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Marine systems undergo changes in community composition over time as a result of a 

variety of environmental and anthropogenic factors. Understanding these community changes 

and the factors that drive them is critical for ecosystem management of marine resources. The 

Gulf of Alaska (GOA) is a large marine ecosystem that includes a variety of species that support 

large scale fisheries. This is also a system in which large scale community shifts, or regime 

shifts, have occurred due to the Pacific Decadal Oscillation (PDO) and fishing pressure. Given 

the economic and conservation importance of this marine system, the GOA has been modeled 

using a variety of multispecies, or ecosystem, models. While this work has been critical in 

understanding the ecosystem dynamics of the GOA and helped generate management 

recommendations for commercial species, these models often make assumptions regarding 

trophic-dynamics, particularly that predator-prey relationships follow a standard functional 

response and do not change through time in response to environmental variables. However, 

empirical evidence suggests that a predator’s diet can be influenced by a variety of factors, 

abiotic and biotic, at large and small spatial scales.  Our overall objective was to investigate the 

potential impact environmental variables may have in structuring this ecosystem by using 

statistical analyses of diets and an ecosystem modeling framework. We focused on three 

commercially and ecologically important groundfish predators: Pacific Cod (Gadus 

macrocephalus), Pacific Halibut (Hippoglossus stenolepis), and Sablefish (Anoplopoma fimbria). 

We also focused on a key prey species, Walleye Pollock (Gadus chalcogrammus), and used 



 

environmental data collected during trawl surveys and PDO data generated for the entire North 

Pacific region.  

The first study completed was focused solely on the consumption of Walleye Pollock, a 

critical fishery species and ecosystem link. We used data from trawl surveys to determine the 

potential influence of local environmental variables on the predation rate of Walleye Pollock in 

the system by these groundfish. Using an information-theoretic approach, we found that predator 

length was positively related to Walleye Pollock presence and proportion of total diet weight in 

all predators. Increased temperatures positively affected consumption of Walleye Pollock by 

Pacific Halibut, but not the other predators. We found evidence for a number of inter-predator 

effects of co-occurring predators, both positive (facultative) and negative (competitive). 

Observed prey density was not statistically significant with respect to consumption for these 

predators, suggesting that trawls sample the environment differently than Walleye Pollock 

predators or species interactions are more complex than those used in previous multispecies 

models.  

In our second study, we considered the entire diet of these predators, rather than one key 

prey. Furthermore, because PDO had been described as leading to community changes in the 

system previously, we hypothesized that it could also be driving shifts in diets in the three 

groundfish predators we studied. We used a multivariate statistical approach to compare the diets 

of these predators by PDO state (warm or cold years) and also included local environmental 

covariates. Overall, we found that diets observed in PDO cold years were significantly different 

than diets in fish in warm years. In general, predators were found to be consuming more Walleye 

Pollock and euphausiids in warm years, and more benthic invertebrates and other forage fish in 

cold years. Local environmental covariates contributed to the diets observed in these predators, 

however no general pattern was observed. Our results also show the benefit of using diet data 

from large scale monitoring efforts as indicators of community shifts in a large marine ecosystem 

through time. 

Ultimately, we used our statistical analyses regarding diet and PDO state to drive a 

modeling exercise using alternate representations of the diets of the predators in the GOA. We 

investigated the potential impact of shifting diets in groundfish in an ecosystem-modeling 

framework, using Ecopath trophic-mass balance models. We changed the diets of key groundfish 

predators in the model based on our previous results for three alternative model parametrizations; 



 

1) average conditions over the time period, 2) cold PDO state, and 3) warm PDO state. We noted 

a number of differences in model estimated ecosystem indices. Biomass accumulation estimates 

indicated that some ecologically and commercially important species groups would be expected 

to greatly diverge in population size if models were based on data from warm vs. cold PDO years 

compared to the averaged climatic state. In general, predator overlap was at its lowest in the cold 

year model, as predators had more diverse diets and therefore predation was more diffuse in the 

system in general. These results indicate the potential importance of environmental context when 

collecting diet data to be used in ecosystem models designed to provide fishery management 

recommendations. As ecosystem models are used more commonly, taking the time to investigate 

the factors that structure diets and how predation changes due to environment can yield more 

representative, and potentially more accurate biomass projections and recommendations for the 

GOA and likely many other managed marine ecosystems.  
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Introduction 

The most recent reauthorization of the Magnuson-Stevens Act includes directives to 

move towards ecosystem based fisheries management (EBFM). However, there is no set of 

guidelines to determine what specifically, is required to manage at the ecosystem scale. One 

unifying aspect from papers proposing how to implement EBFM is pointing out that it is a 

“holistic” approach to managing aquatic, living resources (Brodziak and Link 2002; Pikitch et al. 

2004; Levin et al. 2009). More specifically, it is assessing fisheries not only in terms of stock 

population dynamics and targeted fisheries, but as a nested dynamic among a suite of interacting 

ecological, environmental and human resource use systems. 

 With these broad definitions and goals, examples of EBFM include accounting for the 

extractive needs of traditional, artisanal fisheries as well as commercial interests, or by creating 

marine protected areas (MPA’s) to protect biodiversity. However, much of the focus on EBFM 

in fisheries research is how to account for additional factors affecting fished populations outside 

of a single species’ production and mortality and annual fishing rates when estimating fishable 

biomass. This has been done somewhat in the current paradigm of using single-species, age-

structured models to derive yield recommendations. The national standard guidelines for setting 

annual catch limits indicate that the calculation from a reduced optimum yield (OY) from a 

maximum sustainable yield (MSY) should, “to the extent possible” include information 

regarding species interactions as well as economic and social factors (NOAA 2009). By allowing 

flexibility in setting OY from MSY, ecosystem considerations, such as species interactions, 

could potentially guide catch recommendations. This precautionary approach includes ecosystem 

considerations by recognizing the uncertainty inherent in modeling an individual species within a 

complex ecosystem (Pickitch et al. 2004). 

 The use of single-species models, even with precautionary principles, does not capture 

the myriad of potential factors that can influence fished populations. One of the main issues with 

traditional single-species population models is that they do not allow for time varying natural 

mortality (M) to account for predation.  Many of the marine species that support fisheries are the 

predator, prey, or both (depending on ontogeny) of other fished and managed species. 

Accounting for fluctuations in interacting stocks can have impacts on a focal fished population 

and ultimately recommendations for fishable biomass to managers (Link 2010). Therefore, a 
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number of modeling methodologies have been developed to assess populations while accounting 

for predator-prey interactions. These include: 1) single-species assessments with predation 

mortality linked to time series of predator abundance, 2) multi-species virtual population 

analyses (VPA) and age-structured models, 3) trophic mass balance models (Ecopath), and 4) 

full ecosystem models that account for all ecosystem interactions from primary production to 

apex predators (ATLANTIS models). The modeling methodology used by researchers is driven 

by the data available, number of species to model, and if the overall goal is to generate biomass 

estimates and management goals or to explore ecosystem dynamics under different fishing and 

environmental scenarios (Brodziak and Link 2002; Pikitch et al. 2004; Walters and Martell 

2004).  

 Regardless of which modeling method is being used to support EBFM, they all require 

additional data not used with traditional, single-species approaches. This can included data on 

the relationship of environment and recruitment, but primarily the focus is on accounting for 

predator-prey interactions, and therefore diet data becomes critical for using multispecies or 

ecosystem approaches. Diet data in these models can come from experimental work or from 

stomach samples taken in the field. The more common approach, particularly when accounting 

for multiple predators and prey, is to analyze gut contents of a large sample of focal species 

taken from surveys designed to assess biomass (Walters and Martell 2004).  

Diet data is then incorporated into models by using a functional response to represent the 

predation rate on a prey species by one, or multiple, predators. Models are generally set up so 

that consumption rates of each predator respond only to available density of prey. This is 

assumed to be similar to a Holling Type II functional response where consumption follows a 

logistic curve with increasing predation with increasing prey abundance and eventually hitting an 

asymptote at high prey densities (Hollowed et al. 2000; A’mar et al. 2010). However, it has been 

noted that individual or multiple predators’ functional response formulations can affect 

ecosystem stability and population dynamics (Dale et al. 1994; McCann 2000; Post et al. 2000). 

Specifically within a fisheries context, recent research has shown that multispecies model 

outputs are sensitive to changes in the formulation of the functional response used to describe 

each predator’s consumption rates across varying prey densities (A’mar et al. 2010; Gaichas et 

al. 2011).   
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 In addition to prey density, a variety of both biotic and abiotic factors may affect foraging 

rates of predators. Movement and activity rates have been shown to be sensitive to temperature 

in both pelagic (Hurst 2007) and demersal (Hurst and Duffy 2005) prey species, thereby altering 

consumption rates of prey (Buckel et al. 2005; Taylor and Collie 2003). Activity and movement 

rates affect encounter rates and probability of capture success, which are important factors in 

predator-prey dynamics (Peck et al. 2006; Hurst 2007). In addition, temperature is an important 

factor regulating seasonal and interannual variation in species distribution, subsequently altering 

diet composition and consumption rates on specific prey by predacious fishes (Persson 1986).   

Biotic factors, such as the density of competing predators has been demonstrated to affect 

predation rates of fishes as well (Soluk 1993; Hixon 1997; Harvey et al. 2004). Most 

multispecies models do not account for resource competition between predators of a shared prey 

species (Kinzey and Punt 2009), although Van Kirk et al. (2012) illustrated the potential for 

predator interactions in a multispecies framework.  

 Given the empirical evidence of complex predator-prey relationships, my overall goal 

was to evaluate the potential factors that structure the diets of fish predators in a large marine 

ecosystem. For this work I used abundance and diet data on groundfish in the Gulf of Alaska 

(GOA) collected and made available by the NOAA-NMFS Alaska Fisheries Science Center 

(AFSC). The GOA is a large ecosystem with a large number of fish, invertebrate, mammal, and 

bird species that are currently managed for fishing or conservation. The fisheries the area 

supports includes the larges U.S fishery in terms of weight, the Walleye Pollock trawl fishery, as 

well as many other commercially valuable species (Dorn et al. 2012). As a result, the AFSC has 

been conducting fishery-independent trawl surveys of the region since the 1980’s to generate 

biomass estimates to be used in stock assessments. These surveys also include the collection of 

stomachs of a variety of fish predators in the system for analyses of gut contents. To date, the 

center has analyzed, including prey identification, measurements, and counts for over 850,000 

stomachs. This data has primarily been used in a number of multispecies and ecosystem models 

to explore the effects of fishing on populations when particular species interactions are 

accounted for; ranging from models with just a few species to full ecosystem models (Hollowed 

et al. 2000; Aydin et al. 2007; Kinzey and Punt 2009; Gaichas et al. 2012). 

I used the abundance and diet data on three key groundfish in the system: Pacific Cod 

(Gadus macrocephalus), Pacific Halibut (Hippoglossus stenolepis), and Sablefish (Anoplopoma 
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fimbria). These species were chosen because they support large scale fisheries, are significant 

consumers of other groundfish in the system, and have overlapping diets throughout their 

ontogeny. We also used abundance data on a critical prey species, Walleye Pollock (Gadus 

chalcogrammus), as well as a potentially important competitor to the focal species, Arrowtooth 

Flounder (Atheresthes stomias). This dataset was then used in a series of statistical and modeling 

studies to determine the potential factors that affect consumption rates in these predators and 

how observed patterns may affect ecosystem models of the GOA.  

The first study (Chapter 2) was an investigation into the consumption rate of the three 

predators on one focal prey species, Walleye Pollock. My co-authors and I used emerging 

statistical methods to perform a series of regressions to determine what local environmental 

factors (temperature and other predator densities) potentially contribute to the presence and 

weight of Walleye Pollock observed in diets. We compared these environmental models to prey 

availability models, where predation was determined by prey density alone, to determine if 

models that account for environmental variables were more or less likely given the diet data. 

This was followed by another statistical investigation of environmental factors on diet (Chapter 

3), however we used the overall diet, rather than just one focal prey. In that chapter we also 

introduce the impact of Pacific Decadal Oscillation (PDO), a large scale climate factor in the 

North Pacific, on community composition in the GOA. We used a series of multivariate analysis 

to determine if the same local environmental variables used in Chapter 3 affected overall diet 

composition of prey observed in stomachs. We also tested for significant differences between 

diets collected in warm or cold years using a time series of PDO indices. Finally, in Chapter 4, 

we used observed results from our multivariate approach to guide analyses using an ecosystem 

model of the GOA. We used an Ecopath, trophic mass balance model of the GOA, and set up 

three different trophic scenarios: 1) an average model with diet information for groundfish 

predators averaged across years, 2) a cold model representing diets from cold PDO years, and 3) 

a warm model representing diets from warm PDO years. We then compared model derived 

ecosystem metrics among models to determine how observed differences in diet may alter 

predictions regarding ecosystem dynamics and biomass of fishery species. 

These findings are all summarized in Chapter 5, where I discuss the evidence supporting 

the importance of environmental context in structuring trophic dynamics. I also suggest 

extensions of this work specifically as well as considerations for trophic studies going forward. 
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Overall this work illustrates the importance of long time series of fishery-independent data, both 

on abundance, and diets of marine resources.  
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Abstract 

 Many multispecies models have assumed that prey density determines per-capita predator 

consumption rates, following a functional response relationship. However, empirical evidence 

suggests that a predator’s diet can also be influenced by a variety of environmental factors, 

including interactions with other predators. We used diet and abundance data from NMFS 

bottom trawl surveys for three groundfish predators (Pacific Cod, Pacific Halibut, and Sablefish) 

in the Gulf of Alaska (GOA) to determine whether temperature or other species influence the 

consumption of Walleye Pollock. Using an information-theoretic approach, we tested for 

relationships between Walleye Pollock observed in predator stomachs and predator length, 

bottom temperature, prey availability (Walleye Pollock CPUE scaled by observed prey lengths), 

and CPUE of the three predators and Arrowtooth Flounder. Predator length was positively 

related to Walleye Pollock presence and proportion of total diet weight in all predators. Increased 

temperatures negatively affected consumption of Walleye Pollock by Pacific Halibut, but not the 

other predators. We found evidence for a number of inter-predator effects of co-occurring 

predators, both positive (facultative) and negative (competitive). Surprisingly, observed prey 

density was not statistically significant with respect to consumption for these predators, 

suggesting that trawls sample the environment far differently than pollock predators or species 

interactions are more complex than those used in previous multispecies models. These factors 

should be considered for future models contributing to ecosystem-based management. 

 

Introduction 

 As ecosystem-based models and approaches to fisheries management continue to be 

developed, it is increasingly important to understand the trophic dynamics of marine ecosystems, 

particularly the drivers of predator-prey relationships (Walters and Martell 2004). A variety of 

modeling approaches have been taken that incorporate predator-prey relationships to explore 

species interactions and inform management decisions (Whipple et al. 2000). Models can build 

on existing stock assessments and include modifications of natural mortality, M, based on the 

biomass of select predators (Hollowed et al. 2000; Whipple et al. 2000; Moustahfid et al. 2009). 

Alternatively, full ecosystem models can be constructed to incorporate predation mortality into 

biomass calculations, such as with Ecopath with Ecosim (EWE) mass-balance models (Whipple 

et al. 2000; Aydin et al 2007; Gaichas et al. 2009).  Typically, both of these modeling approaches 
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lack inputs from physical parameters of the system that have been shown to affect fish behavior 

and consumption rates, such as temperature, and fail to consider biotic interactions such as inter- 

and intra-specific predator competition or facilitation. Climate regimes and, by proxy, species 

distributions and interactions, are increasingly uncertain (Kennedy et al. 2002) and the inclusion 

of parameters that account for environmental factors, including more complex interactions 

among species, can potentially improve population forecasts in a changing environment.   

The Gulf of Alaska (GOA) supports a diverse biological community including a number 

of fisheries and has been the subject of a variety of multispecies and ecosystem modeling studies. 

These have included incorporation of predation in stock assessments for Walleye Pollock (Gadus 

chalcogrammus) as well as full ecosystem models (Hollowed et al. 2000; Aydin et al 2007; 

Gaichas et al. 2009; A’mar et al. 2010; Van Kirk 2010). Many of the existing multispecies 

models in the literature, and in particular with this system, share similar constraints for inclusion 

of predation terms: the consumption rate of a prey species is restricted to a function of available 

prey density and predator length. Many existing models assume that consumption rates of 

predators follow a Holling Type II functional response (Hollowed et al. 2000; A’mar et al. 2010). 

However, recent studies have shown that multispecies model outputs, such as biomass estimates 

of prey species, are sensitive to the specific form of the functional response used to describe 

predator foraging rates (Kinzey and Punt 2009; A’mar et al. 2010; Gaichas et al. 2012). 

Multispecies models for the GOA and elsewhere could potentially be more representative of 

ecosystem dynamics if factors that affect predator consumption rates were better understood.  

 In addition to prey density, a variety of both biotic and abiotic factors may affect foraging 

rates of predators. Temperature is a ubiquitous aspect of the environment that may influence 

trophic interactions. In addition to direct effects on growth rates and metabolic demands of 

predators, temperature can impact behavior. Movement and activity rates have been shown to be 

sensitive to temperature in both pelagic (Hurst 2007) and demersal (Hurst and Duffy 2005) prey 

species, thereby altering consumption rates of prey (Buckel et al. 2005; Taylor and Collie 2003). 

Activity and movement rates affect encounter rates and probability of capture success, which are 

important factors in predator-prey dynamics (Peck et al. 2006; Hurst 2007). In addition, 

temperature is an important factor regulating seasonal and interannual variation in species 

distribution, subsequently altering diet composition and consumption rates on specific prey by 

predacious fishes (Persson 1986).   
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Biotic factors can alter predator-prey dynamics as well. For example, non-additive or 

synergistic predation, where species may increase predation rates of other species, has been 

demonstrated in fishes (Soluk 1993; Hixon 1997; Harvey et al. 2004). Most multispecies models 

do not account for resource competition between predators of a shared prey species (Kinzey and 

Punt 2009), although Van Kirk et al. (2012) illustrated the potential for predator interactions in a 

multispecies framework. 

 Our overall objective was to determine if various environmental and biotic factors, 

chosen to represent complex predator-prey dynamics not previously explored in multispecies 

models, affected the consumption of a focal prey species by groundfish predators in the GOA. 

To that goal, the National Marine Fisheries Service (NMFS) bottom trawl survey for groundfish 

in the GOA provides an excellent data set to look for evidence of these relationships across large 

regions. We focused on three important predators in the GOA ecosystem: Pacific Cod (Gadus 

macrocephalus), Pacific Halibut (Hippoglossus stenolepis), and Sablefish (Anoplopoma fimbria). 

These predators were chosen because they support valuable fisheries and have diverse, 

overlapping diets throughout their ontogeny (Yang et al. 2006). We chose Walleye Pollock as 

our focal prey species because it is the most frequently observed fish prey for these predators 

(Yang et al. 2006; Gaichas et al. 2010) and supports a significant fishery   (Dorn et al. 2012). In 

contrast to the Bering Sea, where Walleye Pollock cannibalism is a major contributor to their 

natural mortality, other groundfish predators such as the three we focused on are the primary 

source for predation mortality in the GOA (Hollowed et al. 2000). 

Using a multiple regression, information-theoretic approach (Burnham and Anderson 

2002; Hobbs and Hilborn 2006) with diet and abundance data, we evaluated evidence for 

complex predator-prey interactions among our study species. Our first objective was to 

determine which combination of factors (predator length, available Walleye Pollock density, 

temperature, and other predator densities) best described Walleye Pollock consumption by these 

predators. This analysis accounted for correlations between the study species (those for which we 

analyzed diet data) as well as a fourth predator in the system, Arrowtooth Flounder (Atheresthes 

stomias). Arrowtooth Flounder has become the most numerically dominant groundfish predator 

in this system (von Szalay et al. 2010) and are significant consumers of Walleye Pollock 

(Gaichas et al. 2010; Dorn et al. 2012). While we did not have access to the stomach contents 

data for Arrowtooth Flounder at the level of detail required for analyses, we hypothesized that it 



11 

 

may be another predatory species that could be interacting significantly with our chosen 

predators, so its density was used in our analyses as a potential explanatory variable.  

Our second objective was to evaluate effects of spatial aggregation in the data, as 

predator consumption rates and the importance of extrinsic factors may vary in different regions. 

For this analysis, we compared the data across the entire GOA with smaller regional data subsets 

representing the management subunits of this ecosystem (DiCosimo 2001). Finally, we 

compared regression models that accounted for environmental or biotic interactions to models 

based solely on predator length and available prey density to explore the improvement in 

predictive power that might be gained from consideration of relevant abiotic and biotic factors on 

pollock consumption. 

 

Methods 

Data description 

We used diet and catch data collected during the NMFS Alaska Fisheries Science Center 

(AFSC) GOA bottom trawl surveys from 1990, 1993, 1996, 1999, 2001, 2003, 2005, 2007, and 

2009. The surveys are conducted in the summer months with a stratified  random sampling 

design in which the GOA is divided into 59 strata based on depth, location, and habitat type 

(shelf, gully, and slope) across three main geographical regions (western, central, and eastern,  

DiCosimo 1998). Data collected on this survey include catch per unit effort (CPUE), length 

frequency, and sex ratio of species caught as well as physical descriptors of tow locations such as 

depth and surface and bottom temperature (von Szalay et al. 2010). Starting in 1990, fish were 

subsampled for diet analysis by the food habits lab of the Resource Ecology and Fisheries 

Management division of the AFSC.  Prey items were identified to the lowest taxonomic level 

possible (generally to species) and wet weights recorded for each prey and total lengths recorded 

when possible (specifics of sampling and stomach analysis were described by Yang et al. 2006). 

The data available included length, weight, sex, stomach fullness, and maturity of each predator 

along with the previously listed physical descriptors of the haul in which the stomach was 

collected (AFSC 2012).  

 All stomachs from the three predator species (Pacific Cod, Pacific Halibut, and Sablefish) 

were initially included in this study. For each observation (stomach), the predator length, total 

weight of the stomach contents, and weight of Walleye Pollock present in the stomach were 
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used. Each stomach was related to the haul in which it was collected, providing the gear water 

temperature (the temperature recorded by instrumentation associated with the net at the trawling 

depth), year, region and stratum. Year and strata information were used to link each stomach 

recorded to the total stratum CPUE (numbers) recorded in the catch database for each of the 

three predators, Walleye Pollock, and Arrowtooth Flounder. 

 

Data preparation 

We used a multiple regression approach to identify factors related to Walleye Pollock 

consumption by these predators. Even though Walleye Pollock is a very common prey for these 

species (Yang et al. 2006; Gaichas et al. 2010), most stomachs of these three predators did not 

contain Walleye Pollock (Table 1), leading to a zero-inflated dataset. As such, we chose two 

separate response variables to represent the preference for Walleye Pollock in the diet of these 

predators. The first was a binary response for the presence or absence of Walleye Pollock in the 

stomach, which was used for analysis of all stomachs in our dataset. This response used the 

largest possible sample size and was potentially a more accurate measure of diet composition, as 

identification of an individual prey item may be more reliable than recording accurate weights, 

because of digestion (Bowen 1996). We modeled this response using logistic regression with a 

binomial distribution with a logit link (Gotelli and Ellison 2004).  The second response was the 

proportion of Walleye Pollock in the diet relative to the total stomach contents of the individual 

predator (Walleye Pollock total weight/total stomach contents weight). Use of this variable was 

limited to those stomachs in which pollock were present and identifiable, so only a subset of the 

stomachs modeled with the binary response were included in model using the proportional 

response (approximately 10% of the total samples, depending on species; details given in Table 

1).  We used a general linear model with this response variable to determine which factors are 

related to the contribution of Walleye Pollock, when present, to a predator’s overall diet.  

The explanatory variables included abiotic and biotic factors that we hypothesized would 

influence the diets of these groundfish predators, including predator length, bottom temperature, 

and CPUE by geographic stratum. We included CPUE values for each of the five species in the 

study (Sablefish, Pacific Cod, Pacific Halibut, Arrowtooth Flounder, and Walleye Pollock). The 

same set of variables was used for both of the diet response models for all three predator species. 

Thus, the full regression equation for the models is Walleye Pollock consumption (presence or 
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proportion of weight) ~ predator length + bottom temperature + CPUE Sablefish + CPUE Pacific 

Cod + CPUE Pacific Halibut + CPUE Walleye Pollock + CPUE Arrowtooth Flounder.  

The scales at which data are available for each of the chosen variables differ. Predator 

length was unique for each stomach observation used in the dataset, but bottom temperature was 

specific to each haul in which a stomach was taken for analysis. We considered the area swept by 

an individual haul (mean area ± standard deviation: 0.0623 ± 0.0401 km2) to be too small to 

represent the prey field available to a predator as well as the number of other possibly interacting 

predators. Conversely, the region (65,228 to 169,542 km2) or entire GOA (~320,000 km2; all 

areas from von Szalay et al. 2010) was too large to be representative of the biotic environment 

each predator experienced before being sampled and the stomach contents observed. Horne and 

Schneider (1994) suggest that a 40cm Atlantic Cod (Gadus morhua) could travel approximately 

38 km in the time in which it takes for fish prey to be evacuated from the gut. However, this area 

would not be entirely representative of the other predators and prey moving throughout the 

ecosystem during the same time period. Thus, we used the sum of CPUEs recorded from all 

individual hauls in the stratum (5,242 ± 3,729 km2)   from which each stomach was taken, rather 

than the individual haul, region, or entire GOA. To calculate this, we summed the total catch of a 

species and divided it by the total area swept by all hauls in a stratum in a year. While the area 

swept among hauls is relatively consistent, there is variation and this approach accounts for this, 

rather than just summing CPUE’s that may be generated from different effort. Similar 

mesoscales were used to investigate patterns in feeding in Atlantic Cod (Smith et al. 2007).   

Because only a portion of the prey in an area will actually be available to gape-limited 

predators (Christensen 1996; Nilsson and Bronmark 2000), stratum CPUE of Walleye Pollock 

had to be reduced to reflect the subset of the prey species that is actually consumable.  

Additionally, because predators of different sizes have potentially different gape limitations, the 

availability of Walleye Pollock was calculated separately for different size classes of the three 

predators. Therefore, we conducted preliminary analyses regarding the length distributions of 

Walleye Pollock consumed by, and available to, the studied predators. For each predator species, 

we determined the minimum length where Walleye Pollock was observed in the diet. These 

minimum lengths were used to define the start of a set of 20 cm bins for each predator species.  

We then calculated the 2.5 % and 97.5% quantiles of Walleye Pollock lengths observed in 

stomachs for each 20 cm length bin for each predator (representing the range in which 95% of 
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length observations were in; Table 2). These quantile values were used to define the length 

ranges of prey available to each predator in our dataset. Using the length-frequency data taken 

from the hauls, total stratum CPUE of Walleye Pollock was rescaled for each individual predator 

in our data by multiplying the total CPUE by the proportion of Walleye Pollock observed in the 

length range that corresponded with the 2.5%-97.5% percentiles for the same predator species 

and length. We used this new value of available CPUE of Walleye Pollock as the explanatory 

variable representing the CPUE of prey in the analyses. Empty stomachs (total stomach contents 

weight = 0) were removed from the data set, as is standard in many diet analyses (Bowen 1996; 

Yang et al. 2006), as were stomachs from predators that were too small to be potential predators 

of Walleye Pollock (given by the length analyses, Table 2).  Both of these steps removed only a 

few observations (<1% of the total for Sablefish and Pacific Cod and 6% for Pacific Halibut) 

from the initial data set.  

For analyses of both presence of Walleye Pollock and proportion of total weight, CPUE 

data for predators and Walleye Pollock were log-transformed. Also, the proportion-of-weight 

response variable was arcsine-square root transformed to achieve normality, a common step with 

proportional data (Gotelli and Ellison 2004). Pearson’s correlation statistics (r) were calculated 

for all combinations of the explanatory variables and no set of variables was found to be highly 

correlated (average correlation coefficient = 0.02, │max│ = 0.45). Therefore, all seven variables 

were included in our model selection process. Furthermore, for the logistic models of Walleye 

Pollock presence, models were checked for over dispersion in the data, a common problem in 

ecological studies. However, in all cases the residual deviance was less than the degrees of 

freedom, indicating that in our study, the binomial data were not over dispersed (Ver Hoef and 

Boveng 2007). 

 

Model selection 

Because we aimed to treat each combination of parameters in the regression models as a 

competing hypothesis to describe the interaction between the explanatory variables and the 

consumption of Walleye Pollock, we used an information-theoretic approach to model selection 

as outlined in Burnham and Anderson (2002). This is a likelihood based method for evaluating 

multiple models with a dataset. We chose this method over the alternative of stepwise regression 

because stepwise methods compare models to an intercept-only null model to determine 
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significance, and can lead to spurious results as variables chosen are sensitive to the order of 

addition to the model (Burnham and Anderson 2002; Cummings et al. 2011; Hobbs and Hilborn 

2006). This is among the reasons why the use of likelihood methods in modeling ecological and 

fisheries data has increased. This method has similar assumptions to traditional multiple 

regression such as independence of observations, errors are independent and normally 

distributed, and x-axis is measured without error.  

We used an additive multiple regression approach that did not account for interactions, as 

the focus of our research was determining how these factors independently affect the 

consumption of Walleye Pollock. Using the MuMIn package in R (Barton 2012), we fitted all 

possible models (7 descriptor variables, giving 27 = 128 total possible models, one of which is 

the intercept only model) and ranked them by AICc: A𝐼𝐶𝑐 = (2𝑘 − 2 ln(𝐿)) +  
2𝑘(𝑘+1)

𝑛−𝑘−1
  , where k 

is the number of parameters, L is the maximized value of the likelihood function, and n is the 

sample size (Burnham and Anderson 2002). The model with the lowest AICc value was 

considered the top model and used to calculate ∆AICc for each model i using the formula 

∆AICci = AICci – min(AICc), where the best model’s ∆AICc = 0. While there a number of 

potential criteria to determine confidence sets of models, we considered models with a ∆AICc < 

4 to be relatively supported by the data in comparison to the full suite of models (Burnham and 

Anderson 2002; Burnham et al. 2010). While many studies use ∆AICc < 2 based on Burnham 

and Anderson (2002), this is potentially too restrictive and therefore we followed the evidence 

criteria given by Royall (1997) based on factors of model weight. From the confidence set of 

models, model averaged parameter estimates (β) were calculated as weighted sums of parameter 

coefficients given by the product of the parameter estimate (βi) in model i multiplied its Akaike 

weight, wi (Hobbs and Hilborn 2006).  Similarly from the confidence set of top models, 95% 

confidence intervals were calculated around the model averaged parameters (Burnham and 

Anderson 2002; Hobbs and Hilborn 2006; Codron et al 2007; Ritchie et al. 2009). For each data 

subset modeled (referring to a unique predator  response  region), model averaged parameters 

for which the 95% confidence interval did not contain zero were considered to affect the 

response variable and are referred to as “important” as a matter of convention in the remainder of 

this manuscript (Ritchie et al. 2009). We then used the combination of variables that met this 

criteria to establish a “best” model (which may or may not be the top model, i.e., the model with 

∆AICc = 0). We used the sign and magnitude of the model-averaged parameters contained in the 
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best model to draw conclusions regarding the variables affecting the consumption of Walleye 

Pollock by these predators.  

 

Comparisons between response variables, regions, and prey availability model 

We used the model selection methodology described above for each of the three 

predators, with both presence-absence and proportion of Walleye Pollock in stomachs by weight, 

resulting in six total regressions for the entire GOA system. Furthermore, to test the hypothesis 

that spatial scale of data may influence ecological conclusions, regressions on both responses 

were repeated when the data was sub-divided by geographical region (western, central, and 

eastern GOA) as well as with the data for the entire GOA combined. Both the western GOA and 

central GOA data subsets had sufficient sample sizes of stomachs with Walleye Pollock 

observed to use both the presence-absence data and proportion-of-weight responses for all 

predators (Table 1). The eastern GOA had sufficient total observations for the logistic regression 

model selection but not with Walleye Pollock in them across the three predators for analysis with 

the proportional weight response variable (Table 1). In total, 21 models were selected for the 

unique predator  region  response combinations in our data.  

To determine the information gained by consideration of abiotic and biotic factors in 

predation, we also compared best models from each regression routine to a two-factor model 

(referred to as the “prey availability model”); (presence or proportion of weight) ~ Predator 

length + CPUE of available Walleye Pollock, which are the variables commonly used to fit 

functional responses in existing multispecies models of the GOA groundfish community as well 

as other marine systems (Hall et al. 2006;  A’mar et al. 2010). For each regression, we compared 

the Akaike weight for the best model with the wi of the prey availability model using the 

evidence ratio (ρ), calculated by dividing the best model weight by that of the null model (Hobbs 

and Hilborn 2006). This evidence ratio represents the factor by which the data support the best 

model over that of the prey availability model. R2 values for each model were also calculated to 

compare the variability explained by each model.  

 

Results 

 For all model selection procedures, each explanatory variable appeared at least once in 

the confidence set of models, leading to model averaged parameters and confidence intervals for 
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each of the possible 7 variables in each dataset. Most model selection routines yielded at least 

one variable that was considered important (chosen to include in the best model).  There were 

two exceptions. First, no variables satisfied our criteria for inclusion in a best model for the 

proportion-of-weight of Walleye Pollock in stomachs of Sablefish in the western GOA subset of 

data. Second, for the eastern GOA, which had much smaller sample sizes (Table 1), none of the 

independent variables were included in the presence-absence of Walleye Pollock in stomachs of 

any of the predators. Therefore, we could not compare the best models for Walleye Pollock 

presence-absence data in the eastern GOA to either the full GOA dataset or the prey availability 

model for that region as outlined in the methods.  

 

GOA Walleye Pollock consumption models 

 For the entire GOA data set, the important variables varied according to predator species 

and, to a lesser extent, whether the response variable was presence or proportion-of-weight of 

Walleye Pollock in the stomachs (Fig. 1). For each predator species examined, the best 

proportion-of-weight models had fewer variables than the best presence-absence models. All of 

the variables that were important in explaining consumption of Walleye Pollock in the 

proportion-of-weight models were also important in their corresponding presence-absence 

model, except for CPUE of Walleye Pollock for Sablefish (Fig. 1).  

There was consistency in the magnitude and sign of some important variables. For example, 

predator length was positively related to both response variables in all three predator species 

(Fig. 1). Except for Sablefish proportion-of-weight, all regression models had predator length 

present in the candidate models (Fig. 1D). Other important variables were species- or response-

specific. Water temperature was generally not an important variable in explaining Walleye 

Pollock consumption for Pacific Cod or Sablefish (Fig.1). However, a temperature effect was 

present in all of the models (both in the confidence set and best models) for Pacific Halibut and 

the averaged coefficients were consistently negative (Fig. 1C, 1F), indicating that lower water 

temperatures were associated with increased proportion of Walleye Pollock in the diet.  

 There was evidence for predator-predator interactions affecting Walleye Pollock 

consumption at the GOA-wide spatial scale. The CPUE of at least one of the predators was 

important in all models, with one exception (Fig. 1F). For Sablefish, Arrowtooth Flounder CPUE 

(positive) and Pacific Halibut CPUE (negative) were important in both models of Walleye 
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Pollock consumption (1A, 1D). Pacific Halibut CPUE was also important in both models for 

Pacific Cod, however the direction of this effect was dependent on response variable (Fig. 1B, 

1D). All three predators showed additional biotic interactions when considering presence of 

Walleye Pollock, including potential intra-specific effects with Sablefish (negative) and Pacific 

Cod (positive; Fig. 1A, 1B). However, these relationships were not noted for the proportion-of-

weight models at this spatial scale. CPUE of available Walleye Pollock was not consistently 

important for Walleye Pollock presence or proportion-of-weight for these predators across the 

GOA, occurring in only 2 of the 6 system-wide models (Fig. 1C, 1D).  

 

Regional comparisons 

 In general, the results of the regional analysis follow similar patterns to those described 

for the overall GOA. However, the presence-absence results were more consistent between 

regional and GOA-wide scales than models describing proportion-of-weight. Predator length was 

consistently important in the regional models, as in the overall GOA. It was absent only in the 

regional proportion-of-weight models for Sablefish, as it was in the GOA-wide case (Fig. 3A, 

D). Other important variables in the regional analyses depended on species and metric.  

 With one exception, important explanatory variables in the best regional presence-

absence models tended to be subsets of their GOA-wide counterparts (Fig 2D). Three parameters 

(temperature, Walleye Pollock CPUE, and Sablefish CPUE) were found to be important in 

regional models for Walleye Pollock presence that were absent in the corresponding GOA-wide 

models (Figs. 1A, 1B, 2B, 2D, 2E).  Otherwise, the important variables in the regional models 

were all subsets of their GOA-wide counterparts, with parameters of the same sign (Fig. 2). This 

suggests that many of the relationships we observed for Walleye Pollock presence in predator 

stomachs were consistent across two spatial scales. 

 The regional proportion-of-weight models were not as consistently subsets of the 

important variables in the corresponding GOA models (Fig. 3). The western GOA models for 

this metric either had few, if any, important variables. The model for Pacific Cod in the western 

GOA also included additional predator interactions not seen in the GOA model (Fig. 3B).  

Models for the central GOA region more closely mirrored their GOA-wide counterparts, 

generally with two important variables that were also present in GOA models. In all cases, the 

same variables were chosen as in the corresponding GOA-wide model, with the same sign, 
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except that Pacific Cod CPUE was included in the best regional model for Sablefish instead of 

Walleye Pollock (Fig. 3D). Furthermore, the parameter values for many of the variables in the 

best models for the central GOA region were very similar to the estimates for the GOA dataset 

(Fig. 3). 

  

Comparing results to a prey availability model 

 We were able to create a best model of Walleye Pollock consumption, and therefore 

make comparisons to a prey availability model, for each combination of predator, response, and 

region (western GOA and central GOA), for all but one case (Fig. 3A). In general, AICc scores 

indicated that the prey availability models performed poorly. Except for the Pacific Halibut data 

in the western GOA region, the best models all included variables for temperature or predator-

predator interactions. Pacific Halibut in the western GOA was also the only case in which the 

prey availability model (includes both prey availability and predator length) was contained 

within the confidence set of top models (given by ∆AICc < 4). For the Walleye Pollock 

presence-absence with Pacific Halibut as predators, the simple prey availability model was the 

top model, as predator length and available Walleye Pollock CPUE were the only variables 

supported by the data. Otherwise, all of the best models were ranked higher than the prey 

availability model, indicating that the most likely models, given the data, are those that included 

additional abiotic and predator interaction terms (Table 3). 

 Although the R2 values indicated only a slight improvement in the amount of variance 

explained by the more complex models, the evidence ratios (ρ) suggested that the data supported 

the best model over the prey availability model by at least a factor of three and up to many orders 

of magnitude more, depending on the species, response, and region (Table 3). In general, the 

largest evidence ratios were found in the presence-absence models.  The lowest evidence ratios 

for our best models vs. the prey availability models were found in those that contained both 

length and CPUE of Walleye Pollock in them and few (or no) other variables.  

 

Discussion 

Our results suggest predator interactions and temperature affect the consumption of GOA 

Walleye Pollock by three groundfish predators. Predator length was an important variable in 

determining consumption of Walleye Pollock by these predators, confirming previous work 
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indicating that these species become more piscivorous throughout their ontogeny (Yang et al. 

2006). While predator length and prey availability are the factors generally applied to predator-

prey interactions in existing multispecies models, we did not observe a consistent relationship 

between consumption of Walleye Pollock and their local abundance (CPUE). More complex 

models that included predator-predator interactions or temperature were generally much more 

likely, given the data, than models that lacked these factors. Patterns observed in the important 

variables for each predator were generally consistent for both presence-absence and proportion-

of-weight. While the results showed some consistency between the entire GOA and two regional 

subsets of the data, there were also some regional variations in the factors affecting consumption. 

Our results indicate that models that incorporate predator-prey interactions among fishes in the 

GOA, and perhaps elsewhere, should consider predator interactions and abiotic variables to the 

extent practicable. 

We used presence of Walleye Pollock as a measure of consumption in these predators 

because it has potentially less error than other diet indicators (Bowen 1996); however we also 

included proportion-of-weight as well as a representation of how functional responses are 

determined in previous multispecies models (A’mar et al. 2010; Gaichas et al. 2010). When 

modeling Walleye Pollock presence, we identified more parameters and of those, the magnitudes 

of estimated parameters were larger compared to proportion-of-weight models (Fig.1). However, 

the magnitude differenced were likely driven by the differences in modeling methodology 

(binary vs. continuous and logistic vs. linear) and the number of parameters, because of much 

larger sample sizes for the presence models (Gotelli and Ellison 2004). In general, the important 

parameters and the effect on consumption of these predators (given by the sign of the 

parameters) were the same for a predator and system when comparing the two response 

variables. Therefore, we believe both are suitable for this study and that the use of either 

presence of prey or proportion-of-weight in ecological studies depends on the types of questions 

addressed and the available data.  

 While interactions between fish predators has been demonstrated in large-scale studies 

using diet and distribution datasets, much of that research focused on diet breadth and 

composition and spatial overlap (e.g., Linke et al. 2001; Wilson et al. 2006; Woodland et al. 

2011). Our research was an investigation of a key prey item and the ecological factors that 

contributed to its consumption and, as such, can be more directly applied to multispecies models 
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of a few interacting species. We observed a consistent selection of predator-predator effect terms 

in our models, potentially indicating both facultative predation and competition amongst 

groundfish species. Competition was suggested by Pacific Halibut CPUE consistently chosen as 

important in our models, showing a negative relationship with consumption of Walleye Pollock 

in both Pacific Cod and Sablefish. Inversely, Arrowtooth Flounder and Pacific Cod model 

averaged parameters suggested facilitation in Sablefish diets. Data from Pacific Cod stomachs 

also indicated a facilitative intra-predator effect. While facultative predator-predator effects have 

been demonstrated, examples have thus far been limited to experimental or small-scale 

observational work (Soluk 1993; Hixon 1997; Harvey et al. 2004). Our model selection process 

indicated that positive predator interactions between fish species may be supported by diet data 

taken from a large-scale trawl survey.  

Temperature is an important controller of fish behavior and food consumption (Persson 

1986; Essington and Hansson 2004; Hurst and Duffy 2005), but, contrary to our expectations, 

temperature was an important variable only in the models for Pacific Halibut, which consumed 

less Walleye Pollock as temperatures increased. This suggests either that there is no ecological 

effect of temperature on the consumption of Walleye Pollock by the other two predators, or that 

it may be too variable or at the wrong scale (as it relates to the dataset) to make reliable 

inferences regarding diet composition. 

Given the nature of our data and regression approach, we cannot evaluate the actual 

mechanisms by which predation may be affected. However, there is evidence that the variables 

we identified may reflect changes in predation behavior. Because our explanatory variables were 

not correlated, the predator CPUEs were likely not driven by each other, temperature, or prey 

CPUE. This may indicate that the effects we identified are not functions of distributional changes 

of predator species, but involve potential changes in predator and prey behavior in the system. 

Predator activity and attack rates, capture efficiency, and position in the water column can 

change due to other predators, temperature, or prey availability (Soluk 1993; Hixon 1997; Taylor 

and Collie 2003; Harvey et al. 2004; Peck et al. 2006). Alternatively, Walleye Pollock prey may 

be altering behaviors, as fish prey species will alter predator avoidance strategies in different 

habitats or in different predator communities (Savino and Stein 1982; Elkov and VanKooten 

2001). However, determining which of these potential mechanisms may be influencing the 
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consumption of Walleye Pollock in these predators would require an experimental approach 

where predation events could be observed directly.  

Spatial aggregation in the diet data had a range of effects. Many of the variables 

influencing Walleye Pollock consumption at the regional level were similar to those found in the 

GOA-level analyses. In most cases, the important variables for presence-absence were a subset 

of those included at the GOA level. Furthermore, in only one case did a variable’s coefficient at 

a regional level have a sign opposite to that of its counterpart at the GOA level. This suggests 

that, while the regional best models did not replicate the GOA-wide models, in those cases where 

the two sets of variables were the same, the effects were consistent throughout the GOA. 

However, differences between models for the western GOA and central GOA regions were 

observed, indicating that local oceanographic or biotic conditions in those regions may vary 

enough to influence the importance of factors affecting consumption, a result noted previously in 

other ecological studies (Jelinski and Wu 1996).       

Walleye Pollock CPUE was not a consistent indicator it’s consumption by Pacific Cod or 

Sablefish in this system. Of the three predators, Pacific Halibut was more consistently affected 

by the CPUE of available Walleye Pollock, when Walleye Pollock presence was the response 

variable.  Gaichas et al. (2010) illustrated a similar result, showing the proportion of pollock in 

the diets of Pacific Halibut declined over time as the GOA-wide biomass of Walleye Pollock 

declined. In contrast, Pacific Cod and Sablefish may be more influenced by predators or other 

factors.  

Predator-prey dynamics in many multispecies models are structured such that prey 

availability determines consumption rates of fish predators (Hollowed et al. 2000; Kinzey and 

Punt 2009; A’mar et al. 2010). However, while some fisheries studies have demonstrated 

relationships between prey CPUE and consumption by predators (Essington and Hansson 2004; 

Johannesen et al. 2012), accounting for the spatial scale that the predator actually experiences 

during feeding remains a challenge in fisheries studies conducted across large oceanographic 

regions (Hunsicker et al. 2011). CPUE-based methods of estimating prey availability across a 

system may not reflect the actual prey available to the predators (Floeter and Temming 2003; 

Dalpadado and Bogstad 2004), but over broad spatial and temporal scales, the catch of pollock 

should indicate something about its relative abundance in the environment. Predators and prey 

may congregate at small scales in localized patches, but our methods would not be able to detect 
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that. However, given the limitations of trawl data, our results suggest that consumption of 

Walleye Pollock in these predators was related to the abundances of the other (or the same) 

predators in the same stratum. This may indicate that the trawl survey does not capture the 

available prey field adequately, particularly in regards to smaller Walleye Pollock or forage fish 

that the gear may not sample at a similar catchability to larger bodied groundfish for which the 

survey was initially designed. However, our rescaled CPUE’s, depending on the size of the 

predator, were made up of fish that could be reliably sampled. Furthermore, the survey 

methodology is consistent year to year, therefore at minimum can provide trends through time of 

a variety of species and size classes. It is also possible that these predators, with their diverse 

diets, are not foraging on Walleye Pollock based on availability alone.  

 Our study also illustrates an information-theoretic approach to survey catch and diet data 

(Link and Barker 2006; Cummings et al. 2011). This method allowed us to draw inferences from 

a set of candidate models and investigate the relative importance of a suite of variables, rather 

than evaluate a single model vs. a non-informative null model (Burnham and Anderson 2002). 

Furthermore, the evidence ratios indicated that our more complex models were much more likely 

than simple models, given the data, even considering the penalty applied by AIC to increased 

model complexity (Burnham and Anderson 2002; Hobbs and Hilborn 2006). Previous studies 

have shown the discrepancies between using this type of model selection approach and more 

traditional methods, particularly the difference between using AIC values and R2 values to rank 

models (Cummings et al. 2011). This was again seen in our work whereby the evidence ratios 

greatly supported our best models over the prey availability model which would not be as 

evident when using the R2 values.  

In this study we demonstrated how predation may be affected by predator community 

composition and temperature. Therefore, we suggest that diet data can be used to determine the 

nature of key ecosystem interactions before ecosystem modeling is done, rather than using 

predetermined relationships based on ecological theory alone. How important these predator-

predator or temperature interactions are in a population dynamics or ecosystem sense cannot be 

determined by the present study. However, incorporating these factors into predator functional 

responses in a multispecies modeling framework could illustrate the potential impact of complex 

predator-prey interactions in terms of biomass estimates, reference points, and management 

decisions made in an ecosystem framework.  
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Table 2.1. Sample sizes of datasets used in our Walleye Pollock predation analyses for three 

predators and each region of the Gulf of Alaska (GOA), based on survey samples collected 

between 1990 and 2009. N represents the total stomachs observed for that predator and region, 

which was modeled with logistic regressions, and “Present” indicates stomachs where Walleye 

Pollock were present and is the sample size used in the linear models for proportion of total 

weight 

 

 

 

Western 1)  Central 

 

Eastern 

 

Total 

GOA 

 

 

N 

Pollock 

present N 

Pollock 

present N 

Pollock 

present N 

Pollock 

present 

Sablefish 251 23 782 144 105 8 1138 175 

Pacific 

Cod 1825 238 2962 241 263 17 5050 496 

Pacific 

Halibut 703 94 1427 231 143 15 2273 340 
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Table 2.2. Mean TL and 95% confidence interval of Walleye Pollock measured in stomachs for 

the three predators for the entire GOA and across all years  

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Length 

Bin 

Mean 

TL 

Lower 95% 

limit 

Upper 

95% limit 

Sablefish 30-49 19.3 5.6 35.1 

 

50-69 27.4 11.7 40.6 

 

70+ 30.6 15.2 41.8 

     Pacific Cod 10-29 8.0 5.0 11.0 

 

30-49 11.6 4.2 37.0 

 

50-69 19.6 3.9 42.9 

 

70-89 34.8 7.6 52.0 

 

90+ 37.7 8.3 55.0 

     Pacific Halibut 30-49 10.8 3.4 39.4 

 

50-69 13.8 4.5 46.5 

 

70-89 26.4 5.7 49.5 

 

90-109 36.0 15.2 53.1 

 

110+ 41.7 15.5 65.0 
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Table 2.3. Comparison of the best model chosen (with K variables) based on variable importance 

values and confidence intervals for each regression run to the prey availability model that relates 

the response variable to predator length and prey availability only. Evidence ratios (ρ) for the 

best model given the data are calculated as the ratio of the best model Akaike weight (wi) to that 

of the prey availability model. Logistic models used presence of Walleye Pollock as the response 

and linear models used proportion-of-weight of Walleye Pollock in the diet of the three 

predators. 

Logistic models Best model     Prey availability model   

    K ∆AICc wi R2 ∆AICc wi R2 ρ 

GOA Sablefish 5 0.000 0.428 0.143 65.380 2.719E-15 0.040 1.57E+14 

 Pacific Cod 5 0.000 0.241 0.241 30.800 4.953E-08 0.227 4.87E+06 

 Pacific Halibut 4 0.000 0.201 0.275 20.770 6.215E-06 0.259 32342 

          

western Sablefish 2 0.550 0.058 0.184 8.860 0.001 0.096 58 

 Pacific Cod 4 0.000 0.362 0.308 20.740 1.135E-05 0.287 31907 

 Pacific Halibut 2 0.000 0.133 0.296 0.000 0.133 0.296 1 

          

central Sablefish 6 0.000 0.510 0.158 60.220 4.273E-14 0.024 1.19E+13 

 Pacific Cod 4 0.000 0.228 0.196 10.410 0.001 0.184 228 

 Pacific Halibut 2 1.080 0.082 0.314 37.460 1.030E-09 0.275 7.96E+07 

          

Linear models         

          

GOA Sablefish 2 0.000 0.143 0.049 15.300 6.826E-05 0.021 2095 

 Pacific Cod 2 0.000 0.085 0.100 11.550 2.634E-04 0.096 323 

 Pacific Halibut 2 0.000 0.119 0.193 5.030 0.005 0.188 25 

          

western Sablefish n/a n/a n/a n/a n/a n/a n/a n/a 

 Pacific Cod 3 6.990 0.003 0.149 9.150 0.001 0.147 3 

 Pacific Halibut 1 0.000 0.123 0.194 2.050 0.044 0.213 3 

          

central Sablefish 2 0.000 0.111 0.068 12.410 1.244E-04 0.014 892 

 Pacific Cod 2 0.000 0.085 0.063 7.020 0.003 0.070 28 

 Pacific Halibut 2 0.000 0.194 0.221 20.370 7.330E-06 0.197 26466 
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Figure 2.1. Model averaged parameter estimates and 95% confidence intervals for the seven 

explanatory variables for consumption of Walleye Pollock by three predators in the Gulf of 

Alaska.  Logistic model parameters predicting presence of Walleye Pollock are shown in panels 

A-C and linear model parameter estimates for proportion of stomach content weight are shown in 

panels D-F. Variables chosen in the best model are shown in solid points and those not chosen 

(due to confidence intervals that cross the zero line) are shown with open circles. The number of 

total models from which parameters were averaged from is shown in each panel in the upper 

right area. 
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Figure 2.2. Model averaged parameter estimates and 95% confidence intervals for the seven 

explanatory variables for logistic models describing the presence of Walleye Pollock in the 

stomachs of three predators sampled from two regions of the Gulf of Alaska.  The model 

parameters predicting presence of Walleye Pollock in these predators from the western GOA are 

shown in panels A-C and the central region of the GOA are shown in panels D-F. Variables 

chosen in the best model are shown in solid points and those not chosen (due to confidence 

intervals that cross the zero line) are shown with open circles. The number of total models from 

which parameters were averaged from is shown in each panel in the upper right area. 
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Figure 2.3. Model averaged parameter estimates and 95% confidence intervals for the seven 

explanatory variables for linear models describing the proportion-of-weight of Walleye Pollock 

in the stomachs of three predators sampled from two regions of the Gulf of Alaska.  The model 

parameters predicting proportion-of-weight of Walleye Pollock in these predators from the 

western GOA are shown in the panels A-C whereas stomachs from the central region of the 

GOA are shown in panels D-F. Variables chosen in the best model are shown in solid points and 

those that were not interpreted to be affecting the response variable (due to confidence intervals 

that cross the zero line) are shown with open circles. The number of total models from which 

parameters were averaged from is shown in each panel in the upper right area. 
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Abstract 

 Predator-prey interactions in marine ecosystems are complex and change through time in 

response to environmental factors that operate on different spatial scales. The Gulf of Alaska 

(GOA) groundfish community includes a number of commercially important predators, and 

given the growing emphasis on multispecies models and management, description of the factors 

affecting their diets is critical. Analyses of catch data in the GOA have shown that the system has 

undergone regime shifts, or significant community changes, as a result of Pacific Decadal 

Oscillation (PDO).  We used a multivariate approach to determine if diets of three groundfish 

species (Pacific Cod Gadus macrocephalus, Pacific Halibut Hippoglossus stenolepis, and 

Sablefish Anoplopoma fimbria) are affected by PDO state. Diet communities were found to be 

significantly different between positive and negative PDO index years for all three predators, 

with key prey species consumed at higher rates depending on annual PDO value. A variety of 

other, more local, environmental factors were found to be potentially influencing diets, but vary 

among the predators studied. Overall, our results illustrate the utility of applying multivariate 

methods to diet data to describe the factors affecting trophodynamics in marine ecosystems. Our 

results also show the benefit of using diet data from large scale monitoring efforts as indicators 

of community shifts through time, a data source that previously has not been used to identify 

regime shifts in this marine community.  

 

Introduction  

 There has been increasing interest in the variability of predator-prey interactions of 

marine fishes as ecosystem management has become a major theme in fisheries science. While a 

number of experimental and observational approaches have been used to describe predator-prey 

interactions of marine fishes, one of the more traditional methods is to analyze the gut contents 

of fish caught in surveys or by commercial fisheries (Bowen 1996). This type of data can be used 

to increase the basic ecological information available on a predator species as well as 

parameterizing multispecies models (Walters and Martell 2004). Analysis of such data can be 
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basic descriptions of frequency of occurrence of prey types; however, diet data have also been 

used to test a variety of ecological hypotheses regarding predator-prey interactions (Dwyer et al. 

2010, Thompson et al. 2014) and changes in those interactions over time. 

Given the limitations of univariate approaches,  there has been an increase in the 

application of multivariate methods to describe predator diet composition data  (Marshall and 

Elliott 1997). These methods have promoted quantitative hypothesis testing to identify the 

factors contributing to variation in species composition of diets in time and space, rather than 

approaches that reduce community data to a univariate metric such as  niche breadth or species 

richness (Bowen 1996, Marshall and Elliott 1997). Recent multivariate analyses have described 

prey species associations as well as shifts in prey communities as a function of exploitation rates, 

ontogeny, space, habitat, and time (Garrison and Link 2000, Link and Garrison 2002, Stallings 

2009, Jaworski and Ragnarsson 2006). Analyses of diet may also be extended to describe overall 

community dynamics of ecosystems and test for changes in the biota of a system through time, 

or potentially, regime shifts. 

Regime shifts, in the most general sense, are large, abrupt changes in the way an 

ecosystem functions, similar to alternative stable states. The term “regime shift” has been applied 

to both the abiotic and biotic components of ecosystems over a number of different time scales. 

In marine systems, regime shifts can refer to shifts in climate (physical parameters), or to 

changes in the overall community or dominant biota of a system over a number of years or 

decades. They have been described in multiple marine ecosystems, and are generally linked to 

climatic shifts or changes in exploitation rates on harvested species (Polovina 2005). Regime 

shifts have been a particular focus in the northeast Pacific and Gulf of Alaska (GOA) because of 

the observed effects of the Pacific Decadal Oscillation (PDO) on marine communities.  

PDO is one of a number of multivariate, oceanographic, climate indices calculated for the 

North Pacific, such as the El Nino Southern Oscillation (ENSO). While the PDO index  mirrors 

the ENSO and other climatic indices through time in the North Pacific, it is used to describe 

alternating  warm and cooler cycles at the decadal scale, rather than the shorter term ENSO 

(Mantua et al. 1997). Anderson and Piatt (1999) showed a regime shift from a shrimp and 

decapod dominated GOA benthic community to one dominated by gadid fishes and flatfish in the 

late 1970s, speculating that this was the result of increased harvest of key fish predators as well 

as a shift in the climate of the North Pacific, going from a cooler PDO cycle to a warmer cycle 
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that lasted until the late 1990s (Anderson and Piatt 1999, Hare and Mantua 2000). More recently, 

Litzow (2006) investigated evidence for another regime shift as a result of the PDO switching 

back to a cold cycle in the late 1990s using multivariate methods applied to small mesh trawl 

survey and commercial catch data. However, there was little support for the hypothesis that the 

demersal community of the GOA was experiencing a shifting regime as a result of the more 

recent PDO cycle change when compared to the 1970s shift (Anderson and Piatt 1999, Hare and 

Mantua 2000, Litzow 2006).   

Generally, these studies regarding regime shifts in the GOA used climate and fish 

abundance data (Hare and Mantua 2000) or data from a nearshore, small mesh trawl survey 

(Anderson and Piatt 1999, Litzow 2006). A number of studies have used diet data collected from 

groundfish predators as indicators of community composition and change as a function of 

fishing, stochastic events, and shifts in prey distribution (Fahrig et al. 1993, Hanson and 

Chouinard 2002, Mills et al. 2007, Dwyer et al. 2010, Stevens et al. 2010). Therefore, by treating 

predators as sampling tools (e.g. Pinnegar et al. 2003), diet composition data can be used to test 

for changes in benthic community structure over time, particularly in regards to small, or 

difficult to sample species that would otherwise go unsampled using traditional fishery 

techniques such as trawling. Yang (2004) illustrates this with data from groundfish in Pavlof 

Bay, in the GOA, showing a diet shift before and after the regime shift described by Anderson 

and Piatt (1999). This analysis included species that were not well sampled with previous 

trawling efforts (Yang 2004). 

Changes observed in diets may be the result of shifts in the abundance or distribution of 

prey; however, analyses must account for environmental and biotic factors that may also affect 

diets. Ontogenetic shifts in diet have been illustrated in a multitude of marine fishes, with many 

species becoming increasingly piscivorous as they grow (Walters and Martell 2004, Yang 2004). 

Size-dependent shifts in diet are due to physiological or anatomical mechanisms, such as 

increases in swimming speed and gape size, as well as movement to different habitats (Walters 

and Martell 2004). Furthermore, the local predator community may affect consumption rates of a 

predator through competitive or facultative behavioral interactions (Soluk 1993, Hixon 1997, 

Harvey et al. 2004, Thompson et al. 2014). Ecosystem-wide indicators of climate, such as PDO, 

may not capture all the temperature deviations that communities that are subject to due to spatial 

scale. Abiotic factors at the local scale, such as temperature, may affect predatory dynamics in a 
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number of ways, through altered predator and prey activity rates, predatory searching behaviors, 

and capture efficiencies (Taylor and Collie 2003, Hurst and Duffy 2005, Peck et al. 2006). All of 

these factors can lead to observed changes in prey communities in the diets of predators, so they 

should be accounted for in analyses of diet variability and regime shifts at the ecosystem level.  

The main objective of our study was to use multivariate approaches to test for PDO-

driven shifts in the prey community available to the commercially important groundfish 

community of the GOA. We used diet and catch data for Pacific Cod (Gadus macrocephalus), 

Pacific Halibut (Hippoglossus stenolepis), and Sablefish (Anoplopoma fimbria) collected by 

agency groundfish surveys. These predators were chosen because they support valuable fisheries 

and are generalist predators whose diets are likely to be reflective of community changes in the 

ecosystem (Fahrig et al. 1993, Link and Garrison 2002, Hanson and Chouinard 2002, Yang et al. 

2006). We used a time series of PDO index data to test for differences between PDO positive and 

negative years in the prey community of these predators at the annual scale. We also compared 

diets between the 1990s and 2000s, representing periods of potential diet regimes, as was 

investigated in Litzow (2006). We also tested which prey species were indicative of positive or 

negative PDO states when significant differences in prey community by year were found for a 

predator.  Finally, we tested for correlations with a number of environmental and biotic variables 

to the diet composition data to identify other local factors that contributed to variation in diet.  

Methods 

Data description 

Diet composition and environmental variables were taken from the NOAA-NMFS Alaska 

Fisheries Science Center (AFSC) GOA bottom trawl surveys from 1990 to 2009. This survey ran 

triennially to 1999 and biennially thereafter to assess the groundfish resources of the GOA, for a 

total of 9 surveys supporting stock assessments in the region (von Szalay et al. 2010, years in 

which data were collected are shown in Figure 1). The survey was conducted using a stratified, 

random sampling design in which the GOA is broken up into 59 strata based on depth, location, 

and habitat type (shelf, gully, and slope) across three main geographical regions (western, 

central, and eastern,  DiCosimo 2001). Starting in 1990, fish were subsampled for diet analysis 

by the food habits lab of the Resource Ecology and Fisheries Management Division of the AFSC 

and provided the prey community data used in this study.  Prey items were identified to the 

lowest taxonomic level possible (most common prey to species and uncommon or digested 

species to genus or family) and wet weights recorded for each taxa (specifics of sampling and 
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stomach analysis were described by Yang et al. 2006). From this diet database we calculated the 

proportion of each prey species by total weight of the stomach for each predator of the three 

species (Pacific Cod, Pacific Halibut, and Sablefish). 

To investigate potential climate effects or diet community regimes as a function of PDO, 

we used monthly PDO index values from Joint Institute for the study of the Atmosphere and 

Ocean (JISAO 2013). These values represent a multivariate climate index for the North Pacific, 

incorporating data on sea surface temperature (SST) variability and the North Pacific Gyre 

Oscillation (NPGO; Mundy et al. 2010). These values were averaged (January to December for 

each year) to create an annual PDO value, and years were assigned to either a positive (warm) or 

negative (cold) PDO state (Fig. 1) for comparative analyses at the full ecosystem level. While 

alternative climate variables were available to use for these analyses, such as ENSO or North 

Pacific Index (NPI), these climate indices all agree with the annual PDO values through time for 

the GOA and given the history of using PDO index values to address marine community shifts in 

the North Pacific, we chose to use PDO as our ecosystem-wide climate variable as well (Mundy 

et al. 2010).  

The survey data, and subsequently stomach content data, were obtained in the summer 

months. To confirm that PDO states by year were relevant to the time period sampled, we also 

calculated the summer PDO state by averaging the monthly index values for the months of May-

August to compare to the values calculated from January to December. As Figure 1 shows, years 

determined to be warm or cold for the year were the same for the summer months alone. 

However, when comparing bottom trawl data, there are some disparities between annual PDO 

state and observed deviations from mean temperature by year (Fig. 1). In some years, (1989, 

1995, and 2001, Fig. 1) the bottom trawl data shows an opposite trend for the year when 

compared to both the annual and summer PDO states. These disparate trends between bottom 

temperature and PDO state may be explained by sampling methodology, particularly the time 

frame and spatial progression of the survey (von Szalay 2010).  

In addition to comparing diet communities between annual positive and negative PDO 

states, we grouped stomachs by decade to test for potential shifts at a longer time scale and to 

compare to previous work done in the system investigating a potential pre- and post-1999 regime 

shift in the GOA (Litzow 2006). Pre-1999 years represent a generally warm cycle (67% of years 
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positive annual PDO index; “early” time period) and 1999 and after represent a generally cold 

cycle (55% of years negative annual PDO index; “late” time period, Figure 1). 

Covariates were chosen to test our hypotheses regarding the additional effects ontogeny 

and local and broad scale environmental factors may have in structuring the diets of the three 

groundfish predators in addition to the PDO state. At the individual predator level, we included 

predator length and total stomach weight as measures of predator size. At the local level, many 

of our variables were unique to an individual haul conducted on the groundfish survey (mean 

area ± standard deviation: 0.0623 ± 0.0401 km2). These included: depth, bottom temperature, 

latitude, and longitude. We also included the CPUE at the strata level (5,242 ± 3,729 km2) for 

Pacific Cod, Pacific Halibut, and Sablefish to test the hypothesis that these predators interact and 

affect the diet composition of each other in this system. Other diet studies have examined similar 

spatial scales to identify potential biotic interactions (Johannesen et al. 2012, Thompson et al. 

2014). 

 

Data preparation 

 To reduce pseudo-replication effects, we pooled stomach samples of individual predators 

of a species in 10 cm length bins for each haul. Therefore, each observation for a prey species for 

a predator is the total proportion (by weight) of the total stomach contents for all predators of the 

same species, in the same length bin and haul, rather than the proportion weight for each 

individual predator sampled. Predator lengths are then reduced to the 10cm bin, rather than the 

initial true length, but all other explanatory variables are at the haul level or greater in terms of 

spatial scale, so they remained unaffected in our analyses by this data aggregation.  

The three groundfish studied had over 300 total prey types observed in their stomachs 

over the study period; however, most of these are rare. We limited our analyses to prey that were 

found in at least 5 percent of the total number of stomachs, limiting the prey field to between 11 

and 22 prey taxa for each predator. Rare species make finding ordination solutions difficult and 

can strongly affect our interpretation of community structure (McCune and Grace 2002, 

Lundström et al. 2010). While a significant decrease in the total number of prey taxa, these 

reduced prey communities still accounted for 75-85% of total stomach contents by weight in 

these three predators. After removing rare species, we also excluded stomachs that were empty, 

which reduced our total observations by 5% for Pacific Cod, 15% for Pacific Halibut, and 18% 

for Sablefish. Furthermore, we excluded outlier stomach samples from our community data, a 
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common procedure to allow for stable ordination solutions (McCune and Grace 2002) and initial 

model runs verified that inclusion of such data points would prevent stable ordination solutions. 

Stomachs with prey contents more than two standard deviations away from the mean prey 

community composition, based on Sorensen distance, were determined to be outliers and 

removed from the analyses (McCune and Grace 2002). This step removed few observations, 

resulting in a 4% reduction in sample size in Pacific Cod, and a 6% reduction in Pacific Halibut 

from the working dataset that was aggregated by haul and had empty stomachs removed. No 

samples were deemed outliers in the Sablefish dataset. The final number of stomach samples and 

length bins are given in Table 1. 

The overall dataset, while reduced to only the more common prey types, was still zero-

truncated, as is often the case with community abundance data (de Cáceres and Legendre 2008). 

Therefore, we transformed the data using a Beals smoothing function, which replaces the 

proportion of weight with the presence or absence of a species in a stomach with a likelihood of 

a prey species occurring based on the proportions of stomachs with that prey species across all 

samples (McCune and Grace 2002). While a potentially extreme transformation that can lead to 

spurious results, de Cáceres and Legendre (2008) indicates that this is only an issue with low 

sample sizes, a criterion our analyses did not meet. However, this limited our results to detecting 

patterns in occurrence of a prey species, rather than the proportion of the total weight of prey.  

 

Statistical analyses 

To describe the community of prey found in the stomachs sampled from the three 

predators, a series of nonmetric multidimensional scaling (NMS) procedures were performed in 

PC-ORD (McCune and Meford 2010). NMS was chosen as our ordination method because it 

does not assume linear relationships, as in the more commonly applied principal components 

analysis (PCA) (McCune and Grace 2002).  All NMS procedures had 100 runs with the real data, 

were limited to 3 axes (for interpretability), used 0.000001 as the stability criteria, used a step 

length of 0.20 and the Monte-Carlo randomization had 500 iterations. The number of axes was 

chosen when the NMS stress was less than 95% of that in the Monte-Carlo randomization test.  

To determine the “fit” of the ordinations in comparison to the raw data, this method uses 

randomization tests to indicate the probability that the axes in the final ordination minimize the 

stress (similar to model fit) significantly more than randomized runs with the data (McCune and 

Grace 2002).  We also calculated the correlation coefficients for the ordination axes and the prey 
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community matrix to determine the percent variance in the community data explained by each 

axis. Patterns in the prey communities (what prey types are associated together) were described 

using graphed outputs of the ordinations. We used the prey centroid, which is the center of mass 

of a prey’s occurrence in multivariate sample space, to determine prey gradients along the axes 

as well as prey associations (McCune and Grace 2002). To evaluate the effect of environmental 

variables on the prey community for each predator, R2 values were calculated between the 

ordination results and the environmental variable matrix. Variables with R2 values of 20% or 

higher were interpreted as potentially impacting diet composition and included in the graphs.  

We used a multi-response permutation procedure (MRPP) to determine if there was a 

significant difference in prey communities between stomachs collected in PDO positive or 

negative years or between decades. MRPP is a non-parametric analog to multivariate ANOVA 

(MANOVA) that makes no assumptions regarding normality in the community data (McCune 

and Grace 2002). When significant differences in prey community composition were detected 

between early and late time periods and/or warm and cold prey communities for a predator, we 

followed this procedure with an indicator species analysis, which compares the frequency of 

occurrence of a species (prey taxa) in stomachs in one category (e.g. PDO state) to determine 

which prey species were significantly more common (McCune and Grace 2002).  

 

Results 

 We found significant differences in prey communities between PDO positive and 

negative years for all three of the predator fishes we examined (Table 2). Subsequently, with 

indicator species analysis, we found a number of prey species that were consumed more 

frequently in positive or negative PDO years in the GOA (Table 3). The shifts in prey as a result 

of annual PDO values vary by species; however there were some consistent patterns. For all 

three predators, Walleye Pollock was significantly more frequent in stomachs in years with a 

positive annual PDO index. The same pattern was observed with euphausiids in Pacific Cod and 

Sablefish. PDO negative years showed increased consumption of many of the crab species and 

other, non-Walleye Pollock, forage and benthic fishes (Table 3).   

 In addition to identifying patterns in the prey communities of these groundfish as a 

function of annual PDO values, we used the predator diets to test the hypothesis that there were 

decadal shifts in diet based on the results of Litzow (2006), who investigated a potential regime 
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shift in the GOA and concluded that such a shift had not occurred. Diet composition in the three 

predators were significantly different between decades (Table 2). Generally, species that were 

identified as indicators of the negative PDO state were also identified as indicators of the more 

recent decade (where more years were in the PDO negative state; Figure 1) and the same held 

true for the positive PDO state and the 1990s (Table 3). While individual prey were found to be 

indicators of either PDO state or decade, and not both, there were few instances of this and in no 

cases was a prey indicative of a negative PDO state during the second, warmer decade. There 

were also some prey species found to be consistently indicative of similar PDO states across 

predators. Walleye Pollock (the most common fish prey in these predators) and euphausiids were 

consumed at higher rates in warmer years, whereas colder years showed increased consumption 

of many of the crab species and other, non-Walleye Pollock, forage and benthic fishes (Table 3).   

Stable ordinations were found for all three species using NMS, with three axes chosen as 

the best solution for Sablefish and Pacific Cod diet data, but only two axes for Pacific Halibut 

(Table 2). In total, the variation explained by the final ordination axes was between 76% and 

86%, depending on predator. The level of variation explained by the axes, in tandem with the 

final stress values for the three predator NMS, supports the conclusion that these statistical 

models are useful for interpreting ecological hypotheses (Table 2; McCune and Grace 2002).  

  When testing for potential correlations between covariates and diet composition (R2 > 

0.20 for a factor and the NMS solution), all three predators showed an increase in piscivory 

(specifically more Walleye Pollock) with increases in length and/or stomach weight (Figs. 2-6).  

However, the other factors found to be potentially structuring the prey communities of these 

predators were species-specific. Sablefish NMS results supported the pattern previously 

described by MRPP with monthly PDO (when treated as a continuous, local environmental 

variable) value associated with axis 3 and correlated with higher consumption of euphausiids, 

Walleye Pollock, and squid, which were all identified of warmer PDO years in the indicator 

species analysis (Fig. 3).   Furthermore, NMS indicated that the local (stratum-level) CPUE of 

both Pacific Halibut and Pacific Cod may affect the diet of Sablefish: when Pacific Halibut are 

present, we see increases associated with higher axis 2 scored prey such as Euphausiidae, 

Pandalid shrimp and, amphipods, and when Pacific Cod are present, we see increases in axis 1 

scored prey, jellyfish (Fig. 2).  
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Pacific Halibut, however, showed no correlations with the potential covariates outside 

those representing ontogenetic shifts, with length, stomach weight, and depth increases 

correlated with more Walleye Pollock and octopus observed in the diet (Fig. 4).  Pacific Cod, 

with the most diverse diet, showed a number of correlations with environmental covariates. Like 

Sablefish, increasing monthly PDO values were correlated with diets comprised of species 

identified as warm year indicators in the indicator species analysis (Fig. 3). Year increases (as 

year increased towards the “late” time period, PDO annual values were generally cold) showed 

an opposite pattern to monthly PDO and diets reflected more cold year indicator prey species as 

such (Fig. 5). Increasing Pacific Halibut CPUE was associated with axis 3 of the Pacific Cod 

NMS and suggests increasing consumption of Pacific Sandlance and some small crab species 

(Fig. 6).   

Overall, our results indicate that prey communities differ for groundfish in the GOA in 

response to annual PDO state. While there was also evidence of a decadal shift in the transition 

from the late 1990s to early 2000s, the two regimes we tested both had warm and cold years 

(given by PDO positive and negative values). Therefore, the time scale we had for our diet data 

may not be capturing a true regime change in the GOA based on PDO. This variability suggests 

that in terms of prey communities, the short term annual PDO may be more valuable to compare 

community composition unless there is a clear regime with many warm or cold years 

successively, or as a longer time series of diet data is compiled. Additionally, our results indicate 

that ontogeny and local environmental variables, such as bottom temperature, depth, and the 

density of other predators in the ecosystem also contribute to the observed prey community in 

individual predators, however PDO may be more useful in describing broader patterns in diets of 

these groundfish as a result of environment.  

 

Discussion 

 Our results illustrate how multivariate investigation of the diets of key predators and 

environmental factors yield insight into ecosystem dynamics. We found evidence that diets in 

predators differ significantly and consistently between years with negative annual PDO values 

versus those with positive indices, and therefore may capture shifts in community dynamics as a 

result of large scale, climatic variables. For all three predators we studied, diets were found to be 

similarly composed between the warm and cold PDO state comparisons as well as the 90’s and 

2000’s. While we included analyses to compare regime shifts of marine communities as sampled 
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by groundfish predators, we believe our time scale was insufficient to fully investigate such 

patterns. There are a number of biological and environmental covariates that structure predator 

diets, such as ontogeny and other predator densities. Importantly, identification of regime shifts 

is likely to remain a retrospective, rather than a predictive, evaluation, requiring a broad look at 

changes in space and time. We also observed consistent ontogenetic shifts in these predators, 

however other environmental covariates, such as other predator densities, that were found to 

potentially influence prey communities varied by individual predator species.  

The consistent increase in consumption of Walleye Pollock and euphausiids in positive 

PDO years is noteworthy, as they are both important forage for a large number of species in this 

region and determining the factors that contribute to recruitment and mortality of these 

organisms has been a research priority in the GOA (Hollowed et al. 2001, Gaichas et al. 2010, 

Mundy et al. 2010). Hollowed et al. (2001) suggests that groundfish stocks, including Walleye 

Pollock, in the GOA showed higher recruitment as the system warmed in response to ENSO 

events. However, groundfish recruitment was not as strongly correlated to climate as other 

groups, such as salmonids in the California Current and GOA (Francis and Hare 1994, Hollowed 

et al. 2001). There is also evidence that euphausiids may respond similarly to warmer climate 

conditions. Brodeur et al. (1996) indicates an increase in zooplankton in the GOA after the 1977 

regime shift to warmer conditions as previously described.  However, these results are not 

specifically measures of euphausiids but include a large suite of organisms, particularly 

copepods (Brodeur et al. 1996, Francis et al. 1998). Letessier et al. (2011) shows that 

biodiversity of euphausiids increases with increasing temperatures globally, and there is also 

evidence that the species composition and reproductive potential of particular euphausiids is 

affected by climate in the GOA (Pinchuk et al. 2008). Therefore, the analyses that we conducted 

with groundfish diets may be further evidence of increases in biomass, and therefore availability 

and consumption, of these two key prey types in the GOA as a result of positive PDO years.   

The presence of capelin in Pacific Halibut stomachs in colder years is supported by 

previous work with Pacific Cod foraging in the Bering Sea. Ciannelli and Bailey (2005) showed 

that capelin use cold water as refuge from groundfish predators and that PDO cycles affected 

their spatial overlap with Pacific Cod. It is possible that a similar dynamic is being captured by 

the diet data here, particularly for Pacific Halibut. Outside of capelin, many of the cold year 

species, such as smaller crabs, are not well sampled in this region by the traditional trawl 
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surveys. These prey types represent biota that would not be included in trawl-based studies of 

community shifts and biomass trends over time, so incorporation of diet data may be a valuable 

addition to ecosystem condition research in the future. 

At the local level, predator interactions were a potential explanatory factor for diet 

composition in Sablefish and Pacific Cod, based on observed correlations (R2 > 0.20) with local 

(strata level) Pacific Halibut density (Fig. 2, 5). In Sablefish, Pacific Halibut density increases 

were associated with a diet composition that was more indicative of smaller Sablefish (given by 

the opposing correlation with stomach weight) with shrimp, amphipods, euphausiids, and 

unidentified teleosts rather than the larger predatory diet of fishery offal, squid and Walleye 

Pollock (Fig. 2).  With Pacific Cod, Pacific Halibut increased density was associated with a diet 

indicative of Pacific Cod in shallower waters (Fig. 6). This association of Pacific Halibut with 

shallower feeding behaviors in Pacific Cod and with smaller Sablefish could be evidence of 

habitat associations among the predators. As Sablefish and Pacific Cod are more inshore, they 

are potentially around more Pacific Halibut, and therefore the analyses we performed indicated a 

predator behavioral interaction. Conversely, diet shifts in relation to increasing Pacific Halibut 

could be the result of a direct, behavioral shift in response to this large flatfish predator. 

However, without detailed information regarding local prey availability the mechanisms 

responsible for the observed patterns cannot be determined (Thompson et al. 2014). 

There are caveats when using diet data to infer ecological interactions and regime shifts 

as we did in this study. Of particular note are the difficulties in prey identification and taxonomic 

inconsistencies within the dataset. There are a number of common prey types in this study that 

are a subset of another. For instance, Walleye Pollock is a species of gadid fish, cottidae is a 

family within the suborder of Cottoidie, Pacific lyre crab is a lyre crab, and all fish prey could 

have been in the prey category “teleost” (Table 2).  In general, ordination results showed that 

more specific prey types were associated with the broader prey category they could be included 

in and were not associated with different PDO states or regimes. However, in Sablefish diets, 

gadid fish was a cold year indicator whereas Walleye Pollock was a warm year indicator. In 

Pacific Cod, the same pattern was found with the family cottidae and suborder cottoidie, which 

are both used to represent sculpins. Therefore, these prey types may not be particularly good 

indicators of regime or environmental effects, unless there was some known influence of 

environment on the ability of researchers to assign a prey to a particular taxonomic level. 
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Previous studies that used multivariate methods to describe the prey communities of groundfish 

have taken varied approaches to aggregating prey categories to account for this, often choosing 

to group some prey and keep others at the species level as a function of perceived ecological or 

commercial value (Garrison and Link 2000, Jaworski and Ragnarsson 2006, Bundy et al. 2011). 

However, because the prevalence of very broad categories of prey in the stomach data we used, 

such as teleost or non-gadid fishes, aggregating the weights of all the prey that fell under these 

few categories would yield a community matrix of very few prey types which would be of little 

use in describing ecological shifts in diet as the result of local environmental factors and large 

scale climate patterns (McCune and Grace 2002). Even with these taxonomic issues in the data, 

we still found patterns in the prey communities, such as shifts from decapods to Walleye Pollock 

and other fishes with increased body size and positive PDO years.  

Another potential limitation with this approach is the inability to separate observed 

consumption of prey as a function of a change in abundance from a shift in behavior of the 

predators. Previous studies have illustrated the utility in using diet data as an ecological sample 

of a system to capture trends in abundance, some of which have agreed with independently 

determined estimates of prey abundance (Fahrig et al. 1993, Dwyer et al. 2010). In this study, the 

prey increases with positive PDO years matched observations of abundance that have been 

reported in previous studies. However, our previous study of shifts in Walleye Pollock predation 

suggests that prey availability alone is not a consistently good predictor of consumption in these 

three predators (Thompson et al. 2014). We attempt to account for this potential behavioral 

complexity by including predator-predator and environmental interactions, but did not analyze 

the effect of prey availability. The potential benefit of diet studies is that many prey species are 

not sampled reliably in other, more standard, fishery survey methods, because they are too small 

or are associated with habitat that cannot be sampled. Therefore, we do not have abundance data 

for most of the prey species we investigated and thus cannot determine if increased consumption 

of prey types is related to abundance or some other behavioral shift in the predators.   

This study illustrates the utility of multivariate analyses of diet data to gain further insight 

into ecosystem dynamics of marine ecosystems. Hare and Mantua (2000) suggest that biological 

indices over time may be more valuable to detect regime shifts in the north Pacific than climate 

indices alone. This study contributes to that idea by focusing on the diets of key predators, rather 
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than commercial catch or survey abundances, and we believe that future work regarding regime 

shifts should consider diet data as a valuable additional data source when possible.    
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Table 3.1. Number of observations (individual stomachs pooled for size bin and haul to avoid 

pseudo replication) analyzed for each of the three groundfish predators for each length bin 

  Length Bin (cm)                   

Predator Species 20 30 40 50 60 70 80 90 100 110 120 130 140+ Total 

Sablefish 

 

4 18 68 140 133 68 13 2 

    

446 

Pacific Halibut 3 45 119 166 194 239 218 159 70 43 26 12 7 1301 

Pacific Cod 7 45 108 291 376 356 178 56 17 4       1438 

 

 

Table 3.2. Summary of NMS and MRPP results for the three groundfish predators studied. 

      
% Variation 

explained   MRPP results 

Predator species 

N 

Prey 

types 

Final 

Stress 

Axis 

1 

Axis 

2 

Axis 

3 Total 

PDO p-

value 

Time 

period p-

value 

Sablefish 10 10.41 31 24 21 76 0.00019 < 0.000001 

Pacific Halibut 11 14.11 61 17 NA 78 0.000003 < 0.000001 

Pacific Cod 23 13.39 46 20 20 86 0.000001 < 0.000001 
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Table 3.3. List of prey included after 5 percent cut off by species by order of frequency and 

results of indicator species analysis for both PDO positive/negative years as well as decade 

(1990’s vs. 200’s). PDO state or regimes of prey species that were significant (p ≤ 0.05) 

indicators are shown.    

Sablefish (N=364) 
 

PDO 

State 

 
Regime 

 Prey species Frequency p-value Indicator p-value Indicator 

Walleye Pollock 0.316 0.0158 positive 0.0006 1990’s 

Fishery offal 0.269 0.6032 

 

0.8214 

 Teleostei  0.192 0.0874 

 

0.0012 2000’s 

Scyphozoa (jellyfish) 0.146 0.1132 

 

0.0298 1990’s 

Teuthida (squid) 0.140 0.0196 positive 0.3718 

 Euphausiidae (euphausiid) 0.115 0.0002 positive 0.0002 1990’s 

Pandalidae (shrimp) 0.102 0.4036 

 

0.6568 

 Gadidae (gadid fish) 0.082 0.0004 negative 0.0002 2000’s 

Gammaridea (amphipod) 0.077 0.4184 

 

0.0062 2000’s 

Non-gadoid fish remains 0.077 0.4112 

 

0.0392 2000’s 

      

      Pacific Halibut (N=1106) 
     Paguridae (hermit crab) 0.427 0.2826 

 

0.7720 

 Walleye Pollock 0.246 0.0008 positive 0.0002 1990’s 

Tanner crab 0.201 0.9114 

 

0.8726 

 Pygmy cancer crab 0.156 0.0026 negative 0.0002 2000’s 

Pacific lyre crab 0.145 0.0084 negative 0.0128 

 Pacific sandlance 0.114 0.0720 

 

0.0004 2000’s 

Lyre crab 0.101 0.0036 positive 0.0062 1990’s 

Non-gadoid fish remains 0.085 0.8398 

 

0.0002 2000’s 

Capelin 0.074 0.0002 negative 0.0002 2000’s 

Widehand hermit crab 0.070 0.0120 negative 0.0004 2000’s 

Octopoda (octopus) 0.061 0.9966 

 

0.9090 

 

      Pacific Cod (N=1376) 
     Pandalidae (shrimp) 0.338 0.3282 

 

0.0474 1990’s 

Crangonidae (shrimp) 0.315 0.1298 

 

0.0188 

 Tanner crab 0.305 0.0002 negative 0.9104 

 Polychaeta (polychaete) 0.290 0.4842 

 

0.7930 

 Paguridae (hermit crab) 0.277 0.0004 positive 0.0002 1990’s 

Walleye Pollock 0.162 0.0002 positive 0.0002 1990’s 

Gammaridea (amphipod) 0.137 0.0002 positive 0.0002 1990’s 

Caridea (shrimp) 0.121 0.0002 negative 0.1178 

 Euphausiidae (euphausiid) 0.108 0.0032 Positive 0.0002 1990’s 
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Non-gadoid fish remains 0.108 0.0140 negative 0.0002 2000’s 

Hippolytidae (shrimp) 0.092 0.0002 positive 0.5782 1990’s 

Octopoda (octopus) 0.090 0.0002 positive 0.0002 1990’s 

Aphroditidae (sea mouse) 0.088 0.0002 positive 0.0002 1990’s 

Teleostei  0.085 0.0232 negative 0.0002 2000’s 

Pink shrimp 0.083 0.0884 

 

0.0132 1990’s 

Lyre crab 0.080 0.0002 positive 0.0002 1990’s 

Reptantia (crab) 0.080 0.0002 negative 0.0002 2000’s 

Galatheid crab 0.079 0.4566 

 

0.0002 2000’s 

Stichaeidae (prickleback) 0.070 0.0032 negative 0.0418 2000’s 

Cottidae (sculpin) 0.069 0.0002 positive 0.0002 1990’s 

Pacific sandlance 0.066 0.0002 negative 0.0002 2000’s 

Cottoidei (sculpin) 0.063 0.0002 negative 0.0002 2000’s 

Pinnotheridae (pea crab) 0.052 0.4002 

 

0.8880 
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Figure 1.1. Mean PDO for each year and summer months during sampling as well as the 

difference between the observed bottom temperature averages compared to the long term mean 

from all trawl data collected in the GOA.  Stomach data were analyzed from all years with 

bottom temperature data. 
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Figure 3.2. Sablefish ordination results, axis 1 and 2. Prey centroids are indicated and 

explanatory variables that meet the R2> 0.20 criteria are shown in italics. Arrows indicate the 

direction of the effect of the variable in terms of prey composition and arrow length is related to 

the R2 value of the variable in relation to the community data matrix.   
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Figure 3.3. Sablefish ordination results, axis 1 and 3. Prey centroids are indicated and 

explanatory variables that meet the R2> 0.20 criteria are shown in italics. Arrows indicate the 

direction of the effect of the variable in terms of prey composition and arrow length is related to 

the R2 value of the variable in relation to the community data matrix. Prey circled in solid lines 

are significant (p< 0.05) indicators of warm PDO years and those in dashed lines are indicators 

of cold years.  
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Figure 3.4. Pacific Halibut ordination results, axis 1 and 2. Prey centroids are indicated and 

explanatory variables that meet the R2> 0.20 criteria are shown in italics. Arrows indicate the 

direction of the effect of the variable in terms of prey composition and arrow length is related to 

the R2 value of the variable in relation to the community data matrix. Prey circled in solid lines 

are significant (p< 0.05) indicators of warm PDO years and those in dashed lines are indicators 

of cold years. 
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Figure 3.5. Pacific Cod ordination results, axis 1 and 2. Prey centroids are indicated and 

explanatory variables that meet the R2> 0.20 criteria are shown in italics. Arrows indicate the 

direction of the effect of the variable in terms of prey composition and arrow length is related to 

the R2 value of the variable in relation to the community data matrix. Prey circled in solid lines 

are significant (p< 0.05) indicators of warm PDO years and those in dashed lines are indicators 

of cold years 
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Figure 3.6. Pacific Cod ordination results, axis 1 and 3. Prey centroids are indicated and 

explanatory variables that meet the R2> 0.20 criteria are shown in italics. Arrows indicate the 

direction of the effect of the variable in terms of prey composition and arrow length is related to 

the R2 value of the variable in relation to the community data matrix.     
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The effect of climate-induced alternative predator-prey relationships on trophic mass 

balance models for the Gulf of Alaska  

Abstract 

 Marine systems undergo changes in community composition over time as a result of a 

variety of environmental and anthropogenic factors. This is particularly true for the Gulf of 

Alaska (GOA), where a massive shift in community composition was documented in the 1970s 

when communities shifted from crabs and benthic invertebrates dominated system to groundfish. 

These changes were attributed to a large-scale, climate index, Pacific Decadal Oscillation (PDO), 

which continues to influence temperatures and ecosystem processes annually. While no further 

“regime shifts” in the community have been demonstrated, previous work with trophodynamics 

of groundfish in the ecosystem has indicated that diets of top fish predators are different between 

PDO warm and cold years. We investigated the potential impact of shifting diets in groundfish in 

an ecosystem-modeling framework, using Ecopath trophic-mass balance models. To mimic the 

diet changes observed in survey data, we shifted the diets of key groundfish predators in the 

model to consume more Walleye Pollock and euphausiids in warm years, and more crabs, forage 

fish, and benthic invertebrates in cold years. We noted a number of differences in model 

estimated ecosystem indices. Biomass accumulation estimates indicated that some ecologically 

and commercially important species groups would be expected to greatly diverge in population 

size and function if models were based on data from warm vs. cold PDO years. Differences were 

also noted in the level of omnivory and niche overlap between predators. In general, predator 

overlap was at its lowest in the cold year model, as predators had more diverse diets and 

therefore predation was more diffuse in the system in general.  These results illustrate the 

importance of environmental context when parameterizing models, and the value of long term 

monitoring programs to collect both abundance and diet data. 

 

Introduction 

 One key factor in moving from single-species approaches to more ecosystem based 

assessments is the acknowledgement that ecological communities change through time. In 

fisheries, accounting for this change has been primarily achieved by developing modeling 

methodologies that vary natural mortality rate, M, rather than treating it as a constant (Walters 

and Martell 2004). Natural mortality fluctuations can be driven by ecosystem productivity, 

predator biomass, and prey availability (Link 2010). However, this single-species approach may 

not sufficiently capture shifts in community interactions that occur in response to environment or 
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management of biological resources. Marine communities can have responses to large scale 

environmental factor or climate shifts, and these may also contribute to an individual species 

survival rates and overall ecosystem dynamics (Hare and Mantua 1997).  

 The Gulf of Alaska (GOA) is a large marine ecosystem with a diverse number of species, 

many of which support large-scale commercial fisheries (Aydin et al. 2007; Zador et al. 2011). It 

is also an ecosystem that has been shown to undergo large community changes, or regime shifts, 

as a result of climatic forcing and fishing pressure (Anderson and Piatt 1999; Gaichas 2010). In 

the 1970s, the GOA marine benthic community shifted from a decapod dominated system to one 

dominated by a variety of groundfish (Anderson and Piatt 1999). While some of this shift may 

have been due to fishing pressure on the system, it is generally accepted that the main driving 

force behind this community change was related to the cycles of the Pacific Decadal Oscillation 

(PDO; Mantua 1997; Anderson and Piatt 1999; Hare and Mantua 2000; Litzow 2006).  PDO is 

one of a number of multivariate, oceanographic, climate indices calculated for the North Pacific, 

such as the El Nino Southern Oscillation (ENSO). While the PDO index mirrors the ENSO and 

other climatic indices through time in the North Pacific, it is used to describe alternating warm 

and cooler cycles at the decadal scale, rather than the shorter term ENSO (Mantua et al. 1997; 

Hare and Mantua 2000). Coinciding with the 1970s regime shift toward a groundfish dominated 

community, the GOA experienced a shift from a PDO cold to a warmer cycle, whereby the PDO 

index remained generally positive for over a decade.  

 More recently, Litzow (2006) investigated evidence for another regime shift following 

the PDO switch back to a cold cycle in the late 1990s using multivariate methods applied to 

small mesh trawl survey and commercial catch data. However, there was little support for the 

hypothesis that the demersal community of the GOA was experiencing a shifting regime as a 

result of the more recent PDO cycle change when compared to the 1970s shift (Anderson and 

Piatt 1999, Hare and Mantua 2000, Litzow 2006). Ecosystem assessments of the GOA also 

indicate that, in general, there is no significant year to year change in the abundance of key 

functional groups as a result of shifting annual PDO indices (Zador et al. 2011). Biomass trends 

in the Walleye Pollock assessment show a huge increase in biomass in the 1970s due to the 

described regime shift, however other taxa in the system do not show a strong climate signal, or 

the variability of year-to-year responses to climate is outweighed by overall trends in abundance 

due to management actions (Dorn et al. 2012). Analyses we conducted with the CPUE of 
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groundfish from a time series of trawl data for the GOA also indicate that there aren’t significant 

differences between PDO warm and cold years, for a period encompassing from 1989 and 2009, 

where PDO index fluctuated a number of times (Fig. 1).  

 While biomass of key species in the GOA does not appear to be undergoing dramatic 

shifts, there is evidence that trophodynamics of the system differ between PDO warm and cold 

years. In Thompson and Heppell (in review), we illustrated differences in the diets of three 

ecologically and commercially groundfish (Pacific Cod, Pacific Halibut, and Sablefish) based on 

annual PDO index. While we observed a number of local environmental covariates also 

contribute to the observed diets of these groundfish, PDO state was a strong indicator diet in 

these predators. In general, the predators we studied consumed Walleye Pollock and euphausiids 

more frequently in warm PDO years, and consumed more crabs, forage fish, and benthic 

invertebrates in cold years (Fig. 2; Thompson and Heppell in review). Many of these prey, 

especially Walleye Pollock and euphausiids, represent critical ecosystem linkages in this system 

(Hallowed et al. 2000; Zador et al. 2011). These results indicate that in spite of only minor 

changes in GOA-wide CPUE of prey biomass in relation to PDO, there is evidence of changing 

predator and prey interactions.  

Mass balance models, generally using the Ecopath with Ecosim (EwE) framework, have 

been used to compare energy flows, production, and fishing effects among ecosystems or for 

different time periods of the same ecosystem (Bundy 2005; Aydin et al. 2007; Coll et al. 2009; 

Gaichas et al. 2005; Ruzicka et al. 2012). These models require inputs regarding biomass, 

fishing, production to biomass ratios, and diet information for the groups or species being 

modeled (Polivina 1984; Christensen and Walters 2004). Diet information is represented by the 

proportion of total diet for each prey for every consumer in the system. Like biomass and other 

parameters in these models, the diet information is generally averaged over a time period, or the 

data are from a short time series, which may actually capture multiple changing environmental 

variables (Christensen and Walters 2004; Ruzicka et al. 2012). The Ecopath models we build off 

of in this study, represent the GOA from averaged diet, biomass, and catch data from the early- 

to mid- 1990’s and have been used to investigate differences among Alaskan marine ecosystems, 

the effects of fishing on key predators and prey, and the importance of predator-prey interactions 

and fishing on fitting catch data in an ecosystem framework (Aydin et al. 2007; Gaichas et al. 

2010; Gaichas et al. 2012).  
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In this study, we set out to determine the effect of noted changes in GOA predator diets in 

response to PDO by updating previously parameterized Ecopath models that correspond to 

warm, cool, and average PDO state. Our objective is to compare the outputs of these trophic 

mass balance models to compare overall ecosystem metrics and individual functional group 

indices between climate states.     

 

Methods 

Modeling framework 

 We used the Ecopath trophic-mass balance approach to ecosystem modeling, which 

captures a “snapshot” of the biomass pools of an ecosystem (Polivina 1984). Ecopath models are 

parameterized so that biomass additions and losses for a functional group (single species or 

group of species with similar characteristics) are balanced. This is achieved by solving for two 

master equations, the first of which describes the production of a group, given by:  

1)  Pi =Yi + Bi (M2i + Ei + MOi + BAi) ,  

where for group i, P is the annual productivity, Y is the annual catch, B is the annual biomass, 

M2 is the total group predation rate, E is the net migration rate, and MO is other mortality given 

by the equation MOi=Pi (1-EEi), where EE is ecotrophic efficiency (represents the biomass 

consumed by other groups) and BA is the group specific biomass accumulation rate (Christensen 

and Walters 2004; Bundy 2005; Gaichas et al. 2010). The separation of M0 (base mortality rate) 

and predation mortality rate, M2, is what allows for modeling the effect of predator biomass on 

the production of a group that is absent from single-species modeling methods.  

The second equation represents the flow of biomass within a group given by: 

2) Qi = Pi + Ri + GSi Qi 

Where, for group i, Q is the consumption, R is the respiration, GS is the proportion of food that 

isn’t assimilated (Christensen and Walters 2004; Bundy 2005).  

 

Model input parameters 

 We updated an existing Ecopath model for the entire continental shelf of the GOA 

outlined in Aydin et al. (2007) and Gaichas et al. (2010) using alternative predator-prey 

relationships to explore the potential ecosystem level responses to changing predator diets with   

PDO state. The original model was parameterized with 139 species or groups and fisheries 

(Table 1). Input parameters required for balancing the model for each group were generally B, 
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P/B, and Q/B, leaving the other parameters to be solved for by the model (Aydin et al. 2007; 

Gaichas et al. 2010). However, in the case of detritus, biomass was solved for by providing the 

input EE for the group (Aydin et al. 2007).  Biomass (t/km2) was derived from stock assessment 

and survey data generated by the Alaska Fisheries Science Center (AFSC). Production to 

biomass ratios, P/B, also primarily came from stock assessments. Consumption to biomass ratios 

(Q/B) were derived from an relationship of growth to consumption based on von Bertalanffy 

growth functions applied to age-growth data taken from trawl survey data (Gaichas et al. 2010 ).  

 To estimate predation mortality, M2, for each group and the flows of energy between 

groups, Ecopath uses a diet matrix for every consumer in the system. Groundfish diets were from 

data collected by the food habits lab of the AFSC, which provides volumetric estimates and 

count of all prey identified in stomachs of a large variety and number of predators throughout the 

GOA (Yang et al. 2006). When food habits data weren’t available, such as for lower trophic 

level predators or mammals, parameters were inferred from literature (Aydin et al. 2007). Diet 

data is represented as the proportion of total prey volume for each species or group in the model.  

 This initial Ecopath model of the GOA included catch rates (t/km2) on all the species in 

the model for 14 fisheries, including trawls, pot, hook and line, and subsistence fisheries. Data 

for these average catch rates per year were taken from stock assessments and catch statistics 

produced by the AFSC (Aydin et al. 2007).  

 

Alternative models 

 The GOA Ecopath model we used as the foundation of this study is parameterized based 

on values averaged across years in the early- to mid-90’s (Aydin et al. 2007; Gaichas et al. 

2010). As a methodology, Ecopath requires this “snapshot” of system dynamics and assumes 

trophic relationships are stable through time. However, as outlined in Thompson and Heppell (in 

review), diets of three groundfish predators (Pacific Cod, Pacific Halibut, and Sablefish) were 

shown to significantly differ based on climate state, or PDO cold and warm years. To examine 

the potential effect of shifting diets based on climate we created alternative Ecopath models that 

represented different PDO states in the GOA. We treated the original model as a “base” model 

that represents parameters averaged over time. We then created two alternative models, one 

representing PDO cold years and another that represents PDO warm years, by altering the diet 

matrix to represent observed shifts in diets of groundfish in the system.  
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 We aggregated the 139 biomass pools in the base model to focus on a few key trophic 

interactions, as such a large number of groups can create difficulties when comparing ecosystem 

metrics. Species were put into functional groups given by similarities in biology (by production 

rates, diet, and shared consumers), however particular groundfish species and prey of interest 

were not aggregated and remained at the species and age structured level (Table 1). To create 

aggregated functional groups, we calculated weighted averages of input parameters for each 

group (B, P/B, QB, and proportion of diet for all prey species) in the model. The initial input 

parameters for these aggregated groups in the base and alternative models are shown in Table 2.  

 Alternative models were then created by altering the diet matrix of the base model for 4 

key groundfish predators in the system: Pacific Cod, Pacific Halibut, Sablefish, and Arrowtooth 

Flounder. We have previously investigated the diets of three of these predators, however diet 

data was not available for the fourth, Arrowtooth Flounder. We altered the diet of this predator in 

a similar fashion to the overall shifts in diets noticed in the three other predators because it has a 

large ecological (in space and diet) overlap with the other groundfish predators studied and is the 

most significant predator in the system in terms of biomass (Hollowed et al. 2000; von Szalay et 

al. 2010). Our models represent the potential impact of shifting diets of the most abundant and 

commercially important groundfish predators in the system. For these four groundfish predators, 

the diet matrix was altered to reflect observed shifts in diet as a result of PDO state. In general, 

for warm years, diet data indicated that these predators were consuming more Walleye Pollock 

(the most abundant fish prey in these species) and Euphausiids than in cold years or when 

averaged across years (Thompson and Heppell in review). Consumption rates were increased 20-

60% depending on predator (Figure 3). We then also reduced consumption rates on other prey to 

allow for diet values to sum to 1, a requirement of Ecopath models (Christensen and Walters 

2004). Predation rates were reduced in crabs, benthic invertebrates, and forage fish to 

accommodate the increased predation in Euphausiids and Walleye Pollock (referred to “warm 

model” throughout; Table 3). The models representing the cold PDO sate (referred to throughout 

as “cold model”) had the inverse diet matrix adjustments made based on percent deviations of 

key prey from the base model values. Predation in Walleye Pollock and Euphausiids was 

reduced and predation on crabs, forage fish, cephalopods, and benthic invertebrates was 

increased (Table 3).  
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Model comparisons 

 For all three models, we kept the input parameters the same except for the diet matrix 

adjustments (Table 3). This was done as analyses of biomass of key groups by PDO annual value 

have not been shown to significantly differ while diets have (Dorn et al. 2012, Thompson and 

Heppell in review; Fig. 2). Therefore, our analyses were similar to a sensitivity analysis where 

one parameter, or in this case group of diet parameters, is shifted while keeping other model 

inputs the same. This allows for an evaluation of the effect of shifting the diet matrix in these 

Ecopath models. Models were balanced and basic estimates included model fitted P/B, Q/B, and 

EE values for each group in the models. Overall system metrics describing the flows of energy 

through the ecosystem as a whole were also calculated. Using statistical tools in the Ecopath with 

Ecosim software package, additional “key indices” were calculated. One of these estimates, 

Biomass accumulation (BA) is the model estimated biomass that would be added if the 

ecosystem were to move forward a year in t/km2. While we did not run these models as dynamic 

simulations through time, they can indicate what groups would be expected to remain stable, 

increase, or decrease if the model diets were based on data collected in different PDO states 

(Christensen et al. 2008).  Additional indices calculated were % omnivory, or breadth of diet in 

terms of prey TL, of all consumer groups in the model. Niche overlap indices, given by diet and 

the biomass of prey groups, were calculated for each pairwise group in the system. System 

metrics were compared between models generally as % deviations from the base model to 

illustrate the shift due to parameterizing GOA Ecopath models with diet data from just cold or 

warm years rather than averaging over a time series that includes both.  

 

Results 

 We were able to balance the three models used in this study; base, warm, and cold. 

Overall system statistics regarding energy flow for the three models were identical, aside from 

minor average trophic level changes which were less than 0.01. This was expected as the models 

only differ in trophic relationships, not biomass or group specific ratios of production to biomass 

which determines these overall estimates of energy flow at the system level (Table 4). However, 

numerous deviations in group specific ecosystem metrics were noted when comparing the PDO 

climate models to the base model used.  

 A number of key groups deviated in estimates of BA for the cold and warm models (Fig. 

3). Groups with significant changes that meet these criteria include Walleye Pollock juveniles 
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and adults, benthic fish, cephalopods, pelagic fish, crabs, shrimp, benthic invertebrates, 

zooplankton, and euphausiids (Fig. 3). In groups that had different deviations by climate model, 

the signs alternate, indicating a move from an increasing biomass to either a greater increase (if 

positive) or an estimated decreasing biomass trend (if negative, the opposite pattern is true if the 

initial estimate was decreasing; Table 5).  

 Omnivory estimates and niche overlap statistics were calculated to evaluate the potential 

shifts in interaction strength between consumers. Omnivory index as calculated in Ecopath 

represents the breadth of the diet based on the trophic level of the prey it consumes in the model 

(Christensen et al. 2008). The largest percent deviations in these models follow the shifts in diet 

that we implemented as a function of PDO state. In warm years, when the model was changed to 

reflect increased consumption of Walleye Pollock and Euphausiids the omnivory index varied by 

life stage. In all the four focal predators, the juveniles showed a reduced omnivory index whereas 

it increased for adults (Fig. 3; other taxa shown in Appendix A; Table 1). In cold years, increases 

in forage fish, crabs, and benthic invertebrates in the diet patterns were more predator dependent. 

Pacific Cod and Arrowtooth Flounder adults decreased and juveniles increased in omnivory. 

Sablefish adults and juveniles both reduced in omnivory and both Pacific Halibut stages 

increased, however for both species these deviations were smaller compared to the other 

predators and model (Table 5).  

  Niche overlap statistics were calculated for each pairwise group of consumers in the 

three models, and while the entire matrix of deviations is too extensive to go into detail here, 

some patterns emerged with key groups in the ecosystem (Table 5; Appendix A, Table 2). In 

general, when moderate to large deviations (<20%) were noted in one of the climate models, 

similar deviations were noted in the other with an opposite sign. Deviations in niche overlap 

were noted in three of the focal predators. In the warm model increases in niche overlap were 

noted for crabs and a number of other consumers: sharks, Pacific Halibut, Sablefish, benthic 

invertebrates, and shrimp (Table 5). Herring and euphausiids also increased their overlap in the 

warm models. Decreases in overlap in the warm model were primarily regarding pelagic fish and 

a number of other consumers: Walleye Pollock, Arrowtooth Flounder, Pacific Halibut, and 

Sablefish. In the cold model increases in niche overlap included Walleye Pollock and sharks, 

seabirds, Pacific Cod, and Rockfish. Decreases in niche overlap for cold models were observed 
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for pelagic fish and marine mammals, sharks, and seabirds, crabs and a variety of additional 

groundfish taxa and lower TL species (Table 5).  

 

Discussion 

 Our results illustrate that the diet data used to parameterize Ecopath models for the GOA 

can lead to very different conclusions about trophic connections and dynamics in the system. 

Because the diets of key predators are dramatically different in warm vs. cool states of the PDO, 

there should be careful consideration of environmental effects on the differences in species and 

group level ecosystem indices generated by trophic mass balance models of the GOA. Biomass 

accumulation estimates varied for a number of species that are key ecosystem linkages and 

subject to large fisheries for warm and cold models when compared with the base model, 

indicating the potential for different Ecopath-based projections of groups through time. The same 

groups and species were also found to change in terms of diet breadth and niche overlap, 

indicating potential changes in competition amongst predators in the ecosystem which could be 

critical when evaluating shifts in biomass or distribution. By altering only predator-prey 

relationships, and not biomass or production estimates, we show the potential disparity in models 

if diet data is only collected or available for a short time series and is only representative of one 

climatic state. This is further support for altering predator-prey relationships through time, as a 

function of environment, when using ecosystem models to examine management scenarios to the 

extent possible. 

 In their GOA Ecopath model, Gaichas et al. (2011) showed that when using abundance 

time series, the best model fits occurred when estimating a combination of productivity, fishing 

rates, and predator-prey relationships. Our results suggest that the role of predator-prey 

relationships is also critical when using trophic mass balance models. By changing diets based 

on PDO-correlated diets in groundfish predators, we observed large deviations in biomass 

accumulation estimates for key species. Cephalopods, benthic fish, pelagic fish, crabs, shrimp, 

benthic invertebrates, zooplankton, and euphausiids showed differences in BA in the climate 

models. In general, if predation went up in the warm model, for example with euphausiids, BA 

went down as a function of the higher predation mortality, M2 estimated by Ecopath. The same 

pattern followed for the inverse or species who went up with cold years. However, these 

estimates can show the increase in expected accumulation of biomass if you were to model the 
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ecosystem in this state moving forward (Christensen and Walters 2004). For some species, this 

difference was large in terms of percent change, such as for pelagic fish, which are expected to 

accumulate biomass in the warm model at a much higher rate than in the base model, and for the 

cold model they were expected to decrease. In general, the deviations in BA were less for species 

that predation increased on during cold years, as that increase was smaller and for more species 

than compared to the large increase on Walleye Pollock predation in warm years. The more 

drastic decrease in omnivory in warm models reflects this as more species are getting a larger 

percent of their diet from Walleye Pollock and euphausiids compared to the increases in cold 

models.  

 Our previous work with these predators showed the effect of PDO on diets as well as the 

potential importance for predator-predator interactions in this system (Thompson et al. 2014). 

These models illustrated that a number of predators increase or decrease their interaction 

strengths based on the nice overlap indices generated in Ecopath, including species whose diets 

were not altered from the base model. These can provide insight into potential mechanisms that 

structure ecosystem dynamics. For instance, the increase in overlap between pelagic fish and 

Walleye Pollock juveniles dropped in warm models. This is likely a reflection of the increased 

pressure on euphausiids by a the groundfish predators we adjusted, therefore that competitive 

pressure is more diffuse on that resource, even if total predatory exploitation rates are increasing.  

 A number of studies have used Ecopath models and subsequent metrics to investigate 

changes within ecosystems due to climate, fishing, or species abundance changes. Examples 

include; Ruzicka et al. (2007) which compared upwelling and downwelling periods in the 

California Current, Coll et al. (2009) shows the shift in a Mediterranean food web as a function 

of changing fishing pressure, and Bundy (2005) illustrated the ecosystem level impacts of the 

collapse of groundfish stocks in the Atlantic. However these studies use shifting productivity, 

biomass, and diets to illustrate long term changes, or very abrupt seasonal shifts in biological 

communities. Because of the evidence that biomass changes as a result of PDO only occur in 

concert with strong fishing pressure and when PDO is consistent at the decadal scale (Anderson 

and Piatt 1999), we modeled changes in diet composition alone; further analysis could modify 

biomass as well, as it seems likely that the changes in predator diets are at least partially due to 

changes in prey abundance and/or distribution.   
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 In this study we used aggregated prey, and compared alternative scenarios in a 

“snapshot” sense. We also didn’t change productivity by state or ratios of productivity to 

biomass. Therefore, this study is not a direct representation of the GOA ecosystem and all the 

potential interactions between climate, species, and fisheries but a case study in the potential 

impact of alternative predator-prey interactions. Likewise, we only changed the predation rates 

of 4 predators, and while abundant consumers in the system, are only a portion of a very large 

ecosystem. To further extend this study to be a greater representation of the GOA, incorporation 

of the Ecosim time dynamic modeling portion of EwE would be necessary to more effectively 

account for fishing effort and biomass changes through time. Furthermore, we were limited in 

the number of predators that we had insight on regarding predation rates as a function of climate, 

and future models should include diet shifts for all the groups in the model where data are 

available.  

 Overall, we were able to demonstrate that diet changes in response to PDO state led to 

different biomass and predator overlap indices in Ecopath models for the GOA. This emphasizes 

the importance of long term monitoring of abundance, climate and oceanographic variables, as 

well as diet. The environmental context of these systems and how it affects trophodynamics 

could potentially lead to very different assumptions regarding ecosystem behavior.  If diet 

samples are only taken for a short time period, or are assumed to remain stable while biomass 

and productivity are altered, ecosystem models may not be as reflective of a system as thought.   
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Table 4.1. Original GOA EwE model groups from Gaichas et al. (2010) and the new, aggregated 

groups used in this study 

 



75 

 

Table 4.2. Basic input parameters from the base Ecopath model (Gaichas et al. 2010) that 

remained the same for the other two alternative climate models. 

 

Group Biomass PB QB 

Marine mammals 0.60612 4.01E-02 9.12927 

Seabirds 1.49E-02 9.77E-02 76.7504 

Sharks 0.14235 0.1 3.72906 

W. Pollock_Juv 0.79594 2.1 11.4655 

W. Pollock 5.5527 0.425 3.78 

P. Cod_Juv 0.13047 2.02629 8.4143 

P. Cod 1.39008 0.42 2.19 

Herring_Juv 0.4332 1.5 8.75153 

Herring 0.9 0.32 3.52 

Arrowtooth_Juv 0.06987 1.5 8.00833 

Arrowtooth 5.76647 0.26 1.44 

P. Halibut_Juv 4.21E-03 0.7 7.01746 

P. Halibut 1.51977 0.19 1.1 

Small flatfish 2.48279 0.22902 2.05687 

Skates 0.1918 0.2 2 

Sablefish_Juv 1.90E-02 1.65 4.25037 

Sablefish 0.93149 0.19 1.03 

Benthic Fish 4.42072 0.39633 2.74034 

Rockfish 2.11447 0.10824 1.9989 

Cephalopods 2.0469 2.28338 7.98889 

Salmon 0.87377 1.81244 11.8771 

Pelagic fish 13.0191 0.8 3.65 

Crabs 2.39281 0.86942 3.7917 

Shrimp 23.1198 0.576 2.41 

Benthic Inverts 42.5477 2.70239 13.5083 

Zooplankton 27.2162 5.77538 25.5573 

Euphausiids 21.3883 5.475 15.6429 

Microbial Loop 20.7055 36.5 104.286 

Primary Producers 40.3961 110.208 

 Fishery discards 0.7 

  Detritus 0.9 

  Fisheries 
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Table 4.3. Predation rates (proportion of diet) for the groundfish predators changed by PDO state 

for focal prey 

Base 

     

Predator Pollock Juv Pollock 

Pelagic 

fish Crabs Euphausiids 

P. Cod_Juv 0.002114523 

 

0.0237463 0.00519 0.05097953 

P. Cod 0.009382493 0.1879045 0.060217 0.13635 0.04333064 

Arrowtooth_Juv 0.003809081 

 

0.3102905 

 

0.5914851 

Arrowtooth 0.1010985 0.1392445 0.3049315 7.1E-05 0.1685737 

P. Halibut_Juv 

  

0.000931 0.08407 0.00166276 

P. Halibut 0.00144808 0.4826187 0.0410093 0.18599 0.00520894 

Sablefish_Juv 0.009517278 

 

0.0008 0.01061 0.6031824 

Sablefish 0.01999995 0.1885395 0.0188519 0.01474 0.1225552 

      Warm 

     P. Cod_Juv 0.00274888 

 

0.0087463 0.00319 0.06627339 

P. Cod 0.012197241 0.2442759 0.060217 0.13635 0.05632983 

Arrowtooth_Juv 0.004951805 

 

0.1317023 

 

0.76893063 

Arrowtooth 0.13142805 0.1810179 0.1822566 7.1E-05 0.21914581 

P. Halibut_Juv 

  

0.000931 0.07407 0.01166159 

P. Halibut 0.001882504 0.6274043 0.0210093 0.05921 0.00677162 

Sablefish_Juv 0.012372461 

 

0.0004 0.00061 0.77589723 

Sablefish 0.025999935 0.2451014 0.0088519 0.00474 0.15932176 

      Cold 
     P. Cod_Juv 0.001268714 0 0.037994 0.0083 0.02548977 

P. Cod 0.005629496 0.1127427 0.0963472 0.21816 0.02166532 

Arrowtooth_Juv 0.002285449 0 0.6075568 0 0.29574255 

Arrowtooth 0.0606591 0.0835467 0.4878904 0.00011 0.08428685 

P. Halibut_Juv 0 0 0.0014895 0.13451 0.00083138 

P. Halibut 0.000868848 0.2895712 0.0656149 0.29759 0.00260447 

Sablefish_Juv 0.005710367 0 0.0012801 0.01698 0.3015912 

Sablefish 0.01199997 0.1131237 0.0301631 0.02358 0.0612776 
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Table 4.4. System wide statistics from the base model balanced in Ecopath 

Parameter 

 Sum of all consumption 3985.08 

Sum of all exports 2453.45 

Sum of all respiratory flows 2000.43 

Sum of all flows into detritus 3988.32 

Total system throughput 12427.28 

Sum of all production 5639.59 

Mean trophic level of the catch 3.84 

Gross efficiency (catch/net p.p.) 0.00 

Calculated total net primary production 4451.96 

Total primary production/total respiration 2.23 

Net system production 2451.52 

Total primary production/total biomass 20.13 

Total biomass/total throughput 0.02 

Total biomass (excluding detritus) 221.19 

Total catch 1.44 

Connectance Index 0.37 

System Omnivory Index 0.21 

Total market value 0.76 

Total shadow value 0.00 

Total value 0.76 

Total fixed cost 0.00 

Total variable cost 0.61 

Total cost 0.61 

Profit 0.15 

Ecopath pedigree index 0.00 

Measure of fit, t* 0.00 
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Table 4.5. Percent deviation in pairwise niche overlap estimates derived from Ecopath models representing the cold PDO state (white 

cells) and warm PDO state (grey) for select taxa in the GOA. Deviations greater that 20% are in bold.   

 

 
 

 

 

 

 

 

 

Group model 

number Group                                   2 4 5 6 7 10 11 12 13 15 16 17 22 23

2 seabirds 0.00 44.43 57.61 0.34 -0.03 -0.03 -0.02 -0.05 -0.04 -0.04 -0.05 -0.05 -21.43 -25.89

4 W.Pollock_Juv -19.55 0.00 -3.61 6.66 27.71 2.13 2.81 -7.52 42.40 45.42 -15.74 41.46 14.86 12.02

5 W.Pollock -21.71 0.38 0.00 -2.63 9.81 -0.03 6.17 13.51 52.41 58.17 -5.86 29.93 19.41 13.67

6 P.Cod_Juv 0.34 -4.46 0.42 0.00 -0.12 -0.12 -0.13 -0.11 -0.12 -0.11 -0.11 -0.11 9.03 -26.08

7 P.Cod -0.03 -12.84 -4.02 -0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -15.89 6.75

10 Arrowtooth_Juv -0.03 -2.82 -0.40 -0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 14.26 4.41

11 Arrowtooth -0.02 -3.46 -2.86 -0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.68 8.57

12 P.Halibut_Juv -0.05 1.86 -5.28 -0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 17.76 -15.68

13 P.Halibut -0.04 -20.29 -21.76 -0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -17.78 -25.27

15 Skates -0.04 -20.16 -21.82 -0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -21.76 -26.08

16 Sablefish_Juv -0.05 5.92 2.11 -0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 26.16 -18.93

17 Sablefish -0.05 -18.84 -11.39 -0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -19.94 -9.10

22 Pelagic fish 17.86 -25.39 -24.67 -14.32 11.26 -20.19 -5.62 -20.42 17.97 17.91 -29.03 16.23 0.00 -34.76

23 Crabs 36.21 -11.03 -43.31 35.68 -34.56 -28.34 -33.62 24.18 35.75 36.21 36.32 2.02 50.74 0.00
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Figure 2.1. A comparison of mean CPUE of select groundfish between warm and cold years 

from catches in the groundfish assessment survey of the GOA between the years of 1991-2009.  
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Figure 4.2. Percent deviation of select prey by PDO state in diet data from 1991-2009 for three 

groundfish predators in the GOA.  
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Figure 4.3. Biomass and omnivory index percent deviations from base model for the two climate 

models for select groups. 
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Conclusions 

 Overall, this dissertation provides evidence that environmental factors affect the 

predation rates and diet composition of key groundfish in the GOA. When investigating a focal 

prey, Walleye Pollock, my statistical analyses indicated that there were potential predator-

predator interactions in the system at the local, or survey strata level. Temperature was not 

determined to be a significant factor in determining consumption of this prey species, when 

using localized bottom temperature readings from trawl gear. However, temperature, at the 

ecosystem scale given by PDO, was found to significantly affect diet composition in these 

predators, with local environmental variables also structuring diets. When the findings of my 

work with PDO’s effects on diets were extended to analyses with Ecopath models of the GOA, I 

noted shifts in several ecosystem indices depending on the environmental state the diet matrix 

was representing. These results indicate the potential importance of overall environmental 

context, both biotic and abiotic, when evaluating diet data and using that data in ecosystem 

models of marine fisheries.   

 Temperature, a factor shown to affect predation rates in fishes previously, was found to 

differ in effect on groundfish predation dependent on scale. In my first study, temperature wasn’t 

found to be a significant factor in the amount or presence of Walleye Pollock in the stomachs of 

the three groundfish predators I investigated. In that study, the temperature used as a variable in 

the regressions was the recorded bottom temperature at the trawl sites, so it was local and only 

represented the environment right before the predators were captured and their stomachs 

removed for analyses. PDO, an ecosystem wide variable, did significantly affect diet 

composition, and in particular the consumption of Walleye Pollock increased with warm years. 

This disconnect in results could be due to the sampling design. When looking at the data, bottom 

temperature deviations don’t always match the overall deviation from PDO (Fig. 3.1). In this 

scenario, the sites sampled may have warmer than average bottom temperatures, but be from a 

cold year according to PDO. While this pattern is only present in 1989 and 1996, the trawl 

survey is only carried out in summer, and always goes from west to east. This may introduce 

some other confounding variables not considered in the first study. It is possible that at the large 

scale, PDO is affecting biomass distributions and predator and prey behaviors in some way that 

is affecting diets at the ecosystem scale, but the local effects of temperature are less consistent or 

more variable and therefore not a significant factor in our first study. 
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 The noted effect of local predator densities on both Walleye Pollock consumption and 

overall diet composition is evidence of the potential biotic factors that may affect predation rates. 

While predator-predator effects are recognized in the ecological literature, they are generally not 

accounted for in ecosystem modeling (Walters and Martell 2004; A’mar et al. 2010). In general, 

predator interactions have been usually reduced to competition, but my results indicate that in 

these groundfish, local density of predators may increase predation on particular prey by another 

predator species, likely through a synergistic affect or due to prey switching behaviors.  

These analyses, conducted with a time series of large-scale fishery independent surveys, 

cannot elucidate the actual mechanisms by which predation rates are being affected. Predation 

rates can change due to a number of behavioral mechanisms such as predator and prey activity 

rates, habitat use patterns, or capture success rates (Harvey et al. 2004; Peck et al. 2006; Hurst 

2007). Determining mechanisms for predator-predator interactions, and temperature effects at the 

local scale, requires paired experimental work where individual fish can be observed feeding 

with alternate temperatures, competing predators, and varying habitat. At the large scale, PDO 

may be affecting distributions of particular predator and prey species, increasing or decreasing 

their interaction even though overall biomass isn’t changing year to year. A similar effect has 

been noted in the Bering Sea with a predator-prey pairing (Ciannelli and Bailey 2005). To 

determine what specifically is changing will require additional effort to examine predator-prey 

overlap throughout the years with mapping work to test for spatial shifts.  

While the nature of the data I used throughout this dissertation doesn’t allow for 

exploring mechanisms behind observed changes in diet, patterns observed apply to the regional 

or full ecosystem scale. This allowed my statistical results to be translated into an Ecopath model 

of the GOA. My modeling results confirmed the hypothesis that ecosystem indices would differ 

among models representing different PDO states by changing the diet matrix accordingly. 

Primarily I observed shifts in estimates of Biomass Accumulation (BA) estimates and niche 

overlap indices. While these results give insight into differences in ecosystem dynamics in 

different climate states, additional analyses would have to be completed to use these models to 

compare biomass projections and alternative fishing scenarios. This requires using the time-

dynamic portion of EwE, Ecosim, and fitting the model with abundance and landings data 

(Christensen and Walters 2004). It is with that analyses that this work could contribute to 

ecosystem considerations that are included in management recommendations during the stock 
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assessment process. Doing so could yield alternative models based on climate projections or 

potential regime shifts, if they were to occur again.   

This study, while not able to determine the behavioral mechanisms of predation shifts and 

not yielding specific ecosystem metrics in a management sense, does show the utility in 

collecting and analyzing long term time series of diet data collected from fishery independent 

surveys. My results showing predator-predator interactions and the shift in diet composition due 

to PDO increase the overall environmental and ecological context in which the fish populations 

interact with one another. This is one of many pieces of information that can be used when 

attempting to incorporate ecosystem based management principles into current fishery 

management plans. Furthermore, my results show the utility in using diet data as another 

environmental signal, in addition to biomass estimates from trawl surveys and fishery landings, 

in determining if systems are undergoing regime shifts. The diet data used throughout this study 

includes a number of species that are not currently targeted in surveys, and therefore fish 

stomachs then can be treated as another sampling gear to explore these questions regarding 

community composition and even benthic biodiversity. The lack of relationship between Walleye 

Pollock density and predation rate in my first study can be used to re-evaluate current sampling 

designs so that surveys are capturing prey densities at the scale to which predators are foraging.  

EBFM is likely not to be implemented at any large scale soon, as modeling tools, 

ecological indicators, and societal systems all have to be developed to shift from the current 

single-species paradigm. This dissertation is an additional text to reference when trying to 

evaluate what factors are affecting fish populations as discussions continue on how to move 

forward in implementing EBFM practices. My work is focused on a small set of species in the 

GOA, however I believe I outline some analytical approaches that can be applied to a number of 

systems and species that can yield valuable insight into the trophic dynamics of marine 

ecosystems.  
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Appendix A: Additional Tables from Chapter 4 

 

Table A.1. Deviation (%) for biomass accumulation and omnivory in the warm and cold models 

compared to the base model for each consumer group in the model. 

 
% deviation in biomass acc.  % deviation in Omnivory index 

Group name warm  cold warm  cold 

Marine mammals -100.24 -100.24 -0.29 0.56 

seabirds -99.99 -99.99 -0.37 0.42 

sharks 0.00 0.00 -0.37 -1.66 

W.Pollock_Juv -5775.22 8200.780 -2.49 4.93 

W.Pollock -20.90 87.53 -0.20 0.43 

P.Cod_Juv -100.00 -100.00 -12.04 12.42 

P.Cod 0.00 0.00 5.43 -6.26 

Herring_Juv -99.34 -99.34 0.00 0.00 

Herring 0.00 0.00 0.00 0.00 

Arrowtooth_Juv 0.00 0.00 -40.36 0.09 

Arrowtooth 0.00 0.00 16.27 -30.87 

P.Halibut_Juv -99.97 -99.97 -1.67 6.38 

P.Halibut 0.00 0.00 0.24 7.68 

Small flatfish 0.00 0.00 -0.05 12.87 

Skates 0.00 0.00 -1.25 -10.47 

Sablefish_Juv -100.03 -100.03 -51.35 -1.44 

Sablefish 0.00 0.00 3.39 -2.33 

benthic fish 811.49 -167.01 -0.17 0.22 

Rockfish -99.97 -99.97 -1.44 2.86 

Cephalapods 1560.43 -100.00 0.00 0.00 

Salmon -67.93 -67.93 0.00 0.00 

Pelagic fish 7769.18 -1258.36 0.00 0.00 

Crabs -7801.77 7494.29 0.00 0.00 

Shrimp -964.10 -5376.81 0.00 0.00 

Benthic inverts 4407.09 -182.77 0.00 0.00 

Zooplankton 4354.13 -830.04 0.00 0.00 

Euphausiids -368.90 7483.83 0.00 0.00 

 

 

 


