Barents Sea cod (Gadus morhua) diet composition: Long-term interannual, seasonal and ontogenetic patterns
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Abstract
Atlantic cod (Gadus morhua) is an ecologically and commercially important species in the North-Atlantic region. Cod is a top predator and information on its trophic ecology is integral for understanding predator-prey relationships and food-web dynamics. We present an analysis of the trophic patterns of Barents Sea cod using a unique 33-year time-series of stomach-content data from 1984-2016. We assessed patterns in diet (prey) composition across years, between seasons, as well as ontogenetic trends in diet, including predator-prey size relationships. Ontogenetic shifts in diet were observed, with fish becoming more important prey with increasing cod size. A very early onset of piscivory was found in <20cm cod.  Cannibalism was found in cod > 20 cm and increased with size. Juvenile cod exhibit a tendency toward consuming prey up to 33% of their body length, whereas larger cod feed on all prey sizes, resulting in asymmetric predator-prey size distributions. Diet varied significantly during 1984-2016, consistent with changes in both prey, cod abundance and distribution. Seasonal differences were observed; capelin dominated the winter diet, whereas cod, polar cod, and other fish species were prevalent in summer/autumn months. This work represents an important step towards understanding trophic linkages that determine Barents Sea ecosystem dynamics.
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Introduction
Trophic ecology is an integral component of food-web dynamics and ecosystem studies, providing a key framework for understanding how the biological components in an ecosystem are connected (Link, 2002). Detailed information on the predation dynamics of ecologically important species, based upon the analysis of individual stomach-contents, is vital for such an understanding (Hyslop, 1980). Stomach-content data can provide detailed information on the diet of a species at a particular point in time and space. When conducted over long temporal scales and across size classes, high-resolution stomach-content data can provide information that is key to understanding trophic interactions in marine ecosystems. 
	Detailed diet data is important for understanding complex predation patterns, which can vary over time and space, both within and across years (Boyd, 1996), as well as with ontogeny. The body size of both predator and prey for example, are attributes that have been linked directly to the degree of foraging i.e. capture success, and thus predation dynamics (Brose, 2010; Blanchard, 2011). Furthermore, morphology and size both change with ontogeny; predators become more successful with size due to a variety of factors, including increased swimming ability, improved visual acuity and increased gape size (Scharf et al., 2000; Barnes et al., 2010). On the other hand, prey also benefit from increasing size, becoming better at escapement swimming behaviour, as reaction distances and swimming performance increase (Barnes et al., 2010).
	Long-term high-quality diet data with good spatio-temporal coverage for fish populations are rare, as the effort and resources required to collect and analyse stomach-contents at this scale is considerable. Fortunately, for Atlantic cod (Gadus morhua), considerable amounts of diet data exist for, e.g., the Baltic (Neuenfeldt and Beyer, 2006), on Georges Bank (Tsou and Collie 2001), the Gulf of Maine US (Willis et al., 2013), and Icelandic waters (Pálsson and Björnsson, 2011). Still, the most comprehensive cod diet data are for Barents Sea (BS) cod. These data are termed the joint Norwegian-Russian stomach database (Dolgov et al. 2011; described briefly in our Materials and Methods section) and a version prolonged and thoroughly quality controlled by us is the fundament for the present paper.
	Atlantic cod is a commercially and ecologically important generalist predator, present in most northern North Atlantic shelf ecosystems (Bogstad et al., 2000; Link et al., 2009; Pálsson and Björnsson, 2011). Cod are a central food-web component in several ecosystems (Link and Garrison, 2002; Yaragina et al., 2011) with the potential capacity to shape the prey community and ecosystem functioning through predation (e.g. Frank et al. 2005, van Leeuwen et al. 2008; Johannesen et al. 2012). Fishing pressure has been high for many cod stocks over a prolonged period. Consequently, many areas have shown pronounced declines in cod abundance and thus their ecological importance in recent decades (Dolgov, 2009; Link et al. 2009), particularly off the coast of eastern Canada (Myers et al. 1996).  However, the BS cod is thriving and has for some time been the largest stock of Atlantic cod (Johannesen et al. 2012; Kjesbu et al. 2014). 
	The dominance of cod in the demersal fish community, in terms of both numbers and biomass, is even more pronounced in the BS than most other North Atlantic shelf ecosystems. In the BS, adult cod make up more than half of the total biomass of demersal fish (Dolgov, 2009) and, in addition to minke whales and harp seals, they are the most important predators on fish (Bogstad et al., 2000, Dolgov et al. 2011; Bogstad et al. 2015). The species composition and abundance of cod prey varies over time in relation to environmental conditions and prey population dynamics (Durant et al., 2014). This prey variability can determine the calorific density of cod diet, influencing biological characteristics such as fish condition, growth and maturation and as such regulate stock productivity (Marshall et al., 2000). 
	The BS (also called Northeast Arctic) cod stock is data-rich and well-studied. The main features of BS cod diet have been described, e.g., Dolgov et al. (2011), and more specific studies have been made, e.g., on diet of cod juveniles (Dalpadado and Bogstad, 2004) or cannibalism (Bogstad et al., 1994; Yaragina et al., 2009). Still significant holes remain in our knowledge of BS cod prey consumption, relating to how the diet of cod varies interannually, seasonally and ontogenetically. Furthermore, the increase in abundance of large cod in recent years (Kjesbu et al. 2014) has increased the amount of stomach samples from large cod considerably, providing more information on the diet of those size groups. 
The objective of this study is to describe and evaluate patterns in BS cod diet, in particular long-term interannual trends, differences between seasons, cod-prey size relationships and ontogenetic shifts in cod diet composition. To do so we use an extended version of the Norwegian-Russian cod stomach time series, which spans from 1984-2016, 33 years. This unique time-series is the most comprehensive available cod diet available to date. The broad temporal extent, size class and seasonal resolution of the data set provide a comprehensive characterisation of cod predation dynamics over time; we thus consider the stomach content composition to be representative of BS cod diet. Extending the knowledge on BS cod predation patterns is important to resolve information on the trophic dynamics of cod within the BS ecosystem, further enhancing the foundation for sound management.

Materials and Methods
Stomach-content data 
 The joint Norwegian-Russian stomach-content database origins from a study on the diet and food consumption of BS fish, with cod as the main study species, initiated in the mid-1980s as a joint endeavour between IMR (Institute of Marine Research) and PINRO (Knipovich Polar Research Institute of Marine Fisheries and Oceanography) (Mehl 1986, Mehl and Yaragina, 1992, Dolgov et al. 2011). This encompassed methods for sampling, analysing stomach-contents, and the storing, processing and exchange of data (Mehl and Yaragina 1992).  An average of 8153 stomachs were analysed each year. For each individual sampled, the cod length (size range 5-160 cm; Table S3; sample size information) and weight, together with prey weight, species (identified to the lowest possible taxonomic level), and size composition were recorded. Data are available for nearly all months each year, however a large proportion of stomach samples are concentrated on 2 seasons; winter from the Norwegian demersal fish survey (January to March) and summer/autumn, from various Norwegian and joint Norwegian-Russian surveys from July to October (Table S2; sample size information). Data were sampled across the BS, predominantly from these scientific surveys, but including some additional data from commercial vessels (for a comprehensive description of methodology, please see Mehl and Yaragina, 1992).

Data delimitation and processing 
Cod stomachs sampled south of 70°N and west of 18°E (Lofoten and nearby areas), were excluded from our analyses, as spawning cod is mainly found in this coastal area (Michalsen et al., 2008). The data in the stomach database were thoroughly quality controlled and outliers with inconsistencies between cod size and prey weight/prey size removed (Table S1; sample size information).

Prey categories 
Due to the diversity of prey consumed, all identifiable prey were aggregated and categorised into 18 broader taxonomic groups for analysis. Prey categories constituted, 1: capelin (Mallotus villosus), 2: herring (Clupea harengus), 3: polar cod (Boreogadus saida), 4: blue whiting (Micromesistius poutassou), 5: cod (Gadus morhua), 6: haddock (Melanogrammus aeglefinus), 7: other gadoids,  (Eleginus nawaga, Gadiculus argenteus, Merlangius merlangus, Merlucciidae sp., Trisopterus sp.), 8: redfish (Sebastes sp.), 9: long rough dab (Hippoglossoides platessoides), 10: other flatfish, 11: arctic fishes, 12: other fishes (e.g. Agonidae sp. Ammodytes sp. Anarhichadidae sp.), 13: shrimp (Pandalus borealis), 14: euphausiids, 15: hyperiids, 16: snow crab (Chionoecetes opilio) 17: other food, (mainly contains invertebrates, crustaceans, Polychaeta and Cephalopoda), and 18: unidentified prey, which constitutes heavily digested prey that could not be identified to species. (Please see supplementary material Table S4 for full list of species for all prey categories). Data for each prey category were converted to relative values (percentage of diet by weight) for analysis. Prey weights for the main fish species (Prey categories: 1-6, 8 and 9) were converted to length values (Mehl and Yaragina, 1992). 

Data analysis

Least squares linear regression (OLS) was used to analyse the overall relationship between mean fish prey length and predator length,, where a is the intercept, b is the slope and x is fish prey length (cm). Quantile regression was then used to examine the upper and lower bounds of the distribution, (i.e. how minimum and maximum fish prey lengths scale with cod predator length), going beyond examination of the average of the Gaussian distribution. Lower and upper bounds were represented by 0.01 and 0.99 quantiles, appropriate for large sample sizes, n>1000 (Scharf et al., 1998; Juanes 2016). All analyses were conducted in R V3.3.3 (R Core Team 2017), using the ‘stats’, and ‘quantreg’ (Koenker, 2017) packages for OLS and quantile regression respectively. 




Percentage frequency of occurrence was calculated for each prey category across size classes and survey years, where  is the number of stomachs containing the prey category i and N is the number of stomachs in a given sample, i.e. size class or survey year (not including empty stomachs). Frequency of occurrence was further utilised to illustrate the frequency of occurrence of empty stomachs in a given sample i.e. size class or survey year. Shifts in cod diet composition with increasing size were further examined using the Shannon-Wiener Index (Shannon, 1948),, where  represents the prey category (weight, g) for each size class i of cod. A larger H’ value indicates more prey size groups contributing more equally to the diet; higher prey species diversity. All analyses were conducted in R V3.3.3 (R Core Team 2017), using the ‘plyr’ package (Hadley, 2011). 

Results
Shifts in cod diet composition with increasing size
Large changes in relative contributions of different prey items to the cod diet were observed across the range of cod length (5-160 cm). The diet of small cod (5-20 cm) consists mainly of euphausiids, as well as the ‘other fishes’ and ‘other food’ prey categories. The results indicate that euphausiids are important prey for cod up until a length of 30 cm, thereafter their percentage of the total prey weight decreases with increasing cod length. The importance of shrimp in the diet increases with cod length up to about 25 cm and then decreases. As cod length increases, their prey shifts away from invertebrates, first to small pelagic fish. Capelin constitutes a significant component of the cod’s diet over much of the predator’s length range, representing on average 33% of the total prey weight for cod from 20-90 cm (Fig. 1a). Capelin enter the diet when cod are approximately 10 cm (Fig. 1a). The percentage of capelin in the cod diet then increases up to nearly 40 % in the 40-50 cm cod group, gradually declining with further increasing cod size, and is not present in the diet of 140 cm cod and larger individuals (Fig. 1a).
	Large cod (> 100 cm) switch diet to a higher proportion of larger demersal fish species (Fig. 1a). Haddock alone represents 25% of the diet biomass of cod > 110 cm. While cannibalism is observed in cod as small as the 20-30 cm size class, the percentage increases with cod predator length. For the largest cod (140-160 cm) conspecifics constitute over 60% of the diet in biomass (Fig. 1a). The frequency of occurrence of empty stomachs declines with increasing size (Fig. 1b), with few if any empty stomachs found for large cod (>90cm) (Fig. 1b). For these very large cod, the results suggest that cod and haddock totally dominate the diet, accounting for nearly 90% of the total prey weight. However, it should be noted that the sample size for these very large individuals is comparatively limited (n=105; Fig. 1c; Table S3).
	Percentage frequency occurrence of prey (Fig. 2) further reveal shifts in diet composition, illustrating ontogenetic changes, from generalist to fish specialist predators with increasing cod length (Fig. 2). As cod length increases, results indicate a shift away from invertebrate prey via pelagic fish to a higher proportion of demersal fish species, such as cod, haddock, long rough dab, ‘other flatfish’ and ‘other fishes’ prey categories (Fig. 2). 
	The Shannon-Wiener diversity index initially increases with increasing size (up to 90cm), but declined with increasing size for large cod (>90cm); with larger size classes having lower species diversity present within their diet, further illustrating ontogenetic shifts in diet composition (Fig. 3). 

Predator-prey size relationship 
We demonstrate that cod prey on a wide range of fish prey sizes. As expected, a positive association between fish prey and predator length was found (Table 1). However, the relation was less pronounced for capelin and polar cod as these fish reach maximum sizes lower than that of the other fish prey (Capelin: 22 cm; Gjøsæter et al., 2011, Polar cod: 30 cm; Hop and Gjøsæter, 2013), as well as blue whiting and herring, which in the BS are rarely found above 30 cm and 25 cm, respectively, due to outward migration (Belikov et al., 2011; Krysov and Røttingen 2011) and cod consume all sizes of these species. Therefore, the prey size limit is not controlled by the cod’s lack of capacity for taking larger prey, but that there are no larger capelin/polar cod/blue whiting/herring available in the environment (Fig. 4).
A classic wedge shaped pattern was found across fish prey species with minimum prey sizes increasing slower than maximum prey sizes for all species except for capelin (Table 2; Fig. 4). Both lower and upper bound quantile slopes differed from the mean slopes (Table 2). Additionally, there was a continued inclusion of small prey in the diet of cod >30 cm, resulting in asymmetric predator-prey size distributions for all fish prey species (Fig. 4). Juvenile cod < 30 cm preyed upon fish species < 33 % of their own body length, apart from blue whiting, which juvenile cod did not consume (Fig. 4). Medium sized cod (30-60 cm) consumed fish species on average 30 % of their own body size (Fig. 4), whereas large cod (60-120 cm) consumed nearly all fish prey lengths (Fig. 4). Results suggest that very large cod, > 120 cm preyed upon both haddock and cod nearly 50 % of their body size (Fig. 4). Their prey size ranged from 6.6 to 44 % of their own body size, further demonstrating asymmetric predator-prey size distributions. The smallest potential fish prey (early juveniles to 0-group of various species) are not found in cod stomachs, which is as expected as their distribution does not overlap vertically with larger, predatory cod. The mean length of 0-group cod, haddock and herring in August-September is 7-8 cm (Ottersen and Loeng, 2000), and 0-group of other species is smaller.  Blue whiting do not enter the BS until late autumn in the first year of life when they are > 10 cm (Belikov et al. 2011, Mehl et al. 2018), which explains the  absence of small blue whiting in the cod diet. 

Long-term interannual variation in cod diet 
Average diet composition and frequency of occurrence of prey categories across all size-classes of cod varied from 1984 to 2016 (Fig. 5a, 6). The percentage of cod and capelin fluctuated, exhibiting a semi-cyclic pattern from 1984 to 2016. Cod diet data suggest that redfish was a prominent component of the diet from 1984-1989 (18.8 - 26.7%), beyond which redfish account only for <5% of the annual cod diet (Fig. 5a). Similarly the prey category ‘other fishes’ comprised a larger proportion of the diet from 1984-1991 compared with later years. It decreased somewhat in 1991-1993, but subsequently remained at a stable level. Haddock in particular became a more prominent component of the diet of cod from 2002 onwards (Fig. 5a). Snow crab (Chionoecetes opilio), a new species in the BS (Alvsvåg et al. 2009), was not present in the cod diet prior to 2003 but in recent years it has steadily increased from 0.03% in 2003 to 5.19% in 2016. The proportion of shrimp in the diet decreased from 26% in 1984 to 5% in 2016 averaged across all size classes. Cannibalism, i.e., cod consumed by cod, was at its highest level from 1995 to 1998 (Fig. 5a, 6). Whereas, the prey category ‘other food’ steadily increased from 1991; representing <1% of cod diet in 1991 to more than 20% from 2007 to 2016 (Fig. 5a). Ctenophora, within the ‘other food’ categories has steadily increased during this observation period (Eriksen et al. 2017b). The frequency of empty stomachs fluctuated through the time-series, but was particularly low from 1988-1991 (Fig. 5b). 

Long-term seasonal variation in cod diet 
Long-term seasonal differences were observed between winter and summer/autumn periods. Our data suggest that, on average, across all size-classes, capelin dominate the diet of cod in winter (Fig. 7). Although still present in the summer/autumn season, capelin was consumed proportionally to a lesser extent; whereas cod, polar cod, and other small fish species were more prevalent (Fig. 7). Furthermore, a higher percentage of hyperiids, shrimp and ‘other food’ were consumed in the summer/autumn period, compared with winter months (Fig. 7).

Discussion
Our results document that BS cod have a diverse diet, varying with ontogeny, season and between years. This supports and builds further upon the findings of previous work on this stock (Zatsepin and Petrova, 1939, Bogstad et al., 2000; Dalpadado and Bogstad, 2004; Yaragina et al., 2011; Durant et al., 2014; Bogstad et al., 2015). A varied diet has also been documented for other Atlantic cod stocks and populations (Link et al., 2009), including the Baltic (Neuenfeldt and Beyer, 2006), in Icelandic waters (Pálsson and Björnsson, 2011), and on the northeastern shelf of the US (Link and Garrison, 2002; Willis et al., 2013). Despite the diversity in prey items found in BS cod stomachs, we observed a clear preference for fish prey; consistent with cod being an active predator, preferring actively moving organisms (Yaragina et al., 2011). In this paper, we have identified ontogenetic shifts as well as patterns in prey-size selectivity and long-term annual and seasonal variability in BS cod diet. Note that to correctly represent the diet composition at the population level, stomach content data should be scaled by the abundance of BS cod for each length group. However, given the comprehensive and unique stomach content dataset used in this study, which encompasses over 269 000 stomachs, we provide invaluable long-term interannual, seasonal and ontogenetic information on BS cod diet, without the need for scaling. 
Shifts in cod diet composition with increasing size
BS cod exhibit clear shifts in diet with fish size. From juvenile to adult cod, the diet shifted from euphausiids, ‘other food’ and shrimp to a fish dominated diet (Fig. 1, 2, 3). This is consistent with other studies on BS demersal fish. For example, Dolgov (2009) states that considerable ontogenetic changes in diet composition are typical of many fish in the area, including cod and haddock as well as other abundant species. It was observed that as BS fish grow, there is both an increase in the size of consumed prey of the same species and a switch from smaller prey species to larger organisms (Dolgov, 2009). Furthermore, in predatory fish (cod (Gadus morhua), redfish, thorny skate (Amblyraja radiata), long rough dab (Hippoglossoides platessoides), young fish feed mainly on plankton while older fish prey mainly on larger decapods and smaller fish species (Dolgov 2009). It should also be noted that the diet of BS cod in the spawning areas, which is not included in our analysis, and mainly consists of herring and Norway pout (Trisopterus esmarkii) (Michalsen et al. 2008), reflecting the prey availability in those areas during the spawning period. 
	Our result of increasing piscivory with increasing cod size is consistent with other cod stocks (e.g. Icelandic; Pálsson and Björnsson, 2011); however, this ontogenetic shift appears to occur earlier, in smaller cod (20cm) within the BS. Fish, specifically capelin, encompass over 10% of the diet of this size class (>10-20cm), this early onset of piscivory for cod is unique to the BS system. We find that the diet of BS cod >20cm length is dominated by fish, which constitutes over 60% of the diet (Fig. 1). This differs somewhat from cod on the Flemish cap (Konstantinov et al., 1985; Casas and Paz, 1994) and continental shelf waters of northeast US more generally (Durbin et al., 1983; Bowman and Michaels, 1984; Link and Garrison, 2002), where the shift towards piscivory was found at a larger size (cod >50cm). Generally, the proportion of different fish species consumed changes in conjunction with fish size, which may reflect changes in prey abundance or spatial distribution, as cod are opportunistic feeders (Link and Garrison, 2002). 
	Cannibalism is found in cod as small as 20 cm in length in the BS, and for very large cod (140-160 cm) conspecifics comprise over 60% of the diet. This is counter to cod in US waters, where cannibalism is found, but only in larger individuals (>100 cm; Link and Garrison, 2002). Furthermore, the occurrence of cannibalism level is an order of magnitude higher in the BS than that reported for the Baltic Sea (Uzars and Plikshs, 2000) and Icelandic cod (Pálsson and Björnsson, 2011).
Predator-prey size relationships
Results show that juvenile cod (<30 cm) are more size-selective with regards to fish prey compared with their larger, older conspecifics. Cod >30 cm not only consume large prey sizes up to 50% of their body length but also all small prey size classes (Fig. 4), resulting in asymmetric predator-prey size distributions. Like other marine fish species, the size of prey consumed generally increases with predator size (Scharf et al., 2000) and cod possess size-based feeding strategies, where predator diets are concentrated within ranges of prey size (van Denderen and van Kooten, 2013; De Roos et al., 2008; Scharf et al., 2000). When individuals are small, feeding strategies are likely limited by gape size (Scharf et al., 2000). Results indicate that the maximum fish prey size is about 50% of cod length for cod of all sizes (Fig. 4). Furthermore, small juveniles are at a greater risk of cannibalism, eliciting foraging behaviour trade-offs with survival (McGurk, 1986; Gislason et al., 2010). The morphology of cod and their prey changes with ontogeny as predator gape size increases and prey become faster and more efficient escapists (Scharf et al., 2000). Large predators such as the big cod evaluated in this study may have an intra-specific competitive advantage by feeding on small prey sizes whilst also being able to feed on large prey that are unavailable to smaller conspecifics. There is a slight truncation of the smaller prey size for large cod suggesting a preference for bigger prey (Fig. 4). However, there is no increase in the prey concentration along the highest quantiles, suggesting that there is no preference of prey size besides the anatomical maximum size limit for large cod. Asymmetric patterns in the distribution of predator-prey size have previously been described in marine fish (Scharf et al., 2000), including Georges Bank cod (Tsou and Collie 2001), for which evidence of asymmetric relationships was observed. This is, however, the first study that explicitly shows evidence for asymmetric predator-prey size distributions in BS cod for all main fish prey species, and is important for understanding and quantifying interactions among species in this region.


Long-term interannual variation in cod diet 
Long-term dietary trends for BS cod have been identified (Fig. 5, 6). Average diet composition and frequency of occurrence of prey categories across all size-classes of cod varied from 1984 to 2016 (Fig. 5a, 6). Comparison of specific prey categories suggest that BS cod consume capelin in semi-cyclic patterns from 1984 to 2016 (Fig. 5), reflective of changes in capelin stock size (ICES, 2016; Durant et al. 2014; Eriksen et al., 2017a) and consistent with known capelin stock collapses (given a 1-2 year lag) (Capelin collapses: 1985-1989, 1993-1997, 2003-2006; Gjøsæter et al., 2009). There was an increase in the frequency of empty stomachs after 1990.. Additionally there was a small peak in cod cannibalism in 1996-1997, again consistent with the capelin collapse during this time. These results illustrate how cod diet data can be utilised to trace this particular capelin collapse. Redfish were a more prominent component of the BS cod diet from 1984-1989 (on average 10% of cod diet), beyond which redfish accounted for <5% of the annual diet (Fig. 5, 6). The decline in redfish abundance in cod diet from the early 1990s onwards is consistent with the decreased abundance of redfish in the BS in that period (ICES, 2016). However, the increased abundance of redfish from 2007 onwards was only to a small extent reflected in the BS cod diet. Haddock encompass a considerably larger proportion of the cod diet from 2002 onwards, which is consistent with an increase in stock size observed for this species over the same period (ICES, 2016). 
	Polar cod is present in the cod diet in most years studied (Fig. 6), although the fraction of the total prey consumed varies from year to year (Fig. 5). With the expansion of the cod feeding area towards the north and east in recent years (e.g., Fossheim et al., 2015), with increased overlap with the traditional polar cod habitat one would expect increased importance of polar cod in the cod diet. Our data does not support this. To the contrary, polar cod constitute a lower percentage of the consumed prey in 2011 onwards than in the preceding years (Fig. 5). However, the abundance of polar cod decreased considerably from 2010 to 2015, while a sharp increase was observed in 2016 (ICES 2017).
	On average the percentage of herring within the cod diet was low (<5% annual diet), and appears only partly reflective of temporal differences in stock biomass for this prey species in the BS (ICES, 2016). However, years with extremely few herring in cod stomachs also represented very low herring abundance years (ICES, 2016). This is in agreement with other studies where no effect of herring abundance was found on feeding success (Johannesen et al., 2012). It is suggested that despite spatial overlap, herring may be able to escape predation through local avoidance mechanisms, e.g., vertical separation (Orlova et al., 2005; Johannesen et al., 2012). Snow crab has increased in recent years within the cod diet (0.03 to 5.19% annual diet in 2003 and 2016 respectively), a direct consequence of the increased availability resulting from the westward expansion of this species, as well as the expansion of BS cod toward the southeast. It has been suggested that the snow crab is now adapted to the BS and that this now has become part of their permanent habitat (Alvsvåg et al. 2009).

Long-term seasonal variation in cod diet 
Long-term seasonal differences, from 1984-2016, in BS cod diet were found. A higher proportion of capelin was on average consumed in the winter season (January-March); this is consistent with capelin spawning migrations during this time to the Norwegian and Murman coasts (Ajiad et al., 1992; Gjøsæter et al., 2011). Data suggest that the diet of cod is more diverse in summer/autumn seasons compared with winter; polar cod, cod, haddock, herring and ‘other fishes’ prey categories were more readily consumed in the warmer months. Cod consumed a higher percentage of polar cod in the summer/autumn months, consistent with other literature (Yaragina et al., 2011). 

Conclusion
BS cod is considered the most important predator in the BS. The composition of the diet of this stock has varied considerably interannually from 1984-2016 as well as between seasons within the same year, confirming opportunistic behaviour. They are active predators, with a tendency towards piscivory established earlier in life than for comparable cod stocks and increasing further with age. We provide evidence for asymmetric predator-prey size distributions as well as ontogenetic shifts in diet composition. Cod abundance has increased in the BS, reaching unprecedentedly high levels in recent years. As such, the relationship between cod diet and the abundance of cod may have increased impact on important prey populations, particularly pelagic fish stocks that encompasses a high proportion of their diet. This will likely have consequences for the BS food-web structure and ecosystem function. This study represents a further step towards understanding the trophic ecology and predator-prey relationships that determine food-web and ecosystem dynamics within the BS.
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Table 1. Least squares regression (OLS) of prey length (cm) versus predator length (cm) for each fish prey, where a is intercept and b is the slope.
	Prey Species
	Intercept (±SE)
	Slope (±SE)
	Adj. r2
	P
	n

	Capelin
	12.244 (0.065)
	0.016 (0.001)
	0.010
	***
	68936

	Herring
	  7.870 (0.373)
	0.122 (0.005)
	0.220
	***
	3766

	Polar cod
	  8.886 (0.201)
	0.040 (0.003)
	0.033
	***
	12069

	Blue whiting
	14.572 (0.803)
	0.090 (0.011)
	0.061
	***
	2131

	Cod
	  2.109 (0.320)
	0.198 (0.004)
	0.215
	***
	13586

	Haddock
	  3.641 (0.465)
	0.201 (0.006)
	0.245
	***
	6750

	Redfish
	  0.495 (0.188)
	0.145 (0.003)
	0.252
	***
	8758

	Long rough dab
	 -2.807 (0.377)
	0.239 (0.005)
	0.435
	***
	4965


NS= Not significant, P>0.05. Significance level: P>0.05, *P<0.05, **<0.01, ***0.001.


Table 2. Quantile Regression of prey length (cm) versus predator length (cm) for each fish prey: lower (1%), and upper (99%) quantile slopes, intercepts (±SE), and sample sizes.
	
Prey Species
	Lower
	Upper
	

	
	Intercept (±SE)
	Slope (±SE)
	Intercept (±SE)
	Slope (±SE)
	n

	Capelin
	 4.600 (0.261)
	0.033 (0.004)
	18.500 (0.285)
	0.000 (0.003)
	68936

	Herring
	 6.375 (0.655)
	-0.007 (0.009)
	  7.777 (1.266)
	0.324 (0.021)
	3766

	Polar cod
	 3.500 (0.614)
	0.000 (0.010)
	16.152 (1.290)
	0.065 (0.017)
	12069

	Blue whiting
	10.500 (2.934)
	0.000 (0.035)
	25.615 (4.452)
	0.115 (0.047)
	2131

	Cod
	 5.500 (0.263)
	0.000 (0.002)
	 -0.815 (1.221)
	0.526 (0.021)
	13586

	Haddock
	 6.800 (0.884)
	0.016 (0.009)
	  1.959 (2.501)
	0.483 (0.037)
	6750

	Redfish
	 3.500 (0.307)
	0.000 (0.004)
	  1.185 (0.966)
	0.314 (0.017)
	8758

	Long rough dab
	-0.576 (0.166)
	0.057 (0.004)
	  1.018 (1.384)
	0.370 (0.019)
	4965
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Figure 1. a) Cod predator length (cm) and percentage of total prey weight per species/ species group. Cod length given in 10 cm bins except for those >140-160 cm, which are in one bin due to comparatively fewer individuals. b) Frequency of occurrence of empty stomachs for each cod length group. c) Sample size (no. of stomachs) 1984-2016 for each cod length group (not including empty stomachs).
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Figure 2. Percentage frequency of occurrence per species/ species group consumed across all years (1984-2016) for each cod length group.
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Figure 3. Cod lengths vs Shannon-Wiener diversity index (H’) of prey composition. A larger H’ indicates higher prey species diversity in diet.
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Figure 4. Cod lengths vs prey lengths (cm). Regression lines: OLS mean (thick black) and upper and lower bound quantile regressions (thin black). 
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Figure 5. a) Percentage of total prey weight per species/ species group consumed by cod (all size classes) by year 1984-2016. b) Frequency of occurrence of empty stomachs per year. c) Sample size (no. of stomachs) per year (not including empty stomachs).
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Figure 6. Percentage frequency of occurrence per species/ species group consumed by cod (all size classes) for each year 1984-2016.
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Figure 7. Percentage of total prey weight per species/ species group consumed by cod (all size classes) by year 1984-2016, in a) winter season (January to March) and b) summer/autumn season (July to October). 
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