenges from climate change and rising hatchery production and studying both the large-scale and fine-scale spatial trophic ecology of different salmon species can provide insight into these challenges. Future research should address how interspecies and spatial trophic dynamics have changed over time in order to inform questions related to salmon production in a rapidly changing world.
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