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Abstract

The arrowtooth flounder Atheresthes stomias (ATF) population in the Gulf of 

Alaska has increased dramatically over the past 25 years and the resulting ecosystem 

impacts are unclear. Arrowtooth flounder diet and prey consumption was studied to more 

accurately assess the predator-prey relationships of this key predator near Kodiak Island, 

Alaska. Temporal and ontogenetic diet trends were quantified from the analysis of 742 

ATF stomachs sampled from annual bottom trawl surveys conducted in May and August 

from 2002 to 2004. Several significant dietary trends were found, most notably: 1) 

euphausiids decreased in dietary importance from May to August whereas the importance 

of capelin Mallotus villosus increased and 2) smaller ATF consumed more capelin and 

larger ATF consumed more walleye pollock Theragra chalcogramma and Pacific sand 

lance Ammodytes hexapterus. A bioenergetics model was used to estimate ATF prey 

consumption. Within the study area, the ATF population was dominated by large 

individuals (> 50 cm total length) that accounted for > 75 % of the population’s total prey 

biomass consumption. Arrowtooth flounder were significant predators and consumed an 

estimated 339 t of fish prey including Pacific sand lance and walleye pollock and 222 t of 

invertebrate prey such as euphausiids and shrimps.
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Chapter 1 : General Introduction 

Background

Throughout the Gulf of Alaska (GOA), there has been a dramatic increase in 

piscivorous gadoid and flatfish species following a shift in ocean conditions in the late 

1970’s (Anderson et al. 1997; Anderson and Piatt 1999). Concurrently, there was an 

increase in these species in the nearshore waters around Kodiak Island (Mueter and 

Norcross 2000). Since the 1970’s, the arrowtooth flounder Atheresthes stomias (ATF) 

population biomass increased over ten-fold to approximately 1.8 million (t) in 2005 

(Tumock et al. 2005); ATF are presently the most abundant groundfish species in the 

GOA. Arrowtooth flounder are an important ecological component of the GOA due to 

their high abundance and feeding behavior. In the GOA, ATF predation may be 

contributing to the increasing juvenile natural mortality rates of walleye pollock 

Theragra chalcogramma, a highly valuable commercial species (Bailey et al. 1996; 

Hollowed et al. 2000). Additionally, the potential predatory effects the ATF population 

might impose on other ecologically important prey items such as capelin Mallotus 

villosus and euphausiids are unknown. Therefore, it is of outmost importance to increase 

our understanding of the food habits and predatory impact of ATF on prey resources in 

the GOA.
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Predation in aquatic ecosystems

The GOA marine ecosystem is presently dominated by upper trophic level gadoid 

and flatfish species (Mantua et al. 1997). In aquatic ecosystems, upper trophic level fish 

predators have the ability to structure and regulate lower trophic level prey populations 

through top-down control (Carpenter et al. 1985). This top-down control by upper trophic 

level fish predators has been documented for relatively simple freshwater lake systems 

(Carpenter et al. 1985; McQueen et al. 1989). However, evidence of top-down control 

from larger, more complex, marine ecosystems has been scarce to date. For example, in 

the north Atlantic, the collapse of Atlantic cod Gadus morhua stocks through fishing has 

resulted in a trophic cascade, providing evidence for a formerly top-down controlled 

system (Worm and Myers 2003; Frank et al. 2005). Additionally, Estes et al. (1998) 

argued that the decline in sea otters in western Alaska, caused by killer whale predation, 

resulted in a trophic cascade which suggests a system under top-down control. In order to 

better understand top-down processes and the potential impacts of top predators on prey 

communities, it is important to document the breadth of the trophic connections and 

quantify the magnitude of food consumption of upper trophic level fish predators.

Understanding predatory impacts is integral to successfully implementing 

ecosystem based fishery management policies. In marine systems, predation on the early 

life stages of marine fish may contribute to the extensive fluctuations documented for 

some prey stocks (Bailey and Houde 1989; Bax 1998). For example, in the Georges Bank 

fish community off the New England coast in the North Atlantic, predation by 

piscivorous fish is the most dominant source of mortality on pre-recruit fishes (Collie and



Delong 1999; Overholtz et al. 1999; Tsuo and Collie 2001). In Alaskan waters, 

groundfish predation is a significant source of mortality for key fish species and may 

contribute to the fluctuating year class strength of some species (Livingston 1994; Bailey 

et al. 1996). Consequently, in order to better understand and manage fish stocks in the 

GOA ecosystem it is necessary to verify the impact of an upper trophic level predator 

such as ATF.

Arrowtooth flounder biology and management

Arrowtooth flounder are flatfish belonging to the family Pleuronectidae. They are 

large fish that attain a maximum size of approximately 80 cm in total length (TL) 

(Mecklenburg et al. 2002) with females attaining a higher mean weight at age than males 

(Tumock et al. 2005). Arrowtooth flounder have a broad distribution in the North Pacific 

Ocean extending from the waters off central California northward to the eastern Bering 

Sea (Rickey 1995). In Alaskan waters, the greatest biomass of ATF is found in the central 

GOA and here primarily to the northeast and southwest of Kodiak Island (Tumock et al. 

2005). In the GOA, they are most abundant in waters between 76 m to 225 m and at 

temperatures between 2.1 to 4.6 °C (Zimmermann and Goddard 1996). There is evidence 

that ATF seasonally migrate into deeper, offshore waters during the winter (Rickey 

1995).

Arrowtooth flounder are batch spawners that spawn during the late fall to early 

winter in deeper offshore waters (Rickey 1995; Zimmerman 1997). Presently, 

information concerning ATF spawning period and location near Kodiak Island are



unknown. In the GOA, ATF exhibit sexual size dimorphism with respect to maturity in 

that the length at 50% maturity is approximately 47 cm for females and 42 cm for males 

(Zimmerman 1997). Arrowtooth flounder larvae are approximately 8-9 mm standard 

length (SL) when they hatch and settle to the benthos around 40-50 mm SL in the GOA 

(Bouwens et al. 1999). Detailed information on the early life history dynamics and 

distribution of larval ATF is also unknown.

In 1990, the North Pacific Fisheries Management Council stipulated that ATF be 

managed separately from all other flatfish assemblages in the GOA due to their 

increasing abundance (Tumock et al. 2005). Although they are highly abundant, the 

commercial harvest of ATF is limited by both management and market restrictions. The 

ATF total allowable catch is typically set much lower than the acceptable biological catch 

to reduce the potential bycatch of more valuable species, specifically Pacific halibut 

Hippoglossus stenolepis. Additionally, the commercial use of ATF has been hampered by 

the poor quality of its flesh (Cullenberg 1995). Limited quantities of ATF are being used 

in surimi products and sold as frozen fillets (Cullenberg 1995) and the percent of ATF 

retained for commercial use has increased from below 10% to over 50% (Tumock et al. 

2005). In spite of this increase, the substantial ATF population biomass throughout the 

GOA remains largely unexploited.

Arrowtooth flounder food habits

Arrowtooth flounder are characterized by a large terminal mouth with many 

prominent sharp teeth, attributes indicative of fish predators (Yang 1995). They are

4



opportunistic predators and generally feed in the water column (Yang and Livingston 

1986; Yang 1995). In the GOA, fish prey comprised 68%, 52%, 80% by weight of total 

stomach contents of ATF in 1990, 1993, 1996 respectively (Yang and Nelson 2000). 

They prey upon numerous ecologically and commercially valuable species such as 

capelin, walleye pollock, and Pacific herring Clupea pallasii (Yang and Livingston 1986; 

Yang and Nelson 2000). These fish species are critical food web components in the GOA 

and are consumed by many fish, bird, and marine mammal species (Lowry et al. 1988; 

Yang 1995). Euphausiids, shrimps, and other invertebrate prey are also important diet 

components of ATF (Yang 1995; Yang and Nelson 2000). In the GOA food web, 

euphausiids are an ecologically important connection between primary producers and 

upper trophic level predators including fish and baleen whales (Perez 1990; Yang and 

Nelson 2000). Additionally, important ATF prey items such as walleye pollock and 

Pacific herring support valuable commercial fisheries in the GOA.

Although the diet of ATF has been documented (Yang and Livingston 1986; 

Yang 1995; Yang and Nelson 2000), little quantitative data exists about ontogenetic or 

temporal shifts in the diet of ATF. In general, ATF display an increasing trend towards 

piscivory with size. Small ATF (< 40 cm TL) consume mostly invertebrate prey such as 

euphausiids and shrimps while larger ATF (> 40 cm TL) consume mostly fish prey (Rose 

1980; Yang and Livingston 1986; Yang 1995; Yang and Nelson 2000). Additionally,

ATF exhibit some temporal trends in feeding habits; however these trends are unclear 

and have not been quantified. For instance, in the northeast GOA, euphausiids were more 

important in the diet of ATF in late May/ early June than during other summer months



(Rose 1980). Also, in the Bering Sea seasonal variations in the feeding rate of ATF occur, 

with the highest rates during the spring and summer months (Livingston et al. 1986). In 

order to validate the trends in the ATF food habits in relation to size or time there is a 

need to make meaningful statistical comparisons.

Arrowtooth flounder consumption estimates are needed in order to evaluate the 

impact of ATF predation on prey resources in the GOA. Traditionally, ATF consumption 

has been calculated using abundance, diet composition, and daily ration estimates 

(Livingston 1994; Yang et al. 2005). These consumption calculations assume the 

flounder’s diet composition and ration are fixed for the time period being analyzed. 

Arrowtooth flounder consumption estimates may be improved by utilizing a 

bioenergetics model that incorporates temporal variation in diet, water temperature, and 

prey energy content in calculating a predator’s daily prey consumption.

Bioenergetics model

Bioenergetics models (BM) are generally based on the balanced energy equation 

(C = R + F + U + G) (Winberg 1956), which states that the total amount of energy 

consumed (C) is allocated between metabolism (R), egestion (F), excretion (U), and 

growth (G). Bioenergetics models can be used to estimate growth based on known 

consumption rates; however, these models are more precise in estimating consumption 

based on known growth rates (Kitchell et al. 1977; Bartell et al. 1986). BM are used to 

calculate individual daily consumption as a function of individual growth over a specified



time and estimates can than be expanded to the population level by incorporating data on 

the species population dynamics.

Bioenergetics models have been criticized as being difficult to corroborate and 

excessively complex due to the high number of input parameters (see reviews by Ney 

1990 and Ney 1993). Models typically have more than 12 individual parameters each 

with an associated error, however, the underlying structure of the models tends to limit 

error propagation (Bartell et al. 1986). Critics suggest BM should be used to make 

comparison estimates instead of actual quantitative predictions (Ney 1993). However, 

bioenergetics models can be useful tools for predicting food consumption when 

combined with estimates of diet composition, fish growth, and water temperature 

(Kitchell et al. 1977; Hanson et al. 1997). Bioenergetics models are useful in a variety of 

food web and predator-prey applications (Hansen et al. 1993) and have been developed to 

produce consumption estimates for marine (Arrhenius and Hansson 1993, 1994; Buckley 

and Livingston 1994; Hansson et al. 1996, Ciannelli et al. 2004; Maes et al. 2005) and 

freshwater fish (Stewart and Ibarra 1991; Hartman and Margraf 1992; Rand and Stewart 

1998).

Ecosystem implications

The GOA marine ecosystem has undergone large-scale changes in community 

structure since the 1970’s (Anderson and Piatt 1999). In general, the marine system 

changed from a community characterized by small forage fish and shrimp species to one 

dominated by piscivorous flatfish and gadid species. Although the exact mechanisms for



the decline in forage fish and shrimp are unclear, predation may have been a contributing 

factor (Anderson and Piatt 1999). During this time period, the abundance of ATF and 

other piscivorous fish predators increased in the nearshore waters of Kodiak Island as 

well and predation by the increasing ATF population may have contributed to the decline 

in shrimp and forage fish species (Mueter and Norcross 2000). Therefore, knowledge 

gained from studying the trophic interactions of ATF in the nearshore waters of Kodiak 

Island may potentially have implications throughout the GOA.

This project is a part of the larger Gulf Apex Predator-prey (GAP) study being 

conducted by investigators from the University of Alaska Fairbanks. The GAP study 

consists of multiple inter-connected studies documenting the trophic relationships 

between Steller sea lions (SSL) Eumetopias jubatus, their prey, predators, and potential 

competitors in waters near Kodiak Island. Specifically, this project developed out of one 

of the GAP objectives to assess the seasonal diets and potential for piscivorous fish to 

compete with SSL for common prey resources. Due to their high abundance, ATF may 

negatively impact other top- level predators such as SSL through competition of similar 

food resources. Therefore, documenting the feeding habits of ATF during their main 

feeding period should provide more insight into the tropho-dynamic impacts of ATF 

predation, in the Kodiak Island marine ecosystem.

Thesis objectives and organization

The overall goal of this project is to investigate the role of ATF as a top-level 

predator in the nearshore waters of Kodiak Island. The main objectives for this study are:



1) to evaluate the variations (temporal and ontogenetic) in the food habits of ATF and 2) 

to estimate the prey consumption by ATF during their main feeding period using a 

bioenergetics model.

In chapter two, the results of the ATF stomach content analyses are presented. 

Arrowtooth flounder stomach contents were analyzed: 1) to quantify the temporal ATF 

food habit variations from May to August in 2004, 2) to quantify the variations in food 

habits among ATF size classes in 2004, and 3) to quantify the variations in the food 

habits of adult ATF (> 40 cm total length) among 2002, 2003, and 2004. Variations in the 

food habits were studied to better understand the feeding ecology of ATF in the nearshore 

waters of Kodiak Island. In chapter 3, ATF prey consumption estimates, produced from a 

bioenergetics model, are presented. A bioenergetics model was developed to: 1) produce 

cumulative prey consumption estimates for the ATF population (> 20 cm total length) 

within the study area in 2004, 2) estimate the consumption of prey by individual ATF 

size classes within the study area in 2004, and 3) produce inter-annual (2002, 2003, 2004) 

prey consumption estimates for adult ATF (> 60 cm total length). Arrowtooth flounder 

prey consumption estimates were produced to assess the magnitude of ATF predation on 

prey resources in the nearshore marine ecosystem of Kodiak Island. Taken as a whole, 

the project objectives contribute to our knowledge about the trophic role of ATF, a highly 

abundant top-level predator, in the nearshore waters of Kodiak Island with implications 

for the entire GOA.
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Chapter 2 : Variations in the food habits of arrowtooth flounder Atheresthes stomias 

in the nearshore waters of Kodiak Island, Alaska1 

Abstract

The temporal (interannual and within year) and ontogenetic variations in the food 

habits of arrowtooth flounder Atheresthes stomias (ATF) in the nearshore waters of 

Kodiak Island, Alaska were examined based on 742 ATF stomachs sampled from twice 

annual bottom trawl surveys conducted from 2002 to 2004. Arrowtooth flounder 

consumed mostly pelagic and semi-pelagic fish and invertebrate species. It was found 

that Pacific sand lance Ammodytes hexapterus were a far more important prey item in this 

study compared with earlier ATF diet studies which suggest they are a locally important 

prey. Walleye pollock Theragra chalcogramma were the dominant prey in the diets of 

adult ATF (> 40 cm total length) in 2002 and 2003 whereas euphausiids and Pacific sand 

lance were the dominant prey in 2004. In 2004, several significant within year (between 

May and August) dietary trends were noted. For instance, euphausiids were a major 

dietary component in May and decreased in importance in August. Conversely, capelin 

Mallotus villosus were non-existent in the May diets and became an important dietary 

component in August. Although the ontogenetic dietary trends varied by depth and time, 

it appeared that euphausiids and capelin were more valuable prey for smaller ATF while
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walleye pollock and Pacific sand lance were more important for larger ATF. Overall, the 

temporal dietary trends generally reflected differences in prey availability, abundance, or 

quality and highlighted the adaptable feeding behavior of this predator.

Introduction

In the Gulf of Alaska (GOA), the biomass of arrowtooth flounder Atheresthes 

stomias (ATF) has nearly tripled to over 2 million metric tons (t) in the past 20 years 

(Tumock et al. 2005). Consequently, ATF are becoming an increasingly important 

component in the GOA ecosystem. In the GOA, juvenile ATF are preyed upon by many 

groundfish species including Pacific cod Gadus macrocephalus, sablefish Anoplopoma 

fimbria, and Pacific halibut Hippoglossus stenolepis (Yang and Nelson 2000) as well as 

marine mammals such as Steller sea lions Eumetopias jubatus (Sinclair and Zeppelin 

2002). Conversely, adult ATF are top-level fish predators and feed on forage fish species 

including capelin Mallotus villosus, juvenile walleye pollock Theragra chalcogramma, 

Pacific sand lance Ammodytes hexapterus, and eulachon Thaleichthys pacificus (Yang 

1995; Yang and Nelson 2000). Their diet overlaps with many top-level fish and marine 

mammal predators in the GOA (Yang 1995; Yang and Nelson 2000; Sinclair and 

Zeppelin 2002). To date, temporal and spatial variations in these species interactions are 

not known in detail. However, understanding these variations is important to adequately 

quantify the significance of such a dramatic population increase of a top-level predator.

In the GOA, there is only limited commercial utilization of ATF due to 

processing, market, and harvest restrictions. Arrowtooth flounder have poor quality flesh,



caused by a heat activated proteolytic enzyme, which has hampered processing and 

restricted the market applications of this species (Cullenberg 1995). Additionally, fishery 

managers set the ATF total allowable catch low to reduce bycatch of more profitable 

species, most notably Pacific halibut (Tumock et al. 2005). Since the early 1990’s, 

commercial catches of ATF have ranged between 15 and 30,000 t. Traditionally, large 

amounts of ATF were discarded as bycatch, however the percent retained for commercial 

use has increased from below 10% prior to 1990 to almost 60% today (Turnock et al. 

2005). Although the commercial interest in ATF is increasing they are largely 

unexploited.

The analysis of the food habits of abundant, top-level fish predators is critical in 

assessing the ecosystem dynamics of the GOA. Knowledge of diet composition and 

feeding patterns may allow the construction of interactions between key species, such as 

predator-prey relationships, and help clarify species functions in marine ecosystems 

(Wootton 1990). A better understanding of the underlying dynamics of marine 

ecosystems, including species interactions, is essential to allow for ecosystem-based 

fishery management practices (Larkin 1996).

In Alaskan waters, the food habits of ATF have been previously described in 

some detail (Rose 1980; Yang and Livingston 1986; Yang 1995; Yang and Nelson 2000). 

Arrowtooth flounder are considered opportunistic predators that typically feed in the 

water column (Yang and Livingston 1986; Yang 1995). In the GOA, fish prey comprises 

the largest proportion of the diet by weight of adult ATF (Yang 1995; Yang and Nelson 

2000). Commercially and ecologically important fish species such as walleye pollock,



Pacific herring Clupea pallasii, and capelin are commonly found in ATF diets (Yang 

1995; Yang and Nelson 2000). Also, invertebrate prey items, including euphausiid and 

shrimp species, are relatively important diet components of ATF throughout the GOA 

(Rose 1980; Yang 1995; Yang and Nelson 2000).

Despite the considerable amount of information on ATF food habits relatively 

little is known about temporal variations in ATF feeding patterns. High latitude fish 

species commonly exhibit temporal food habit variations which are a reflection of 

seasonal changes in the aquatic environment and the resulting prey availability 

(MacKinnon 1972; Livingston et al. 1986; Yamamura et al. 2002). In Alaskan waters, 

some trends in the seasonal variability of ATF food habits have been previously noted 

(Rose 1980; Livingston et al. 1986) although this topic has not been studied in detail. 

There is a need to better understand temporal variations in ATF food habits in order to 

accurately quantify prey removals by this top-level predator.

Ontogenetic variations in the diet of ATF have been previously described and 

several general trends are evident. Smaller ATF (< 40 cm) were found to consume mainly 

euphausiids, shrimp, and small forage fish species which declined in importance with 

increasing ATF size (Rose 1980; Yang 1995; Yang and Nelson 2000). In comparison, 

larger ATF (> 40 cm) were found to be mostly piscivorous and consumed larger fish 

species such as walleye pollock (Rose 1980; Yang 1995; Yang and Nelson 2000). To 

date, it is unclear if these ontogenetic differences are consistent during different seasons.

The overall goal of this project was to gain further insights into the temporal and 

ontogenetic trends in the food habits of ATF in the western GOA near Kodiak Island.



Specifically, the objectives of the project were to: 1) quantify the interannual variations in 

the diet composition and feeding activity of adult ATF (> 40 cm) from 2002-2004 in the 

study area, 2) quantify the variations in the diet composition and feeding activity of ATF 

between May and August within each study year, and 3) quantify the ontogenetic 

variations in the diet composition and feeding activity of ATF during each sampling 

period (May and August) in 2004. These objectives will allow for a more accurate 

assessment of the predator-prey relationships of this key predator in the nearshore 

ecosystem of Kodiak Island, AK.

Methods

Study area and sampling procedure

This study is based on the analysis of stomach contents of ATF collected in the 

nearshore waters of Kodiak Island in the western GOA from 2002-2004 (Figure 2.1). 

Sampling stations were located within a 20 nm radius around Long Island and 

encompassed waters of Chiniak and Marmot bays. The sampling stations were distributed 

along established acoustic transect lines in the study area based on sampling multiple 

strata including depth and distance from Long Island. Stations were sampled twice 

annually, typically in early May and August, in 2002, 2003, and 2004.

At each station, bottom trawls were conducted onboard a commercial stern 

trawler using a DanTrawl Fiska Trawl II 380/55 model net with a 2.22 cm codend liner 

with 4.0 m Nets Fishbuster doors. The vessel speed was maintained at 3 knots (5.5 km/hr)



for the duration of each 10 minute tow and covered an average distance of 0.90 km. All 

tows were conducted during daylight, between 0600 and 2300 hours. Catches were sorted 

by species and counted upon retrieval. A subset was taken from large catches to 

determine catch composition and abundance.

Up to 20 ATF specimens were set aside for analysis after each bottom trawl. Fish 

treatment followed a protocol approved by the University of Alaska Fairbanks 

Institutional Animal Care and Use Committee (IACUC # ’s 04-21 and 01-11). In 2002 

and 2003, only ATF > 40 cm total length (TL) were collected; however in 2004 all size 

classes of ATF were collected to investigate ontogenetic dietary shifts. Specimens that 

displayed evidence of regurgitation or net feeding activities were excluded from the 

samples. Total length to the nearest 1 cm, wet weight to the nearest 0.1 g, sex, and 

maturity status were recorded for each specimen. ATF stomachs were removed and 

placed in individual cloth bags with a corresponding identification tag listing the station 

code and specimen number. Stomach samples were preserved in 10% formalin-seawater 

solution and brought back to the laboratory for analysis of ATF feeding habits.

Laboratory analysis

In the laboratory, stomachs were removed from cloth bags, blotted dry, and 

weighed (0.001 g). After the prey contents were removed, the stomach wall was rinsed, 

blotted dry, and reweighed. Total stomach content weight (0.001 g) was calculated by 

subtracting the stomach wall weight from the initial stomach weight. Stomach contents 

were placed on a 300 pm mesh sieve and gently rinsed with distilled water before



analysis. Prey organisms were separated and identified to the most practical taxonomic 

level with an emphasis on the identification of fish, crab, and shrimp prey. Identification 

keys and reference collections of fish otoliths and diagnostic bones were used to identify 

digested fish prey.

In each sample, intact prey organisms were counted, weighed (0.001 g) and 

measured (1.0 cm). The total length (1.0 cm) of individual, intact fish prey was recorded. 

The total count of paired structures, including invertebrate eyes and fish otoliths, were 

divided by 2 in order to estimate the counts of digested prey. In order to estimate the total 

length of digested fish, regression equations were derived for the relationship between 

prey fish total length and length of key diagnostic bones from fresh samples collected 

during the study. Key diagnostic bones of digested fish prey which included the cleithra, 

opercle, and dentary bones were measured (1.0 mm) and used in the derived regression 

equations.

Data analysis

A qualitative analysis of stomach contents did not detect substantial differences in 

the diet between the sexes; therefore the diet composition data for the 2 sexes were 

pooled. Specimens were collected from bottom trawl stations ranging in depth between 

40 and 220 m and a preliminary investigation of the ATF stomach contents suggested 

notable differences in the diet among 3 depth intervals (< 100 m, 100-200 m, and > 200 

m) (Figures 2.2 and 2.3). In addition, ATF dietary differences related to depth have been 

reported previously (Yang 1995). Therefore ATF stomach samples were categorized into



< 100 m, 100-200 m, and > 200 m depth intervals for all further analyses. Samples from 

waters > 200 m were excluded from all subsequent analyses due to poor representation 

across the study years (Table 2.1).

Individual prey items were grouped into categories to analyze temporal and 

ontogenetic variations. Fish prey that did not occur in at least 5% of the specimens were 

pooled into an “other fish” category. Walleye pollock, capelin, and Pacific sand lance 

exceeded these requirements and were not pooled with the other fish. Individual shrimp 

and euphausiid prey species were pooled into “shrimp” and “euphausiid” categories 

respectively because no one individual species occurred in at least 5% of the specimens. 

All other invertebrate prey items were pooled into an “other prey” category because no 

one individual species occurred in at least 5% of the specimens. Unidentified digested 

prey material was excluded from all dietary analyses because it may contain more than 

one prey item and potentially bias the results (Schafer et al. 2002).

Diet analysis

The general diet composition of the ATF samples was described by the percent 

frequency of occurrence (%FO) and percent weight (%W) for each prey category. These 

indices provide independent information into the feeding habits of the predator (Hyslop 

1980). Frequency of occurrence data gives insights into population wide feeding habits 

(Cailliet 1977) and weight data reveals the prey item’s nutritional value (Macdonald and 

Green 1983).



Temporal variations in the diet and feeding activity of ATF were assessed among 

the study years (2002, 2003, and 2004) and between 2 sampling periods (May and 

August) within each year. Specifically, the interannual variations in the diet and feeding 

activity of adult ATF (> 40 cm TL) were analyzed for each sampling period and were 

restricted to specimens collected in the 100-200 m depth interval due to small sample 

sizes at other depths. Within year variations in ATF diet and feeding activity were 

assessed using stomach samples of adult ATF (> 40 cm TL) captured in the 100-200 m 

depth interval only in 2002 and 2003. In 2004, within year dietary variations were 

analyzed separately for the 2 ATF size classes (20-39 and > 40 cm TL) in each depth 

interval (< 100 and 100-200 m).

The ontogenetic variations in the diet and feeding activity of ATF were quantified 

for each sampling period and depth interval in 2004. Previous studies have indicated ATF 

change their feeding behavior and become more piscivorous around 40 cm (Yang 1995, 

Yang and Nelson 2000). Therefore, the ATF samples were categorized into the following 

size categories (20-39 and > 40 cm TL) for the ontogenetic analyses.

The diet composition and feeding activity data failed normality tests, therefore 

non-parametric methods were chosen for all statistical comparisons. Kruskal-Wallis and 

Mann-Whitney U tests (Zar 1984) were employed to test for variations in the percent 

weight contribution of the main prey categories among years or between sampling 

periods (May and August) and size classes. A prey item’s percent weight contribution 

was used as the principal index in the statistical comparisons because it is the most 

appropriate measure of the energetic value of the prey. The temporal and ontogenetic



variations in the stomach fullness and percent of empty stomachs were analyzed using 

non-parametric tests (Kruskal-Wallis test, Mann-Whitney U test or X2 -test of 

independence) to evaluate ATF feeding activity. These 2 indices provide a more accurate 

description of the feeding activity of a fish than by using a stomach fullness index alone 

(Cortes 1997).

Finally, cumulative prey curves (Ferry and Cailliet 1996) were constructed for 

each sampling period in order to determine if sufficient samples were analyzed to 

precisely describe the breadth of ATF diets. In this approach, the cumulative number of 

prey types appearing in the diet is plotted against the cumulative number of pooled 

stomachs analyzed. The order of the gut analysis was randomized 5 times in order to 

prevent bias (Ferry and Cailliet 1996). As the cumulative number of stomachs analyzed 

increases the curve reaches an asymptote which indicates the minimum number of 

samples needed to precisely describe the diet.

Results 

General diet description

Of the 742 ATF stomachs examined, 465 contained prey and 275 (37.0%) were 

empty. A total of 2,835 prey items were identified consisting of 40 different prey items 

(Table 2.2). The predominance of pelagic prey in the stomachs including forage fish, 

pelagic shrimps, and euphausiids suggests ATF feed mainly in the water column. Fish 

were clearly the most important prey category and included at least 11 different species



(Table 2.2). Walleye pollock, Pacific sand lance, and capelin were the 3 most dominant 

fish prey on a weight and occurrence basis. Euphausiids, mostly of the Genus 

Thysanoessa, occurred in roughly 30% of the stomachs and comprised 17.7% by weight 

of the total stomach contents. Shrimp were a relatively important prey and occurred in 

12.0% of the ATF diets. Pandalus borealis and other pandalid shrimp were the most 

important shrimp species in the diets. Other prey items including miscellaneous mysids, 

copepods, and bivalves, were largely incidental and contributed relatively little by weight 

of the total stomach contents (Table 2.2).

Interannual variations

ATF displayed substantial differences in diet composition among the years in 

each of the sampling periods (Table 2.3; Figures 2.4 and 2.5). In May, the ATF diets 

were dominated by walleye pollock and other fish during 2002 and 2003; however the 

importance of these prey items decreased notably in 2004 and were replaced by 

euphausiids and Pacific sand lance (Table 2.3; Figure 2.4). In 2004, euphausiids were a 

significantly larger (Hs = 12.11, 2 df, P = 0.002) portion of the diet when compared with 

the previous years. Conversely, walleye pollock comprised a significantly larger (Hs = 

6.68, 2 df, P = 0.036) portion of the diets in 2002 and 2003 compared to 2004. In 2002 

and 2003, Pacific sand lance did not occur in the diets whereas in 2004 they occurred in 

20% of the samples and comprised 13% by weight of the stomach contents (Table 2.3; 

Figure 2.4). In August, the occurrence of walleye pollock in the diets decreased from > 

40% in 2002 and 2003 to < 25% in 2004 (Table 2.3). Consequently, walleye pollock



comprised a significantly smaller (Hs = 6.25, 2 df, P = 0.044) portion of the diets in 2004 

compared to the previous years (Figure 2.5). In addition, Pacific sand lance and capelin 

were relatively more important in the ATF diets in 2004 during the August sampling 

period.

Interannual trends in stomach fullness and percent of empty stomachs suggest that 

ATF feeding activity decreased in 2004. In each sampling period, ATF stomach fullness 

significantly differed (May, Hs = 6.58, P = 0.040; August, Hs = 12.29, P = 0.002) among 

the years and post hoc tests revealed that ATF stomachs were significantly (P < 0.05) less 

full in 2004 compared with either 2002 or 2003 (Table 2.4). In addition, the proportion of 

empty stomachs varied significantly (May, X2 = 13.87, P < 0.05; August, X2= 18.80, P < 

0.05) among the years, with the highest percentage (> 45% in each month) in 2004 (Table 

2.4).

Interannual prey size variations

The mean size of walleye pollock in the ATF diets differed among the years 

(Table 2.5). Age 0 walleye pollock (< 100 mm TL) were only found in the 2004 diets 

thereby resulting in the lowest mean size among the years. During the study years, only 

adult capelin between 88 and 115 mm TL were consumed. The size range of Pacific sand 

lance in the diets indicates that both juvenile and adults were consumed (Table 2.5).



Within year (between May and August) variations in waters 100-200 m

In 2002, the diets of ATF (> 40 cm) in May and August were similar in that 

walleye pollock and other fish were the most dominant prey items respectively in each 

month (Table 2.6; Figure 2.4). In each sampling month, these prey were the most 

frequently consumed and comprised the greatest portion of the diet (> 70% by weight 

combined). Shrimps were also a relatively important prey during each month. There were 

no significant differences in the percent weight contribution of any prey item between 

May and August (Figure 2.4). Additionally, in 2002 there was no noticeable difference in 

ATF feeding activity between May and August as evident by the lack of significant 

differences in ATF stomach fullness (Us = 118, P = 0.940) and the percent of empty 

stomachs (X2 = 0.30, P > 0.05) (Table 2.4).

In 2003, there were also no substantial differences in the ATF diets between May 

and August (Table 2.6; Figure 2.7). Once again, walleye pollock and other fish were the 

dominant prey categories in each of the sampling periods. In each sampling period, 

walleye pollock was the most frequent prey in the diets and comprised almost 50% by 

weight of the total stomach contents. Also, shrimps and euphausiids were relatively 

important prey items during each of the sampling months. There was no significant 

difference in the percent weight contribution of any prey item between May and August 

2003 (Figure 2.7). There was no noticeable difference in ATF feeding activity between 

the 2 periods as indicated by the lack of significant differences in stomach fullness (Us = 

171, P = 0.503) and the percent of empty stomachs (X2 = 0.10, P > 0.05) (Table 2.4).



In 2004, there were substantial differences in the diet of ATF (> 40 cm) between 

May and August (Table 2.6; Figure 2.8). In May, euphausiids were the most important 

prey; they occurred in over 50% of samples and comprised nearly 50% by weight of the 

total stomach contents. Also, Pacific sand lance, shrimps, and walleye pollock were 

relatively important during May. There was a significant decrease (Us= 304, P < 0.001) 

in the importance of euphausiids in the August diets (Figure 2.8). Other fish and walleye 

pollock replaced euphausiids as the dominant prey during this time. Also, during August 

there was a significant increase (Us = 462.50, P = 0.037) in the importance of capelin 

which were not found in the May diets (Table 2.6; Figure 2.8). For these larger ATF (>

40 cm), there was no difference in feeding activity between May and August as indicated 

by the lack of significant differences in both the stomach fullness (Us = 493, P = 0.477) 

and percent of empty stomachs (.X2 = 0.21, P > 0.05) (Table 2.4). There were also 

substantial differences in the diets of smaller ATF (20 -  39 cm) between May and August 

2004 (Table 2.6; Figure 2.9). Similar to the larger fish, euphausiids were the dominant 

prey for these smaller fish during May. The remainder of the May diets was made up 

mostly by shrimp and other prey. From May to August, there was a significant decrease 

(Us = 252.50, P = 0.007) in the importance of euphausiids and a significant increase (Us =

241.50, P = 0.001) in the importance of capelin in the ATF diets (Figure 2.9). Shrimps 

and other fish were also relatively important diet components during this time. At these 

depths, the smaller ATF (20-39 cm) appeared to increase their feeding activity between 

May and August as evident by the significant increase (Us = 227, P = 0.008) in stomach
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fullness and the slight decrease (38.0% to 32.0%) in the percent of empty stomachs 

(Table 2.4).

Within year variations (between May and August) in waters < 100 m in 2004

For the larger ATF (> 40 cm), Pacific sand lance and euphausiids were the 

dominant prey items in each of the months (Table 2.7; Figure 2.10). Other fish and 

shrimps were also relatively important during each of the time periods. Although both 

walleye pollock and capelin were significantly more important during August (walleye 

pollock, Us = 553.50, P = 0.040; capelin, Us= 533, P = 0.017), they contributed little to 

the overall diets (Figure 2.10). There was no difference in feeding activity of ATF (> 40 

cm) between May and August as indicated by the lack of significant differences in both 

the stomach fullness (Us= 561, P = 0.530) and percent of empty stomachs (X2 = 0.76, P > 

0.05)(Table 2.4). For the smaller ATF (20-39 cm), there were striking differences in their 

diets between May and August (Table 2.7; Figure 2.11). In May, the smaller ATF fed 

almost exclusively on euphausiids; however in August euphausiids were significantly less 

(Us= 66, P < 0.001) important. Capelin were non-existent in the diets in May but 

replaced euphausiids as the dominant prey in August. Pacific sand lance and other prey 

were significantly more important in the August diets as well (Pacific sand lance, Us = 

263, P = 0.046; other prey, Us= 262, P = 0.042) (Figure 2.11). The smaller ATF appeared 

to increase their feeding activity over the summer as evident by a significant increase 

(Mann-Whitney U test, P < 0.001) in the stomach fullness index although the proportion
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of empty stomachs did not significantly differ (X2 = 0.47, P > 0.05) between the 2 periods 

(Table 2.4).

Ontogenetic food habit variation in 2004 (waters < 100 m)

In May, there were substantial differences in the diets of the 2 ATF size classes 

(20-39 and > 40 cm) (Table 2.8; Figure 12). Euphausiids were an exclusively 

predominant prey for the smaller ATF. The smaller ATF also frequently consumed other 

fish, shrimps, and other prey; however these prey contributed very little to the overall 

diet. Although euphausiids were consumed relatively frequent by the larger ATF, they 

were significantly less (Us= 159, P < 0.001) important in the overall diets of these fish 

(Figure 2.12). Pacific sand lance replaced euphausiids as the dominant prey in the diets of 

the larger ATF. There were no substantial differences in the feeding activity of the 2 ATF 

size classes during this time (Table 2.6). In August, there were also considerable 

differences in the diets of the 2 ATF size classes (Table 2.8; Figure 2.13). Capelin and 

other prey were significantly more important in the diets of the smaller ATF (capelin, Us 

= 228, P = 0.036; other prey, Us= 279, P = 0.031). Although euphausiids were consumed 

frequently by both size groups, they were relatively more important in the diets of the 

larger ATF. There were also noticeable differences in the feeding activity between the 2 

ATF size classes. The smaller fish had significantly fuller (Us= 145, P < 0.001) stomachs 

compared to the larger ATF at this time, although the proportion of empty stomachs did 

not significantly differ (X2 = 0.09, P < 0.001) between the 2 size classes (Table 2.4).



Ontogenetic food habit variation in 2004 (waters 100-200 m)

In the deeper waters during May, the diets between the 2 size classes of ATF were 

fairly similar (Table 2.8; Figure 2.14). Euphausiids were the most important prey for each 

of the ATF size classes. Other prey and shrimp were somewhat more important to the 

smaller ATF, whereas walleye pollock and other fish were slightly more important to the 

larger ATF. Pacific sand lance were consumed more frequently by the larger ATF but 

contributed equally to the diets of each size class. There were no substantial differences 

in the feeding activity between the 2 size classes at this time (Table 2.4). During August, 

there were more noticeable differences in the diets of the 2 ATF size classes (Table 2.8 

and Figure 2.15). Capelin comprised a significantly larger portion (Us= 634, P = 0.026) 

of the diets of the smaller ATF, whereas walleye pollock comprised a larger portion (Us =

647.50, P = 0.013) of the diets of the larger ATF. The remainder of the diets of each size 

class was made up mostly by other fish and shrimps (Figure 2.15). During August, the 

smaller ATF had significantly fuller (Us = 419, P < 0.001) stomachs compared to the 

larger ATF (Table 2.4). In addition, the smaller ATF had less empty stomachs than the 

larger ATF (32 to 46%) although the difference was not significant (X2 = 3.69, P > 0.05) 

(Table 2.4).

Cumulative prey curves

The number of stomachs analyzed in order to reach an asymptote was highly 

dependent on the sampling month, ATF size, and depth collected (Figures 2.16-2.27). In 

6 samples the cumulative prey curves did not level off which indicates that new prey



items were appearing in the stomachs at the end of the sampling period (Figures 2.16, 

2.17, 2.18, 2.22, 2.25, 2.26). In 6 other samples, the prey curves appeared to reach an 

asymptote which suggests that a sufficient number of samples were analyzed to precisely 

describe the breadth of the diets (Figures 2.19, 2.20, 2.21, 2.23, 2.24, and 2.27). In some 

cases, new prey items continued to appear in the diet at the end of the sampling period; 

however, these prey items were actually quite rare overall as indicated by the low 

standard deviation (Ferry and Cailliet 1996). The number of stomachs needed in order to 

reach an asymptote ranged between 23 and 43 with a mean of 29.5. There were no 

noticeable trends in the number of stomachs analyzed to reach an asymptote between 

sampling months, ATF sizes, or depth intervals.

Discussion 

Arrowtooth flounder general diet composition

The diet composition results indicate ATF eat mainly fish and crustaceans, such 

as euphausiids and shrimps, which is consistent with previous findings. For example fish, 

decapods, and euphausiids were the main prey respectively in ATF diets in the northeast 

GOA (Rose 1980). Similarly, fish were the top prey by weight in ATF stomachs sampled 

throughout the entire GOA (Yang and Nelson 2000). Also, euphausiids and pandalid 

shrimp were the top invertebrate prey in these diets. In this study, benthic invertebrate 

prey such as mollusks, annelids, and echinoderms were incidental items in the ATF diets 

which is consistent with previous studies (Rose 1980, Yang 1995, Yang and Nelson



2000). Despite these similarities, several differences in prey composition exist between 

this study and previous reports.

Firstly, in the late 1970s study, osmerids were the most common fish in the ATF 

diets and walleye pollock occurred in less than 2% of the stomachs (Rose 1980). 

Conversely, walleye pollock were the most common fish encountered in the ATF diets in 

this study (Table 2.2). Furthermore, shrimp were twice as frequent in the ATF diets in the 

northeast GOA study compared with the present study. The northeast GOA study (Rose 

1980) was conducted in 1975-76 when the GOA fish community was dominated by 

forage fish and shrimp. In the late 1970’s, the GOA ecosystem underwent a large scale 

shift from a community dominated by forage fish and shrimp to one dominated by 

piscivorous flatfish and gadid species (Anderson et al. 1997, Anderson and Piatt 1999). 

Hence, the differences in the ATF diets between the 2 studies appear to reflect the 

changes in the GOA fish community during the past 25 years, although differences in 

sampling locations cannot be discounted. Secondly, in this study, Pacific sand lance were 

a far more important prey item compared with earlier studies (Rose 1980, Yang 1995, 

Yang and Nelson 2000). Pacific sand lance tend to be patchily distributed in nearshore, 

shallow waters because they have a high preference for sandy substrate (O’Connel and 

Fives 1995, Ostrand et al. 2005). The importance of a site specific species, such as 

Pacific sand lance, may have been obscured in previous studies which sampled far greater 

areas and habitats than this project. Consequently, Pacific sand lance appear to be a 

locally important prey item for ATF within Marmot and Chiniak bays.



Temporal variations

Interannual diet comparisons revealed several key shifts in the diets of adult ATF 

among the study years. Arrowtooth flounder are considered opportunist predators, 

meaning they feed on prey items that are most abundant in the environment (Rose 1980; 

Yang and Livingston 1986). Therefore temporal dietary shifts reflect changes in prey 

abundance and availability. In 2004, euphausiids were significantly more important in the 

ATF diets compared with the previous years, especially 2003. On the GOA shelf, 

zooplankton abundance and species composition are mainly influenced by changes in the 

salinity and temperature of the water column (Coyle and Pinchuk 2003). In 2003, the 

study area waters were the freshest and warmest compared to other years which possibly 

resulted in the low abundance of euphausiid larvae found in 2003 (Xian Wang,

University of Alaska Fairbanks, personal communication). The interannual dietary 

comparisons also revealed that Pacific sand lance increased in importance in 2004.

Pacific sand lance abundance estimates are unknown in the study area; however changes 

may be reflected in the diets of other top level predators. In Chiniak Bay, there was an 

increase in the importance of Pacific sand lance in the diets of tufted puffins Fratercula 

cirrhata from 2002 to 2004 (Cory Williams, University of Alaska Fairbanks, personal 

communication). In addition, an examination of all ATF diets in 2002 and 2003 (all depth 

intervals) revealed that only 2 stomachs contained Pacific sand lance. Taken together, 

these findings suggest that Pacific sand lance were more available as a prey source in 

2004. In addition it may be more energetically profitable for ATF to consume Pacific 

sand lance rather than other fish species because 1) they were able to successfully
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consume multiple Pacific sand lance at a single feeding (up to 50 in a individual stomach) 

and 2) the energy density of Pacific sand lance greatly exceeds that of gadoids such as 

walleye pollock (Payne et al. 1999; Anthony et al. 2000; Chapter 3).

The shift from consuming mostly age 1 and 2 walleye pollock to consuming 

mostly age 0 walleye pollock in 2004 is another example of the trophic adaptability of 

ATF. In 2004, large catches of age 0 walleye pollock were noted in the trawl catches 

whereas in previous years these juvenile pollock were not as prevalent (Unpublished 

data). Juvenile walleye pollock tend to congregate in deeper pelagic waters during the 

day (Brodeur and Wilson 1996) which may expose them to predation from fish predators 

that reside on or near the bottom (Bailey 1989). Therefore, it appears ATF were able to 

capitalize on the high juvenile walleye pollock densities in 2004.

In 2002 (May and August) and 2003 (May), it does not appear that a sufficient 

number of samples were analyzed to fully describe the breadth of the ATF diets as 

indicated by the prey diversity curves. The discrepancy in the sample sizes among the 

years (Table 2.2) likely resulted in a greater diversity of prey in the 2004 diets. However, 

the principal prey items were consistent throughout the study years with the exception of 

Pacific sand lance. The importance of Pacific sand lance may have been overstated in 

2004 (or understated in previous years) due to the discrepancy in sample sizes among the 

years. However, the relatively high occurrence of Pacific sand lance in ATF diets in 

2004, regardless of size class, depth interval, or sampling period suggests they were 

highly available at this time. Overall, in 2004 the higher number of samples collected



likely resulted in greater prey diversity; however, most of these items were incidental and 

contributed very little to overall diet.

Seasonal dietary differences have been observed for many flatfish species (Libey 

and Cole 1979; Livingston et al. 1986; Tokranov 1990). In high latitude regions, seasonal 

variations in temperature and photoperiod impose strong seasonality on the composition 

and production of nearshore fish communities (Nash 1988; Robards et al. 1999). As a 

result, top-level predators experience considerable variability in the abundance and 

quality of prey on a seasonal basis. In this study, the importance of euphausiids and 

capelin varied significantly between the 2 sampling periods (May and August). Although 

euphausiids were consumed during both time periods, they were noticeably more 

important in the diets during May. Rose (1980) noted a similar trend in ATF diets from 

the northeast GOA. The annual biomass peak for zooplankton occurs during May in the 

northern GOA shelf waters (Coyle and Pinchuk 2003). Within the study area, euphausiid 

larval abundance is highest during May as well (Xian Wang, University of Alaska 

Fairbanks, personal communication). Hence, the high importance of euphausiids in the 

May diets possibly reflects the high zooplankton production at this time. Furthermore, the 

relative abundance of nearshore fish is highest in mid-summer in high latitude regions 

(Robards et al. 1999). Consequently, the observed difference may also be related to the 

lack of available fish prey during May. Capelin were mostly non-existent in the ATF 

diets in May but became a highly important prey item in August. In the North Pacific, 

capelin spawn on intertidal beaches and undergo a protracted spawning period from late 

spring through early summer (Pahlke 1985). Around Kodiak Island, capelin spawning
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activity generally peaks around June-July (Doyle et al. 2002). In this study, only adult 

capelin (90 to 120 mm TL) were consumed and ripe females were noted frequently in the 

ATF stomachs. Thus it appears that ATF were targeting adult capelin in August which 

were congregating nearshore to spawn. Additionally, adult capelin are one of the highest 

energy dense forage fish species in these waters (Payne et al. 1999; Anthony et al. 2000) 

and may be more vulnerable to predation during spawning. Therefore, ATF would 

maximize their net energy gain by consuming capelin rather than other prey at this time. 

The ability of ATF to take advantage of this energy rich food source at this time 

highlights their adaptive feeding behavior.

It is useful to quantify the consumption of prey by top level predators in order to 

assess the importance of predation mortality in the population dynamics of prey 

populations. Arrowtooth flounder consumption estimates have been produced using 

formulas that assume a fixed diet for the time span being analyzed (Livingston 1993).

One potential drawback to this method is that temporal variability in the diet is obscured 

which may misrepresent the importance of some prey species and ultimately affect 

consumption estimates. The current project documented temporal variability in the diet 

composition of ATF resulting from their adaptable feeding behavior. Future studies 

documenting ATF diet changes in relation to temporal changes in prey distribution and 

abundance would be useful in determining the extent of their trophic adaptability. 

Ultimately, alternative methods of producing consumption estimates which incorporate 

temporal dietary shifts may more accurately estimate the predatory impacts of ATF.



The feeding activity of the smaller ATF increased between May and August. This 

behavior has been noted for ATF and other flatfish species in the northeast GOA. Within 

the study area, the bottom water temperatures in August were on average 1.48°C higher 

than in May (Chapter 3). As a result, higher feeding activity levels would be required in 

order to compensate for the higher energetic needs during this time. Additionally, 

differences in the availability of food between the 2 time periods likely influenced 

feeding activity levels as well. Temperate fish species commonly exhibit seasonal cycles 

of feeding activity (relatively high rates from spring to summer and a decrease in rates 

from autumn to winter) which are related to variations in abiotic and biotic factors such 

as water temperature, food supply, and reproduction (Mackinnon 1972; Dawson and 

Grimm 1980; Dygert 1990). Future studies documenting the ATF feeding activity during 

all seasons are needed in order to determine if they undergo a similar cycle.

Ontogenetic variations

It was found that the smaller ATF consumed significantly more euphausiids, 

shrimp, and capelin than larger ATF. Small ATF are gape limited and have more slender 

gill rakers that allow them to more successfully capture and handle smaller prey (Yang 

and Livingston 1986). The importance of walleye pollock in the diets of smaller ATF was 

relatively low in comparison to earlier studies (Yang 1995; Yang and Nelson 2000). 

Either suitable-sized walleye pollock were not available or other prey species were more 

abundant and accessible. In addition, juvenile walleye pollock are reported to rank lower 

in energy density than other forage fish (Payne et al. 1999; Anthony et al. 2000);
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therefore it would benefit small ATF to feed on more energy rich prey such as capelin. 

The smaller ATF tended to display a higher feeding activity than the larger ATF which 

may be related to the fact that small prey items digest more rapidly than larger ones.

Similar to previous studies (Yang and Livingston 1986; Yang 1995; Yang and 

Nelson 2000) it was observed that ATF became more piscivorous as they grew. Large 

ATF have a wide gaping mouth, full of prominent sharp teeth, which allows them to 

successfully capture fish prey (Yang and Livingston 1986). The larger ATF were capable 

of utilizing a wider size range of fish prey as evident by the greater diversity of fish 

species in their diets. This finding is consistent with the optimum foraging theory 

(Gerking 1994) which states that larger predators tend to consume larger prey in order to 

maximize the energetic gain relative to capture effort. Additionally, these ontogenetic 

dietary shifts may reduce the competition for food between large and small individuals of 

the same species (Grossman 1980).

Ecosystem considerations

Results of this study suggest that ATF are generalist predators which feed mainly 

on pelagic prey such as zooplantivorous forage fish and euphausiids. These species are 

critical links between primary producers (phytoplankton) and higher trophic level 

predators and are consumed by many fish, marine mammals, seabirds, and whales in the 

GOA (Perez 1990; Hayes and Kuletz 1997; Dorn et al. 2005; Yang et al. 2005). Overall, 

the observed ontogenetic, temporal, and spatial dietary shifts in response to changing 

prey availability and quality highlights the adaptable feeding behavior of ATF.



The GOA ecosystem alternates between anomalous warm and cool states or 

“regimes” and the shift to a warm regime in the late 1970’s is well documented (Mantua 

et al. 1997; Hare and Mantua 2000). Large scale fluctuations in the composition and 

quality of prey following the 1977 regime shift were associated with population declines 

of Steller sea lions and other apex predators (Springer 1998; Agler et al. 1999). 

Conversely, groundfish species in the GOA, including ATF, experienced marked 

improvement in recruitment (Hollowed and Wooster 1992). Since 1970, biomass 

estimates of ATF have increased over seven-fold and they are currently the most 

abundant groundfish in the GOA (Tumock et al. 2005). There have been at least 2 other 

documented climate shifts in the North Pacific since the 1970’s, but the biological 

response of any shift has yet to be fully realized (Hare and Mantua 2000; Benson and 

Trites 2002; Peterson and Schwing 2003). Because of the adaptive feeding behavior of 

ATF, it is unlikely that a major decline in a single prey source would negatively effect 

their population in the GOA.
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Table 2.1. Arrowtooth flounder stomach samples collected near Kodiak Island, Alaska. 
Samples collected at 3 depth intervals in May and August of 2002, 2003, and 2004.

Year

ATF
size
(cm) Month Empty

< 100 m

With
prey Total

Depth interval 

100-200 m

With
Empty prey Total Empty

> 200 m

With
prey Total

2002 > 4 0 May 2 3 5 6 14 20 2 1 3

August 1 12 13 16 28 44 0 0 0

2003 > 4 0 May 0 0 0 1 17 18 0 0 0

August 20 6 26 4 33 37 3 7 10

2004 > 4 0 May 21 50 71 40 47 87 15 22 37

August 10 35 45 58 47 105 0 0 0

20-39 May 7 33 40 36 34 70 3 5 8

August 9 29 38 21 44 65 0 0 0



58

Table 2.2. Mean percent weight (%Wt.) and percent frequency of occurrence (%FO) of 
arrowtooth flounder diets collected in 2002, 2003, and 2004. General categories including 
fish prey, shrimp prey, euphausiid prey, and other prey show the sum of the components 
within that category.___________________________________________________

% Wt % FO
Fish prey 43.5 51.0

Ammodytes hexapterus (Pacific sand lance) 9.6 12.9
Atheresthes stomias (arrowtooth flounder) 1.1 1.3
Cottidae (sculpin) + 0.2
Fishery offal 0.2 0.2
Gadidae (gadid fish) 1.4 2.2
Hippoglossoides elassodon (flathead sole) 1.4 1.5
Lumpenus sagitta (snake prickleback) 0.2 0.2
Mallotus villosus (capelin) 8.5 9.7
Pleuronectidae (unidentified flatfish) 0.5 0.6
Sebastes sp. (rockfish) + 0.2
Teleostei (unidentified fish) 5.0 8.0
Thaleichthys pacificus (eulachon) 0.2 0.4
Theragra chalcogramma (walleye pollock) 13.3 14.0
Trichodon trichodon (Pacific Sandfish) 0.2 0.2
Zoarcidae (eelpout) 1.7 1.9

Euphausiid prey 17.7 29.7
E. pacifica 0.2 0.2
Euphausiacea (unidentified) 8.1 17.0
Thysanoessa inermis 2.6 3.0
Thysanoessa raschii 0.7 0.9
Thysanoessa sp. 4.3 5.6
Thysanoessa spinifera 1.9 2.8

Shrimp prey 8.2 12.0
Crangon communis + 0.2
Crangon dalli + 0.2
Crangonidae (unidentified) 0.2 0.2
Eualus gaimardii 0.3 0.4
Eualus sp. + 0.2
Pandalopsis dispar 0.2 0.2
Pandalopsis sp. 0.5 0.6
Pandalus borealis 2.4 3.7
Pandalus sp. 1.4 1.9
unidentified shrimp 3.2 4.7

Other prey 3.2 9.2
Bivalvia (clam) 0.2 0.9
Calanoida (copepod) + 0.6
Chionoecetes bairdi (tanner crab) 0.2 0.2
Crustacea (unidentified) 1.0 3.7
Decapoda (unidentified crab) + 0.4
Echiuridae (marine worm) 0.2 0.4
Gammaridea (unidentified amphipod) + 0.2
Mysidae (unidentified mysid) 0.9 1.3
Psolus sp. (sea cucumber) 0.3 0.4
snail eggs (unidentified) + 0.2

Unidentified digested material 27.3 32.7
+ indicates <0.1%
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Table 2.3. Interannual variation in the percent frequency of occurrence (%FO) of the 
major prey groups of ATF (> 40 cm). Samples collected at depths of 100 -  200 m near 
Kodiak Island, Alaska during May and August of 2002, 2003, and 2004.

Month

Year 2002

May

2003 2004 2002

August

2003 2004

Capelin 0.0 5.9 0.0 8.0 0.0 15.6

Walleye pollock 40.0 47.1 10.3 44.0 44.4 24.4

Pacific sand lance 0.0 0.0 20.7 0.0 0.0 6.7

Other fish 40.0 35.3 13.8 32.0 29.6 33.3

Shrimps 20.0 11.8 13.8 24.0 7.4 15.6

Euphausiids 10.0 11.8 51.7 16.0 14.8 22.2

Other prey 0.0 17.7 20.7 8.0 14.8 22.2
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Table 2.4. Variations in ATF stomach fullness and the percent of empty stomachs. 
Kruskal Wallis statistic (Hs), Mann-Whitney U statistic (Us), and Chi square test statistic 
(X2) are significant at P < 0.001***, P < 0.01**, and P < 0.05 *.____________________

Comparisons Stomach fullness Empty stomachs

Interannual Hs P value X2 P value

May 6.58 0.040* 13.87 < 0.05*

August 12.29 0.002** 18.80 < 0.05*

Between May and August Us P value X2 P value

2002 (100-200 m) 118 0.940 0.25 >0.05

2003 (100-200 m) 171 0.503 0.12 >0.05

2004 (100-200 m) (20-29cm) 227 0.008** 3.11 >0.05

2004 (100-200 m) (> 40 cm) 493 0.477 0.21 >0.05

2004 (< 100 m) (20-29cm) 139 <0.001*** 0.47 >0.05

2004 (< 100 m) (> 40 cm) 561 0.530 0.76 >0.05

Ontogenetic Us P value X2 P value

May 2004 (100-200 m) 187 0.096 1.37 >0.05

August 2004 (100-200 m) 419 <0.001*** 3.69 >0.05

May 2004 (< 100 m) 522 0.525 1.61 >0.05

August 2004 (< 100 m) 145 <0.001*** 0.09 >0.05
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Table 2.5. Mean total length, standard deviation (SD), and range of the top 3 prey fish 
consumed by ATF. Samples collected in all depths near Kodiak Island, Alaska in 2002, 
2003, and 2004. _
Year Prey n Mean TL (mm) SD (mm) Range (mm)
2002 Walleye pollock 18 325 88 229-519

Capelin 1 115 - -

2003 Walleye pollock 28 378 46 290-489
Capelin 1 97 - -

2004 Walleye pollock 22 118 131 50-455
Pacific sand lance 71 77 11 55-115

Capelin 8 101 8 88-111
n = sample size
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Table 2.6. Within year comparisons of the percent frequency of occurrence (%FO) of the 
major prey groups in diets of ATF collected at depths of 100 -  200 m. Samples collected 
near Kodiak Island, Alaska during May and August of 2002, 2003, and 2004.__________

Year 2002 2003 2004

ATF length (cm) >40 >40 >40 20-39

Month May August May August May August May August

Capelin 0.0 8.0 5.9 0.0 0.0 15.6 0.0 36.8

W. pollock 40.0 44.0 47.1 44.4 10.3 24.4 0.0 5.26

P. sand lance 0.0 0.0 0.0 0.0 20.7 6.7 8.7 13.2

Other fish 40.0 32.0 35.3 29.6 13.8 33.3 4.4 23.7

Shrimps 20.0 24.0 11.8 7.4 13.8 15.6 21.7 23.7

Euphausiids 10.0 16.0 11.8 14.8 51.7 22.2 43.5 21.1

Other prey 0.0 8.0 17.7 14.8 20.7 22.2 39.1 10.5
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Table 2.7. Within year comparisons of the percent frequency of occurrence (% FO) of the 
major prey groups in diets of ATF collected at depths < 100 m. Samples collected near 
Kodiak Island, Alaska during May and August 2004._______________

ATF length (cm) 

Month

20-39 

May August May

> 40

August

Capelin 0.0 41.7 0.0 12.5

Walleye pollock 0.0 8.3 0.0 9.4

Pacific sand lance 3.2 20.8 47.8 40.6

Other fish 41.9 8.3 13.0 15.6

Shrimps 38.7 12.5 8.7 6.3

Euphausiids 83.9 45.8 43.5 43.8

Other prey 48.4 37.5 39.1 18.8
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Table 2.8. Ontogenetic variations in the percent frequency of occurrence (% FO) of the 
major prey groups of ATF. Samples collected near Kodiak Island, Alaska at each depth 
interval and sampling period during 2004._______________________________________

Depth (m) < 100 100--200

Month May August May August

ATF length (cm) 20-39 >40 20-39 >40 20-39 > 40 20-39 >40

Capelin 0.0 0.0 41.7 12.5 0.0 0.0 36.8 15.6

W. pollock 0.0 0.0 8.3 9.4 0.0 10.3 5.3 24.4

P.sand lance 3.2 47.8 20.8 40.6 8.7 20.7 13.2 6.7

Other fish 41.9 13.0 8.3 15.6 4.4 13.8 23.7 33.3

Shrimps 38.7 8.7 12.5 6.3 21.7 13.8 23.7 15.6

Euphausiids 83.9 43.5 45.8 43.8 43.5 51.7 21.1 22.2

Other prey 48.4 39.1 37.5 18.8 39.1 20.7 10.5 22.2
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Figure 2.1. Bottom trawl locations in the nearshore waters of Kodiak Island, Alaska. 
Fixed sampling stations were sampled during May and August annually in 2002, 2003, 
and 2004.
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Figure 2.2. Variations in the diet composition by percentage weight related to depth for 
ATF 20-39 cm TL in May 2004.



Di
et 

co
m

po
si

tio
n 

(% 
W

ei
gh

t)

67

□ Other prey

□ Euphausiids

□ Shrimps 

U Other fish

S  P. sandlance 

H W. pollock 

H Capelin

0-99 100-200 200+

Depth (m)

Figure 2.3. Variations in the diet composition by percentage weight related to depth for 
ATF > 40 cm TL in May 2004.
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n = 10 n = 17 n = 25

□ Other prey
B Euphausiids**
□ Shrimps 
ID Other fish
5 P. sandlance* 
M W. pollock* 
ffl Capelin

2002 2003 2004
Year

Figure 2.4. Interannual variation in the prey composition (by % weight) of ATF (> 40
cm) sampled during May of 2002, 2003, and 2004. Significant Kruskal Wallis test is
indicated as: * P < 0 .05 , ** P< 0.01 , ***P< 0.001.
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n = 24 n = 23 n = 44

□ Other prey 
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Figure 2.5. Interannual variation in the prey composition (by % weight) of ATF (> 40
cm) sampled during August of 2002, 2003, and 2004. Significant Kruskal Wallis test is
indicated as: * P < 0.05, ** P < 0.01, ***P < 0.001.
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Figure 2.6. Within year variation in the prey composition (by % weight) of ATF (> 40 
cm) sampled during 2002. Significant Mann-Whitney U test is indicated as: * P < 0.05, 
** P < 0 .01 , ***P< 0.001.



Figure 2.7. Within year variation in the prey composition (by % weight) of ATF (> 40
cm) sampled during 2003. Significant Mann-Whitney U test is indicated as: * P < 0.05,
** P <  0.01, ***P< 0.001.
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Figure 2.8. Within year variation in the prey composition (by % weight) of ATF (> 40
cm) sampled in depths 100-200 m near Kodiak Island, AK in 2004. Significant Mann-
Whitney U test is indicated as: * P < 0.05, ** P < 0.01, ***P < 0.001.
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Figure 2.9. Within year variation in the prey composition (by % weight) of ATF (20-39 
cm) sampled in depths 100-200 m near Kodiak Island, AK in 2004. Significant Mann- 
Whitney U test is indicated as: * P < 0.05, ** P < 0.01, ***P < 0.001.
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Figure 2.10. Within year variation in the prey composition (by % weight) of ATF (> 40
cm) sampled in depths < 100 m near Kodiak Island, AK in 2004. Significant Mann-
Whitney U test is indicated as: * P < 0.05, ** P < 0.01, ***P < 0.001.
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Figure 2.11. Within year variation in the prey composition (by % weight) of ATF 20-39
cm) sampled in depths < 100 m near Kodiak Island, AK in 2004. Significant Mann-
Whitney U test is indicated as: * P < 0.05, ** P < 0.01, ***P < 0.001.
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Figure 2.12. Ontogenetic variation in the prey composition (by % weight) of ATF
sampled in depths < 100 m near Kodiak Island, AK in May 2004. Significant Mann-
Whitney U test is indicated as: * P < 0.05, ** P < 0.01, ***P < 0.001.
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Figure 2.13. Ontogenetic variation in the prey composition (by % weight) of ATF
sampled in depths < 100 m near Kodiak Island, AK in August 2004. Significant Mann-
Whitney U test is indicated as: * P < 0.05, ** P < 0.01, ***P < 0.001.



78

0
20 - 39 > 40

ATF size (cm)

Figure 2.14. Ontogenetic variation in the prey composition (by % weight) of ATF
sampled in depths 100-200 m near Kodiak Island, AK in May 2004. Significant Mann-
Whitney U test is indicated as: * P < 0.05, ** P < 0.01, ***P < 0.001.
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Figure 2.15. Ontogenetic variation in the prey composition (by % weight) of ATF 
sampled in depths 100-200 m near Kodiak Island, AK in August 2004. Significant Mann- 
Whitney U test is indicated as: * P < 0.05, ** P < 0.01, ***P  < 0.001.
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Figure 2.16. Cumulative prey curve for ATF stomachs collected in May 2002. The
sample order was randomized 5 times and the mean number of new prey is presented. For
every third stomach, the standard deviation has been added.
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Figure 2.17. Cumulative prey curve for ATF stomachs collected in August 2002. The
sample order was randomized 5 times and the mean number of new prey is presented. For
every third stomach, the standard deviation has been added.
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Figure 2.18. Cumulative prey curve for ATF stomachs collected in May 2003. The
sample order was randomized 5 times and the mean number of new prey is presented. For
every third stomach, the standard deviation has been added.
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Figure 2.19. Cumulative prey curve for ATF stomachs collected in Aug 2003. The
sample order was randomized 5 times and the mean number of new prey is presented. For
every third stomach, the standard deviation has been added.
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Figure 2.20. Cumulative prey curve for ATF (20-39 cm) stomachs collected in May 2004
in waters < 100 m deep. The sample order was randomized 5 times and the mean number
of new prey is presented. For every third stomach, the standard deviation has been added.
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Figure 2.21. Cumulative prey curve for ATF (20-39 cm) stomachs collected in May 2004 
in waters 100-200 m deep. The sample order was randomized 5 times and the mean 
number of new prey is presented. For every third stomach, the standard deviation has 
been added.



Figure 2.22. Cumulative prey curve for ATF (> 40 cm) stomachs collected in May 2004
in waters < 100 m deep. The sample order was randomized 5 times and the mean number
of new prey is presented. For every third stomach, the standard deviation has been added.
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Figure 2.23. Cumulative prey curve for ATF (> 40 cm) stomachs collected in May 2004 
in waters 100-200 m deep. The sample order was randomized 5 times and the mean 
number of new prey is presented. For every third stomach, the standard deviation has 
been added.
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Figure 2.24. Cumulative prey curve for ATF (20-39 cm) stomachs collected in August 
2004 in waters < 100 m deep. The sample order was randomized 5 times and the mean 
number of new prey is presented. For every third stomach, the standard deviation has 
been added.
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Figure 2.25. Cumulative prey curve for ATF (20-39 cm) stomachs collected in August 
2004 in waters 100-200 m deep. The sample order was randomized 5 times and the mean 
number of new prey is presented. For every third stomach, the standard deviation has 
been added.



90

0 -I------------------- T----------------- T------------------- T---------------- T--------------------------- T---------------------- T-------------------------1

0 5 10 15 20 25 30 35

No. of stomachs analyzed

Figure 2.26. Cumulative prey curve for ATF (> 40 cm) stomachs collected in August 
2004 in waters < 100 m deep. The sample order was randomized 5 times and the mean 
number of new prey is presented. For every third stomach, the standard deviation has 
been added.
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Figure 2.27. Cumulative prey curve for ATF (> 40 cm) stomachs collected in August 
2004 in waters 100-200 m deep. The sample order was randomized 5 times and the mean 
number of new prey is presented. For every third stomach, the standard deviation has 
been added.
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Chapter 3 : Arrowtooth flounder Atheresthes stomias prey consumption within the 

nearshore waters of Kodiak Island, Alaska2

Abstract

The variability and magnitude of arrowtooth flounder Atheresthes stomias (ATF) 

prey consumption in the nearshore waters of Kodiak Island, Alaska were examined with 

the use of a bioenergetics model. A series of model runs, which incorporated field inputs 

describing ATF diet composition and abundance, prey energy density and water 

temperature, were conducted to quantify ATF prey consumption over a 84 day period 

(May to August) in each study year (2002, 2003, and 2004). Models were made to: 1) 

examine the variations in prey consumption of adult ATF (> 60 cm total length) among 

the study years, 2) examine ATF length class variations in prey consumption in 2004, and 

3) estimate the total prey removals by the ATF population in the study area in 2004. The 

interannual consumption estimates ranged between 62 and 167 t and were largely 

influenced by fluctuations in ATF abundance within the study area. In 2004, the ATF 

population within the study area was dominated by large individuals (> 50 cm total 

length) and these fish accounted for > 75 % of the population’s total prey biomass 

consumption. The ATF population consumed an estimated 339 t of fish prey and 222 t of 

invertebrate prey near Kodiak Island between May and August 2004. There were

2
Prepared for submission to Alaska Fishery Research Bulletin as “Arrowtooth flounder Atheresthes stomias prey consumption within 

the nearshore waters of Kodiak Island, Alaska.” By Brian A. Knoth and Robert J. Foy.



noticeable differences in the biomass and composition of prey consumed related to depth 

and the majority (64%) of prey removals occurred at depths of 100-200 m. This study 

was the first attempt to estimate ATF prey consumption using a bioenergetics model and 

provided baseline data concerning the magnitude of ATF prey consumption near Kodiak 

Island, Alaska.

Introduction

The Gulf of Alaska (GOA) is a highly productive ecosystem and has undergone 

an extensive reorganization in species composition over the past 20 years following a 

shift in ocean climate during the late 1970’s (Anderson et al. 1997; Anderson and Piatt 

1999; Hare and Mantua 2000). The ecosystem shifted from a community dominated by 

small forage fish and shrimp species to one dominated by large piscivorous gadid and 

flatfish species (Anderson et al. 1997; Mantua et al. 1997). Similar shifts in community 

structure occurred within the nearshore waters of Kodiak Island (Mueter and Norcross 

2000). Although the exact mechanisms of these shifts are unclear, predation may have 

contributed to the documented decline in shrimp and forage fish species in the GOA over 

the past 25 years (Anderson and Piatt 1999; Mueter and Norcross 2000). There have been 

at least 2 other documented climate shifts in the North Pacific since the 1970’s, but the 

biological response of any shift has yet to be realized (Hare and Mantua 2000; Benson 

and Trites 2002).

Predation can have varying degrees of influence in the control of marine 

ecosystem dynamics (Bax 1998). Top-level fish predators can consume substantial



amounts of prey fish (Livingston et al. 1986; Overholtz et al. 2000) and may cause large 

fluctuations in the abundances of prey stocks (Larkin 1996). Even though it has not been 

clearly documented that predation determines year class strength (Bax 1998), evidence 

suggests that top-level predators may be a factor regulating recruitment in marine systems 

(Laevastu and Bax 1991; Tsou and Collie 2001).

Arrowtooth flounder Atheresthes stomias (ATF) biomass estimates have increased 

over seven fold during the past 30 years and currently they are the most abundant 

groundfish species in the North Pacific (Tumock et al. 2005). Arrowtooth flounder are 

large predatory flatfish and consume mainly pelagic and semi-pelagic forage fish 

including capelin Mallotus villosus, Pacific herring Clupea pallasii, and walleye pollock 

Theragra chalcogramma as well as invertebrates such as euphausiids (Chapter 2; Yang 

1995; Yang and Nelson 2000). These species are important prey for many fish, seabirds, 

and marine mammals throughout the GOA (Hayes and Kuletz 1997; Merrick 1997; Yang 

et al. 2005). Arrowtooth flounder consume substantial amounts of these prey annually 

(Livingston 1994; Yang et al. 2005); however, the resulting impacts on prey resources 

and potential competitors to date are unclear.

The impact of ATF predation on commercially valuable species may have 

repercussions for the management of fish stocks in the GOA. Arrowtooth flounder prey 

upon various commercially valuable fish species, but the impact on the walleye pollock 

population has garnered the most interest. The walleye pollock fishery is the largest 

single species fishery in Alaskan waters and has had an ex-vessel value of over $200 

million annually since 1990 (Hiatt et al. 2004). Arrowtooth flounder predation on walleye



pollock is significant (Lowry et al. 1988; Brodeur and Bailey 1996) and may contribute 

to the observed recruitment fluctuations of walleye pollock in the GOA (Bailey et al.

1996; Brodeur and Bailey 1996). Additionally, ecosystem modeling studies indicate that 

ATF predation is the largest source of mortality (approximately 50%) for juvenile pollock 

(< 20 cm) in the GOA (Dorn et al. 2005).

Arrowtooth flounder prey consumption has been the focus of a number of studies 

in the past decade (Livingston 1993; Hollowed et al. 2000; Lang et al. 2000; Yang et al. 

2005). Consumption estimates have traditionally incorporated data on daily ration, diet 

composition, and predator biomass (Livingston 1993; Hollowed et al. 2000; Lang et al. 

2000; Yang et al. 2005). Daily ration is calculated as the amount of food consumed 

(expressed as proportion of body weight) to achieve observed yearly growth increments 

assuming a general gross conversion efficiency rates of ingested food to somatic growth 

(juveniles = 25%; adults = 10% (Brett and Groves 1979)) (Livingston 1994; Yang et al. 

2005). Additionally, the consumption estimates incorporate fixed daily ration and diet 

composition estimates for the time period analyzed (Livingston 1993; Hollowed et al. 

2000; Lang et al. 2000; Dorn et al. 2005; Yang et al. 2005). Consequently, temporal 

variability in these parameters is not accounted for and may be a source of bias in the 

consumption estimates.

The overarching goal of this project was to study ATF predation dynamics in the 

nearshore waters of Kodiak Island. The 3 main objectives of this project were: 1) to 

evaluate inter-annual (2002, 2003, and 2004) differences in adult ATF (> 60 cm total 

length (TL)) prey consumption within the study area, 2) to investigate differences in ATF



prey consumption by 10-cm length classes (> 20 cm TL) within the study area from May 

to August 2004, and 3) to produce total prey consumption estimates for the estimated 

ATF population (> 20 cm TL) within the study area from May to August 2004. The 

predation impacts of this top-level predator were investigated in order to better 

understand and manage species interactions in the GOA.

This project is a part of the larger Gulf Apex Predator-prey (GAP) study at the 

University of Alaska Fairbanks that focuses on trophodynamic relationships between 

apex predators, their prey, and the environment in the western GOA around the Kodiak 

Archipelago.

Methods 

Study area and sample collection

Field data for this study were collected during May and August of 2002, 2003, 

and 2004 in the western GOA near Kodiak Island, AK. The study area was located within 

Chiniak and Marmot bays and encompassed a 37,040 m radius around Long Island 

(Figure 3.1). Within the study area, fixed sampling stations ranging in depth from 40 to 

220 m were randomly chosen stratified by depth (< and > 100 m) and distance (0-10 

nautical miles (nm) and 11-20 nm) from Long Island.

Bottom trawls were conducted, at each sampling station, to collect ATF and 

associated prey specimens. All tows were conducted during daylight, between 0600 and 

2300 hours, onboard a commercial stem trawler using a Dan Trawl Fiska Trawl II 380/55



model net with a 22.3 m mean net spread, 2.22 cm codend liner, and 4.00 m Nets 

Fishbuster doors. Bottom trawls were standardized to 10 minutes and a vessel speed at 3 

knots (5.5 km/hr).

Bioenergetics modeling 

Model description

ATF consumption was estimated from a bioenergetics model based on a balanced 

energy equation:

C = (R + A + SDA) + (F + U) + (S + G) 

where C = consumption, R = respiration, A = active metabolism, SDA = specific 

dynamic action, F = egestion, U = excretion, S = somatic growth, and G = gonad 

production (Hanson et al. 1997). Consumption was calculated as the proportion of energy 

needed to achieve observed growth after accounting for losses from each physiological 

process.

The bioenergetics model requires species-specific physiological parameters as 

well as inputs describing the temperature occupied by the fish, energy content of predator 

and prey, and diet proportions of the main prey over the course of the model run. For 

modeling purposes, ATF (> 20 cm) were categorized into 10 cm length classes, which 

incorporated multiple age groups, based on growth, diet, and abundance criteria. The 

physiological parameters were estimated based on data from similar species due to the 

lack of specific data for ATF (Table A.l). Arrowtooth flounder stock information was



used to estimate ATF growth, mortality, and population structure. The model inputs 

describing ATF abundance and diet as well as water temperature and prey energy content 

inputs were generated from field data collected on the survey cruises for the present 

study.

Growth

Generalized growth rates (g/g/d) for individual ATF length classes were 

calculated from published weight-at-age data (Turnock et al. 2005) using Chapman’s 

(1978) instantaneous growth equation. Separate growth rates were calculated for each sex 

because female ATF exhibit a higher mean weight-at-age than males in the GOA (Figure 

3.2). The calculated growth rates were applied to the start weight of a given ATF length 

class to determine its final weight at the end of the 84 day model run (Tables 3.1 and 3.2).

Diet

Arrowtooth flounder diet composition data was generated from specimens 

collected within the study area during bottom trawl surveys in May and August of 2002, 

2003, and 2004 (as described in Chapter 2). Fish treatment followed a protocol approved 

by the University of Alaska Fairbanks Institutional Animal Care and Use Committee 

(IACUC #’s 04-21 and 01-11). Specimens that displayed evidence of regurgitation or net 

feeding activities were excluded from analysis. For each ATF specimen, the total length 

(TL) to the nearest 1.0 cm, wet weight to the nearest 0.1 g, sex, and maturity status were



recorded. Individual stomachs were removed, placed in individual cloth bags, and 

preserved in 10% formalin -  seawater solution for processing in the laboratory.

In the laboratory, stomachs were removed from cloth bags, blotted dry, and 

weighed (±0.00lg). Individual stomach content weights were calculated by subtracting 

the stomach lining weight, after prey contents were removed, from the initial stomach 

weight. Stomach contents were placed on a 300 um  mesh sieve and gently rinsed with 

distilled water before analysis. Prey organisms were separated and identified to the most 

practical taxonomic level.

Arrowtooth flounder stomach samples were separated and analyzed by year, 

season, depth (100 m intervals), and length class (10 cm intervals). Individual fish prey 

that did not account for at least 5% of the total content weight were pooled into an “other 

fish” category. Individual shrimp and euphausiid prey species were pooled into “shrimp” 

and “euphausiid” categories respectively because no one individual species accounted for 

at least 5% of the total content weight. All other invertebrate prey items were pooled into 

an “other prey” category because individually they contributed less than 5% to the total 

content weight. The top prey groups, by percentage of content weight (% Wt) were 

determined for each ATF length class and manually entered into the model (Tables 3.3 

and 3.4).

Abundance and mortality

Arrowtooth flounder population estimates were generated using the area swept 

method (Alverson and Pereyra 1969) for each depth strata (< 100 m, 100-200 m, and >



200 m) in the study area. For each bottom trawl, the tow distance was calculated 

(between the starting and ending latitude and longitude) and multiplied by the mean net 

spread (22.4 m) to determine each tow’s area swept (km2). Catch-per-unit-effort (CPUE) 

was calculated for each tow by dividing the total ATF catch by the area swept. Mean 

CPUE for each time and depth stratum was calculated as the mean of individual tow 

CPUE, including zero catches, within that stratum. Population estimates were calculated 

by multiplying each stratum’s mean CPUE by the stratum area (Martin and Clausen 

1995). The ATF length class structure was determined for each strata and the ATF 

abundance estimates were partitioned into the appropriate length classes (Tables 3.5 and

3.6).

In the GOA, the ATF population consists predominately of females (~ 70%) 

(Tumock et al. 2005). Therefore male ATF instantaneous natural mortality rates were set 

higher (M= 0.35) than female rates (M=0.20) in the model (Tumock et al. 2005). 

Arrowtooth flounder fishing mortality rates were set relatively low (F = 0.01) (Tumock et 

al. 2005) because ATF are lightly exploited in various trawl fisheries within the study 

area from May to August.

Temperature

Water column temperature profiles (0.5 m resolution Seabird CTD) were 

collected at each sampling station immediately following the bottom trawl. It was 

assumed that the bottom 5 m adequately represented the thermal environment of a 

demersal species such as ATF, thus the average temperature values of the bottom 5 m



were calculated for each station. For each sampling period and depth interval, individual 

station temperatures were averaged and a single temperature value was entered into the 

model (Table 3.7).

Energy content of predator and prey species

Energy density (ED) values of ATF and their common prey items were 

determined for each sampling period from field collected specimens. For those species 

not captured during the survey cruises, ED values were determined from literature values 

(Table 3.8). Prey energy density values (kJ/g wet weight) were manually entered into the 

model and were calculated as

ED (kJ/g) = (% lipid/ 100) x 36.43 + (% protein/ 100) x 20.1

where the energy equivalent values for lipid (36.43 kJ/g) and protein (20.1 kJ/g) were 

adopted from Brett (1995). The percentage values of lipid and protein were determined 

through proximate composition analysis of individual species.

Field caught prey specimens were frozen whole until proximate analyses were 

conducted. For protein analysis, 3 replicates (0.5-1.0 g) of homogenized tissues from 

each individual fish were combusted at 1100 C to estimate nitrogen concentration 

(Leco™ - FP2000 protein analyzer). Percent protein was calculated by multiplying the 

concentration of nitrogen by 6.25, a constant derived for animal tissues (Dowgiallo 

1975). The replicates were averaged to determine a mean value for an individual fish.



Lipid content was determined for each individual fish using 2 replicates of 3 g

O

homogenized tissue. Lipids were extracted by dichloromethane under nitrogen at 70 C 

on an accelerated solvent extractor (ASE, Dionex™) for 12 minutes and solvents were 

removed after extraction under nitrogen stream on a Turbo Vap LV (ASE Compatible, 

Zymark™).

Model simulations

To better assess ATF prey consumption within the nearshore waters of Kodiak 

Island, AK, multiple model simulations were conducted to examine: 1) interannual 

variations in prey consumption by adult ATF > 60 cm, 2) variations in prey consumption 

among 10-cm ATF length classes in 2004, and 3) total prey consumption by the 

estimated ATF population (> 20 cm) within the study area in 2004. In each model 

simulation, ATF prey consumption was calculated over an 84 day period representing the 

time from May to August for each study year. Separate model simulations were run for 

each depth interval (< 100, 100-200, > 200 m) within the study area.

Interannual differences in consumption by ATF > 60 cm

Interannual differences in prey consumption were analyzed using ATF > 60 cm in 

waters 100-200 m only due to the small sample sizes in 2002 and 2002. For each year, 

the daily prey consumption of an average ATF (> 60 cm) was estimated using the 

bioenergetics model. A one-way ANOVA was used to test for significant differences in



the mean consumption rate (g/d) of each prey group among the study years. Post hoc tests 

(Tukey’s) were conducted to determine which of the years were significantly different. 

Furthermore, the bioenergetics model was used to estimate the biomass of each prey type 

consumed by ATF (> 60 cm) over the 84 day modeling period in each year.

Length class differences in consumption

In 2004, variations in the consumption of prey resources among the individual 

ATF length classes (10 cm increments) were examined. For each depth interval, the daily 

consumption of an average individual of each length class was estimated from the 

bioenergetics model. A one-way ANOVA was used to test for significant differences in 

the mean consumption rate of each prey group among the ATF length classes and post 

hoc tests (Tukey’s) were used to further determine which length classes were responsible 

for the significant differences. Additionally, the bioenergetics model was used to estimate 

the biomass of each prey type consumed by each ATF length class over the 84 day 

modeling period in 2004.

Total prey consumption within the study area

For each depth interval in 2004, the temporal variations in the ATF population (> 

20 cm) daily prey consumption were assessed by plotting the mean daily prey 

consumption (g/d) over the 84 day modeling period. In addition, separate ATF population 

prey consumption estimates were calculated with the bioenergetics model for each depth



interval in 2004. Lastly, the total prey removals by the ATF population (> 20 cm) were 

calculated by summing the separate depth-specific consumption estimates in the study 

area in 2004.

Sensitivity analysis

A sensitivity analysis of the key model parameters was conducted using the 

individual parameter perturbation (IPP) method (Kitchell et al. 1977). In this method, 

each parameter is discretely varied by ±10%, while temperature parameters are varied by 

±1°C. The target output is monitored for each of the individual perturbations. The 

sensitivity of the parameter is calculated according to the equation:

s (p) = 10 x AC/ C

, where

s (p) = sensitivity of the model output for parameter p

AC = the change in the target output (final individual consumption)

C = the nominal target output (final individual consumption)

A sensitivity result of ± 1 means that a change in the parameter p by 10% results 

in a 10% change in the target output.



Results

Model simulations for the deepest depth interval (> 200 m) were not conducted 

because ATF diets and bottom water temperatures were poorly describe for these depths 

across the study years (Tables 3.3 and 3.7). These deeper waters constituted about 2% of 

the entire study area and less than 5% of the ATF population was found at these depths. 

Therefore, the consumption estimates from the bioenergetics model should be viewed as 

conservative estimates of prey consumption by the ATF population within the study area.

Interannual variations in consumption 

Consumption rates

There were substantial differences in the daily consumption of prey by ATF (> 60 

cm) among the study years (Table 3.9). Arrowtooth flounder (> 60 cm) had significantly 

higher (P < 0.001) cumulative prey consumption rate in 2004 compared with previous 

years. In addition, these fish consumed capelin, euphausiids, other fish, and Pacific sand 

lance at a significantly higher rate (P < 0.001) in 2004. Conversely, the daily 

consumption (g/d) of walleye pollock was significantly higher (P < 0.001) in 2002 and 

2003 compared to 2004.

Total prey biomass consumption

Total prey consumption by ATF > 60 cm increased from around 61 t in 2002 to 

over 160 t in 2003 and 2004 (Figure 3.3). The large increase in the biomass of prey



consumed is largely a reflection of the higher estimated ATF abundance (> two fold) in 

2003 and 2004 (Table 3.6). The total biomass of prey consumed was nearly equal in 2003 

and 2004 although the ATF abundance estimates were noticeably higher in 2003 (Table

3.6). This is a result of the higher daily consumption rate of the ATF in 2004 (Table 3.9). 

The trends in prey consumption mirrored the consumption of walleye pollock and other 

fish among the study years. In 2002 and 2003, these 2 prey categories accounted for 77% 

of the prey consumed and in 2004 they accounted for nearly 55% of the prey consumed. 

Also it should be noted that capelin and Pacific sand lance comprised nearly 13% of the 

prey consumption in 2004 whereas they comprised less than 1% in 2002 and 2003.

ATF length class variations in consumption 

Consumption rates by depth

In the shallowest depths (< 100 m) there were significant differences (ANOVA, 2 

df, P < 0.001) in the daily prey consumption (for all prey groups) among the ATF length 

classes (Figure 3.4). In general, the total prey consumption rates increased with 

increasing ATF size. The larger ATF generally consumed Pacific sand lance, walleye 

pollock, and other fish at a higher rate than smaller ATF. Conversely, smaller ATF 

consumed capelin at a relatively higher rate than ATF > 40 cm. Shrimps and euphausiids 

were generally consumed at the highest rates by mid-sized ATF (30-60 cm) (Figure 3.4).

In 100-200 m deep waters, there were also significant differences (ANOVA, 2 df, 

P < 0.001) in the consumption rates of prey (for all prey groups) among the ATF length



classes. Similar to the shallower depths, the total prey consumption rates increased with 

increasing ATF size (Figure 3.5). Among the various length classes, the largest ATF (70+ 

cm) had the highest daily consumption of walleye pollock and other fish prey. The 

consumption rate of walleye pollock generally increased with increasing ATF size. It is 

worth noting that the highest consumption of rate of Pacific sand lance at these depths 

was nearly 4 times lower than the highest rate in the shallower waters (Figures 3.4 and 

3.5).

Total prey biomass consumption by depth

In the shallowest depth interval (< 100 m), 2 ATF length classes (50-59 and 60-69 

cm) constituted 64% of the estimated ATF abundance in the area (Table 3.5) and in turn 

accounted for the majority (74%) of the total prey biomass consumed among the various 

size classes (Figure 3.6). From May to August 2004, these fish consumed an estimated 

147 t of prey which consisted mostly of Pacific sand lance (63 t), euphausiids (41 t), and 

other fish (17 t). Additionally, the other 4 ATF length classes combined consumed an 

estimated 53 t of prey during this time.

There was an estimated twice as many ATF (> 20 cm) in 100-200 m waters 

compared to the shallower depths and these fish consumed 1601 more prey. At these 

depths, ATF between 50 and 69 cm accounted for 46% of the population and consumed 

59% of the total prey biomass among the size classes (Figure 3.7). These fish consumed 

nearly 215 t of prey consisting mostly of euphausiids (49 t), shrimps (39 t), walleye 

pollock (38 t), and other fish (28 t). The other 4 length classes combined consumed an



estimated 146 t of prey consisting mainly of other fish (57 t), euphausiids (29 t), and 

walleye pollock (24 t) (Figure 3.7).

Population prey consumption in 2004 

Consumption rates

In the shallowest depth interval (< 100 m), the estimated ATF population (> 20 

cm) increased their daily prey consumption from 17 to 33 (g x 1.05) /  d (Figure 3.8) over 

the course of the 84 day modeling period in 2004. This increase is likely driven by the 

temperature increase in these waters from May to August (5.5 to 7.82 °C) (Table 3.7). 

ATF would experience higher energetic costs as the temperature increased and thus they 

would need to feed at a higher rate in order to compensate for the higher energy needs. At 

these depths, the daily consumption of Pacific sand lance was the greatest of any prey 

group and increased from around 7 to 12 g (x 1.05)/ d over the course of the model run 

(Figure 3.8). Also, the daily consumption of euphausiids was substantial and remained 

relatively steady around 5 g (x 1.05)/ d over the model run. The daily consumption of 

walleye pollock and capelin increased over the model run as well. These results may be 

partially explained by the temporal variations in the importance of these prey groups in 

the diets of ATF between May and August (Table 3.3) (as described in Chapter 2).

In waters 100-200 m, the daily prey consumption for ATF > 20 cm increased 

from 34 to 53 g (x 1.05)/d (Figure 3.9) from May to August 2004. At these depths, the 

abundance estimates of ATF (> 20 cm) were substantially higher than in shallower waters



(Table 3.5) and therefore the population’s consumption rates were nearly double the rates 

in the shallower depths. The daily consumption of walleye pollock, other fish, and 

capelin increased noticeably over the model run while the consumption of euphausiids 

decreased (Figure 3.9).

Total prey biomass consumption

In the shallowest depth interval, the ATF population (> 20 cm) consumed 

approximately 200 t of prey from May to August in 2004. The consumption of Pacific 

sand lance was the greatest at 76 t and accounted for nearly 40% of the total prey 

consumption (Figure 3.10). In these waters, large ATF (50-69 cm) were the most 

abundant and accounted for over 80% of all Pacific sand lance removals (Figure 3.6). The 

consumption of euphausiids was also substantial (56 t) and accounted for an additional 

28% of the total prey consumption. Each of the remaining prey groups accounted for < 

15% of the total prey consumption by ATF > 20 cm in waters (< 100 m) in 2004.

In the 100-200 m depth interval, ATF > 20 cm consumed approximately 360 t of 

prey from May to August 2004. The total prey consumption was nearly 45% higher than 

the prey consumption in the shallowest depth interval as a result of the higher abundance 

of ATF > 20 cm at these depths. The consumption of other fish was 87 t and accounted 

for 24% of the total prey consumption (Figure 3.11). The consumption of euphausiids (80 

t) and walleye pollock (63 t) constituted 22 and 17% of the total prey removals 

respectively. Additionally, the total consumption of Pacific sand lance at these depths 

was approximately 50% of the total consumed in the shallower depths.



In all waters of the study area (< 200 m), the total prey consumption by the ATF 

population (> 20 cm) was estimated to be 560 t from May to August 2004. The 

consumption of euphausiids (135 t), Pacific sand lance (113 t), and other fish (111 t) were 

the greatest and together they accounted for > 60% of the total prey consumption in the 

study area (Figure 3.12). The consumption of walleye pollock (69 t), shrimps (60 t), and 

capelin (46 t) accounted for approximately 30 % of the prey removals combined.

Model sensitivity and validation

The results of the sensitivity analysis indicate that individual food consumption 

estimates produced from the model are most sensitive to respiration parameters and 

associated temperature inputs (RTM- maximum temperature for respiration and RTO- 

optimum temperature for respiration) (Figure 3.13). For all ATF length classes combined, 

a ± 10% deviation in the respiration parameters resulted in approximately a 4 to 9 % 

change in consumption estimates and a ± 1 °C deviation in the RTM parameter resulted 

in approximately a 10% change in individual consumption estimates. Consumption, 

egestion, and excretion parameters were the least sensitive and a ± 10% deviation 

resulted in changes in consumption estimates < 2.5 %.
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Discussion 

Model assumptions and verification

The bioenergetics model has over 15 physiological parameters and field inputs 

that could ultimately affect the consumption estimates (Hanson et al. 1997). Similar to 

previous bioenergetics modeling studies, the sensitivity analysis revealed that 

perturbations to the respiration parameters had a stronger effect on consumption 

estimates compared to changes in egestion and excretion parameters (Kitchell et al. 1977; 

Bartell et al. 1986; Stewart and Ibarra 1991). In the current model, parameters describing 

the effects of body size and temperature on ATF respiration rates were estimated from 

data on co-existing flatfish species such as yellowfin sole Pleuronectes asper and rock 

sole Lepidopsetta bilineata because specific values for ATF were unknown. The practice 

of species borrowing has led to some criticism of bioenergetics’ modeling (Ney 1993); 

however, it was assumed that the estimated values adequately represented ATF 

parameters because juvenile ATF share similar metabolic energy needs with other 

Alaskan flatfishes (Paul et al. 2000). However, behavioral and life history differences 

between these species may bias the consumption estimates. For instance, ATF feed 

mainly on pelagic prey in the water column (Yang 1995; Chapter 2) whereas yellowfin 

sole are mostly benthic predators (Yang and Nelson 2000). Consequently, it is likely ATF 

have higher metabolic costs resulting from both the act of vertically migrating to feed and 

the exposure to higher water temperatures at these depths. As such, the consumption rate 

estimates from the current model may be biased low. Additionally, ATF attain a larger 

maximum size than either of these species so the values used in the sub-model describing



the weight dependence of respiration may be inadequate, especially for the larger ATF. 

Overall though, the current model’s parameters should provide a reasonable 

approximation for relative comparisons until unique parameters are derived.

Assumptions concerning ATF growth rates during the study period could also 

bias the consumption estimates. Arrowtooth flounder growth rates during the study 

period (May to August) were unknown therefore generalized growth rates were 

calculated. Growth rates were estimated from Chapman’s (1978) instantaneous growth 

rate equation which assumes a constant growth rate throughout the year. It is known that 

many temperate fish species acquire energy and grow mainly from the spring to fall when 

water temperatures and food supplies are the highest (MacKinnon 1972; Dygert 1990; 

Paul et al. 1993). Therefore, it may be likely that the ATF growth estimates used in the 

model underestimate the actual growth of ATF during the warmer summer months. If one 

assumed that ATF achieve an entire years growth during the 84 day modeling period the 

model’s consumption estimates would increase by 156 to 212%. Consequently, there is a 

pressing need to acquire information concerning the seasonal growth and energy 

acquisition of ATF in order to fully understand the predation impacts of this top-level 

predator.

Specific consumption rate estimates produced from the bioenergetics model 

provide a basis for comparison with existing ATF ration estimates calculated by different 

methods. The model produced daily consumption rates that ranged from 0.58 to 0.97 

(%BW /d) for smaller ATF (< 40 cm) and rates from 0.08 to 0.35 (%BW / d) for larger 

ATF (> 40 cm). Early studies reported a daily ration estimate of 0.61 (%BW /d) for ATF



< 40 cm although it was determined estimates derived in this manner tended to be lower 

than expected (Livingston et al. 1986). Yang et al. (2005) reported estimates of 0.48 to 

0.59 (%BW /d) for ATF < 40 cm and estimates of 0.30 to 0.41(%BW /d) for ATF > 40 

cm. One source of disparity between studies is that Yang et al. (2005) assumed gross 

food conversion efficiencies (10% -adults and 25% -juveniles) whereas the model 

calculates daily consumption while accounting for inputs describing water temperature, 

metabolism, predator weight, prey energy density and predator diet (Hanson et al. 1997).

Variability in ATF prey consumption

Among the study years, the prey consumption estimates were largely influenced 

by differences in ATF abundance. For example, in 2002, the estimated ATF (> 60 cm) 

abundance was substantially lower compared with the following years and as a result the 

prey biomass consumed in 2002 was the lowest among the years. The interannual 

differences in ATF abundance may be correlated with the migratory behavior of ATF. 

Seasonal bathymetric migrations are a common phenomenon of flatfish (Ames et al. 

2005) and ATF are known to move offshore during winter months (Rickey 1994). It is 

believed that adult flatfish migrate inshore during warmer months to take advantage of 

enhanced feeding opportunities due to increased productivity (Tokranov and 

Maksimenkov 1994; Ames et al. 2005). The cues for such migrations are not well 

understood but environmental factors such as light, temperature, and salinity are possibly 

involved (Gibson 1997). In May 2002, the bottom water temperatures were the lowest



among the years and possibly delayed the inshore migration of ATF thereby resulting in 

low abundance estimates.

The ATF population in the nearshore Kodiak waters was dominated by adult 

ATF (50-69 cm) even in the shallowest depths (< 100 m). This finding was somewhat 

unusual because ATF are believed to move into deeper waters as they grow, similar to 

other flatfish (Zimmermann and Goddard 1996). However, the spatial distribution 

patterns of ATF by size are not clearly understood. In the GOA, temporal and spatial 

patterns in productivity appear to influence the distribution patterns of demersal fish 

(Mueter and Norcross 2002). Therefore, the shallow study area waters may present larger 

ATF with enhanced feeding opportunities during the summer months. Within the study 

area, adult ATF (50-69 cm) dominated the prey removals among the length classes and 

consumed an estimated 362 t of prey from May to August 2004.

The modeling exercises highlighted the need to incorporate ontogenetic diet shifts 

in ATF consumption estimates. In this study, Pacific sand lance and walleye pollock were 

more important in the diets of larger ATF and it was found that ATF > 50 cm were 

responsible for approximately 85% of Pacific sand lance removals and 90% of walleye 

pollock removals in 2004. As opposed to this study, the ATF population in the GOA is 

dominated by smaller individuals (< 40 cm) (Tumock et al. 2005). Smaller ATF typically 

consume more invertebrate prey and small forage fish such as capelin (Yang and Nelson 

2000; Chapter 2). Therefore it is reasonable to assume that as the ATF population length 

class structure shifts to larger individuals the predation pressure on prey such as Pacific 

sand lance and walleye pollock may increase.



Differences in shallow and deep water prey consumption by ATF may be driven 

by temperature and by prey availability. For example, approximately 65% of the walleye 

pollock removals took place in waters 100-200 m which suggests an area of high overlap 

between these species or selective feeding by ATF. In the Bering Sea, bottom water 

temperatures promoted species overlap between large groundfish species and walleye 

pollock (Kihara and Shimada 1988). In the study area, the largest ATF (> 60 cm) were 

the most abundant in waters 100-200 m deep and they accounted for the majority of 

walleye pollock consumption. Consequently, abiotic factors such as bottom water 

temperatures may be influencing ATF predation of walleye pollock within the study by 

indirectly promoting spatial overlap between these species. In comparison, the 

preponderance of Pacific sand lance consumption occurred in waters < 100 m. Pacific 

sand lance are wide ranging in nearshore waters but they tend to be patchily distributed 

because of their preference for shallow waters with fine gravel and sandy substrate 

(O’Connell and Fives 1995). The discrepancy in Pacific sand lance removals among 

depths suggests that they are more available as a prey source in the shallower waters.

Ecological and management implications

The importance of the Kodiak Island consumption estimates can be appreciated 

by comparing them to ATF prey consumption estimates in the entire GOA. For example, 

within the study area, the bioenergetics model estimated that the ATF population 

consumed an estimated 46 t of capelin during an 84 day period. In comparison, the ATF 

population in the GOA was estimated to consume from 10,000 and 160,000 t of capelin



between 1990 and 2001 (Yang et al. 2005). These estimates, although significantly higher 

than the Kodiak Island estimates, included all capelin removals in the entire GOA based 

on a 153 day feeding season. Large spatial and time scale differences between the studies 

make direct comparisons impractical; however, they do suggest that the ATF prey 

removals near Kodiak Island may be significant.

The results of this study indicate that the diet of ATF directly overlaps those of 

other top-level predators and that the prey removals may be substantial. The top prey 

items in the ATF diets used in the bioenergetics model are significant dietary components 

for humpback whales Megaptera novaeangliae (Witteveen et al. 2006), Steller sea lions 

(Merrick 1997), tufted puffins Fratercula cirrhata (Piatt et al. 1997), Pacific cod Gadus 

macrocephalus, Pacific halibut Hippoglossus stenolepis, and adult walleye pollock (Yang 

1995; Yang and Nelson 2000). Within the study area, it was estimated that ATF consume 

135 t of euphausiids, 113 t of Pacific sand lance, and 69 t of juvenile walleye pollock 

during an 84 day period. In comparison, it was estimated that in 1998, Steller sea lions 

consumed 1.79 x 108 kg (179,000 t) of gadids (not only walleye pollock) in the entire 

GOA (Winship and Trites 2003). In addition, a feeding aggregation of humpback whales 

around Kodiak Island were estimated to remove 3.2 x 106 (3200 t) of walleye pollock, 1.9 

x 106 (1944 t) of euphausiids, 3.9 x 105 (392 t) of Pacific sand lance during a 152 day 

feeding season (Witteveen et al. 2006). Lastly, it was estimated that Pacific cod 

consumed < 5000 t and Pacific halibut consumed around 3500 t of capelin annually in the 

GOA from 1990 to 2001 based on a 153 day feeding season (Yang et al. 2005). Overall,



these comparisons suggest that in the GOA, the combined prey removals of the ATF and 

other top level predators are substantial.

Because the diet of ATF directly overlaps the diet of other top-level predators 

within the Kodiak Island ecosystem there is concern that ATF prey removals may reduce 

the availability of prey to these predators. Although these species display a high degree of 

prey overlap it is difficult to determine if they are competing for food resources. 

Competition is defined as the restriction of access to a resource and it can only occur if 

the resource is in limited supply (Diana 1995). The importance of shared prey in the diets 

of these top-level predators (and resulting consumption) varies greatly over temporal and 

geographic scales (Hatch and Sanger 1992; Winship and Trites 2003; Yang et al. 2005) 

and as a result localized studies investigating the abundance and productivity of the 

species involved are needed in order to prove that competition for food resources is 

occurring.

The study showed that ATF prey removals may be substantial in combination 

with other top-level predators and as a result the possibility that ecosystems are being 

affected increases. Following the climatic regime shift that transpired in the North Pacific 

Ocean in the late 1970’s, it was believed the proliferation of groundfish predators 

contributed to the decline in shrimp and forage fish species in the GOA (Anderson and 

Piatt 1999; Mueter and Norcross 2000). Recently, there have been other large scale 

climatic shifts in the North Pacific yet the biological response has yet to be fully realized 

(Hare and Mantua 2000; Benson and Trites 2002; Peterson and Schwing 2003). It is



possible that the high abundance of ATF and other groundfish predators may alter the 

biological response of these climatic shifts. For example, high predation pressure by these 

predators may act to dampen or delay the expected changes in the forage base in the 

GOA ecosystem.

Management regimes may benefit from an increased understanding of the 

interaction between ATF and prey resources. In the GOA, ATF are the largest single 

source of mortality for juvenile and adult walleye pollock (Dorn et al. 2005) therefore 

understanding the predator-prey interactions between these species is a critical 

component of the management of fish stocks. Walleye pollock are a highly valuable 

commercial species in Alaskan waters (Bailey et al. 1996; Hollowed et al. 2000). It is 

unlikely there is direct competition between ATF and commercial fisheries for walleye 

pollock because ATF mainly consume smaller age classes of walleye pollock (Livingston 

1993). However, the consumption of younger age classes may affect future recruitment 

into the fishery and it has been speculated that the recent increase in juvenile natural 

mortality rates of walleye pollock is due in part to the growing impact of ATF predation 

(Bailey et al. 1996; Hollowed et al. 2000). There were observed differences in the mean 

size of walleye pollock consumed among the study years and mostly age 0 walleye 

pollock were consumed in 2004 (see Chapter 2). In 2004, the walleye pollock removals 

by ATF (69.5 t) represented < 1% of the walleye pollock commercially harvested (14,444 

t) in the entire Kodiak Island management area. In 2004, the relative proportion of 

walleye pollock removals was low compared to prey such as euphausiids and Pacific



sand lance and it appears that the ATF population did not depend heavily on walleye 

pollock as a food source within the study area at this time.

This study is the first attempt to use a bioenergetics model to estimate ATF prey 

consumption and it was found that estimates were influenced by a number of factors 

including: 1) length class structure of the ATF population, 2) temporal, spatial, and 

ontogenetic dietary shifts, and 3) inter-connected biotic and abiotic factors. One 

advantage of using a bioenergetics model is that it accounts for water temperature, 

metabolism, fish weight, prey energy density, diet, and waste losses when calculating 

consumption on a daily basis. Therefore, bioenergetics models may be a useful tool in 

estimating the prey consumption of a predator such as ATF that displays such spatial and 

temporal variability in feeding. Future studies investigating the extent of ATF dietary 

shifts in relation to shifts in prey composition and abundance would help to further 

elucidate the trophic adaptability of ATF. Also, laboratory studies that examine the 

influence of ATF body size and water temperature on respiration and consumption rates 

would help refine the parameter set for this model.
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Table 3.1. Length class parameters used in the bioenergetics model runs in 2004. Length 
class end weights were calculated using Chapman’s (1978) growth equation from ATF
weight-at-age data (Tumock et al. 2005)._________________________________________

Length Mean start weight Growth rate End weight
Sex class (cm) Age___________(g)___________ (% BW/d)_________ (g)
Male 20-29 2 to 3 110.19 0.25 133.14

30-39 4 to 6 388.82 0.11 425.96
40-49 7 to 13 966.24 0.03 990.40
50+ 14+ 1521.29 0.02 1543.02

Female 20-29 2 to 3 108.74 0.24 130.97
30-39 4 to 5 360.62 0.16 408.93
40-49 6 to 8 887.36 0.08 946.36
50-59 9 to 11 1614.25 0.05 1680.61
60-69 12 to 16 2768.36 0.03 2828.12
70+ 17+ 4108.77 0.02 4190.94
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Table 3.2. ATF length class parameters used in the bioenergetics model runs for the 
interannual comparisons (2002, 2003, and 2004). Length class end weights were 
calculated using Chapman’s (1978) growth equation from ATF weight-at-age data 
(Tumock et al. 2005).______________________________________________________

Year
Length class 

(cm) Age
Mean start 
weight (g)

Growth rate 
(% BW/d) End weight (g)

2002 60-69 12 to 16 2526.93 0.02 2581.94
70+ 17+ 4229.64 0.01 4286.13

2003 60-69 12 to 16 2507.44 0.02 2562.03
70+ 17+ 4441.86 0.01 4501.17

2004 60-69 12 to 16 2540.29 0.02 2595.6
70+ 17+ 4381.74 0.01 4440.26
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Table 3.3. Diet proportions (%Wt.) of main prey items for ATF specimens. Samples

Depth
(m) Month

Length
class
(cm) n Capelin

Walleye
pollock

Pacific
sand
lance

Other
fish Shrimps Euphausiids

Other
prey

< 100 May 20-29 10 0.0 0.0 0.0 0.0 0.0 100 0.0

30-39 30 0.0 0.0 2.9 9.9 3.0 82.1 2.1

40-49 6 0.0 0.0 29.9 35.4 25.0 9.7 0.0

50-59 24 0.0 0.0 45.3 5.7 7.6 34.4 7.0

60-69 35 0.0 0.0 59.6 15.8 5.1 19.5 0.0

70+ 6 0.0 0.0 0.0 0.0 0.0 0.0 100

August 20-29 17 33.1 0.0 22.2 11.1 11.1 0.2 22.2

30-39 21 39.7 1.4 9.7 0.4 8.4 27.5 12.9

40-49 3 0.0 0.0 0.0 23.0 50.0 27.0 0.0

50-59 20 7.1 6.4 44.3 11.8 0.0 30.3 0.2

60-69 18 11.7 10.0 25.0 15.8 10 27.5 0.0

70+ 4 0.0 0.0 100 0.0 0.0 0.0 0.0

100-
200 May 20-29 31 0.0 0.0 0.0 2.9 8.3 66.7 22.1

30-39 38 0.0 0.0 40.0 0.0 0.0 60.0 0.0

40-49 22 0.0 0.0 18.9 10.9 0.0 70.2 0.1

50-59 20 0.0 0.0 21.0 20.0 20.0 19.0 20.0

60-69 34 0.0 15.4 9.5 0.0 19.7 55.5 0.0

70+ 10 0.0 50.0 0.0 50.0 0.0 0.0 0.0

August 20-29 17 20.0 0.0 15.9 39.1 24.1 0.9 0.0

30-39 48 44.3 7.3 7.6 13.9 15.5 4.0 7.4

40-49 20 16.7 16.7 0.0 66.4 0.0 0.1 0.2

50-59 31 20.0 26.6 6.7 5.5 20.3 20.9 0.0

60-69 40 15.7 26.1 10.5 26.4 15.6 0.2 5.3

70+ 14 0.0 25.0 0.0 74.7 0.0 0.0 0.3
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Table 3.4. Diet proportions (%Wt.) of main prey items for ATF specimens collected 
during May and August in 2002, 2003, and 2004. Samples collected in the nearshore 
waters (100-200 m) of Kodiak Island, AK._____________________________________

Year Month

Length
class
(cm) n Capelin

Walleye
pollock

Pacific
sand
lance

Other
fish Shrimps Euphausiids

Othei
prey

2002 May 60-69 8 0.0 0.0 0.0 50.0 25.0 25.0 0.0

70+ 11 0.0 66.7 0.0 22.2 11.1 0.0 0.0

August 60-69 26 0.0 56.5 0.0 15.1 21.2 0.0 7.1

70+ 9 0.0 50.0 0.0 50.0 0.0 0.0 0.0

2003 May 60-69 14 1.1 61.5 0.0 23.1 0.0 14.3 0.0

70+ 4 0.0 0.0 0.0 66.9 33.1 0.0 0.0

August 60-69 17 0.0 72.7 0.0 9.1 0.0 18.2 0.0

70+ 18 0.0 52.4 0.0 40.8 6.7 0.0 0.0

2004 May 60-69 34 0.0 15.4 9.5 0.0 19.7 55.5 0.0

70+ 10 0.0 50.0 0.0 50.0 0.0 0.0 0.0

August 60-69 40 15.7 26.1 10.5 26.4 15.6 0.2 5.3

70+ 14 0.0 25.0 0.0 74.7 0.0 0.0 0.3
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Table 3.5. ATF abundance estimates for the nearshore waters of Kodiak Island, AK in 
2004. Estimates derived from bottom trawls using the area swept method. Length class 
estimates were used as the beginning population in the bioenergetics model simulations

Depth (m) Length class (cm) Females Males Total
Percent of total

(%)
< 100 20-29 65330 42380 107710 7

30-39 146766 84612 231378 16
40-49 82459 33230 115689 8
50-59 500878 13737 514616 36
60-69 406905 0 406905 28
70+ 63828 0 63828 4

Total 1266168 173958 1440126 100

100-200 20-29 161572 104812 266384 10
30-39 294717 169906 464623 18
40-49 313506 126338 439844 17
50-59 554724 15214 569938 22
60-69 619498 0 619498 24
70+ 179654 0 179654 7

Total 2123671 416270 2539942 100

>200 20-29 466 302 768 5
30-39 731 421 1152 8
40-49 2920 1177 4097 28
50-59 4486 123 4610 31
60-69 4225 0 4225 28
70+ 0 0 0 0

Total 12829 2024 14853 100
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Table 3.6. Interannual (2002, 2003, and 2004) ATF abundance estimates in the nearshore 
waters (100-200 m) of Kodiak Island, AK. Estimates derived from bottom trawls using 
the area swept method.________________________________
Length class (cm) 2002 2003 2004
60-69 239630 778868 619498
70+ 98514 169096 179654
Total 338144 947965 799152
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Table 3.7. Mean (± SD) bottom water temperatures (°C) of the nearshore waters of 
Kodiak Island, AK. Temperatures recorded for each depth interval and year.______
Depth (m) 
Year Month

< 100 
Temperature n

100-200
Temperature n

200+
Temperature n

2002 May 4.96 (0.49) 13 4.66 (0.46) 5 4.36 1
Aug 6.61 (0.65) 10 5.78 (0.54) 8

2003 May 6.51 (0.27) 5 6.17(0.22) 3
Aug 7.88 (1.25) 4 6.85 (0.39) 7

2004 May 5.50 (0.37) 10 5.02 (0.59) 6 4.77 1
Aug 7.82 (0.76) 16 6.76 (0.65) 3 6.03 (0.05) 2
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Table 3.8. Energy density (kJ/g) values of ATF and prey species used in the bioenergetics 
model simulations.

2002 2003 2004
Species May August May August May August
ATF (20-39 cm) 3.959a 3.9913 3.343b 3.370a 4.059b 4.092a
ATF (> 40 cm) 5.439a 6.355a 4.566c 5.335a 5.583° 6.524a
Capelin 5.222a 5.228a 4.708d 4.713a 6.140d 6.1473
Walleye pollock 4.029a 5.0053 3.512a 4.460a 3.845a 3.879a
Pacific sand lance 6.360e 6.220f 6.360® 6.220f 6.360e 6.220a
Other fish 3.451g 4.030g 3.451s 4.030g 3.451s 4.030g
Shrimps 3.51 l h 4.164h 3.51 l h 4 .164h 3.51 l h 4.164h
Euphausiids 3.612' 3.672' 3.672s 3.672' 3.672' 3.672a
Other prey 2.007j 2.007j 2.007j 2.007j 2.007j 2.007j
a=energy density calculated from field caught specimens
b= value estimated using the observed increase for ATF (20-39 cm) (0.8%) in 2002 
c= value estimated using the observed increase for ATF (> 40 cm) (14.4%) in 2002 
d= value estimated using the observed increase (0.12%) in 2002
e= value estimated assuming a 3% decrease from spring to summer (Robards et al. 1999) 
f= value same as 2004 that was calculated from field caught specimens 
8= average value of the energy density calculated from field specimens of top “other" fish prey 
(flathead sole, juvenile ATF, eelpout sp.) in 2002.
h= energy density value of pink shrimp, the most important shrimp prey (by %wt.) calculated from 
field caught specimens in 2002.
= value same as August 2004 that was calculated from field caught specimens 
j= average energy density values from literature of most common invertebrate prey in ATF diets 
including copepods, amphipods, and polychaetes (Davis et al. 1998)
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Table 3.9. Mean ATF (> 60 cm) prey consumption rates within the nearshore waters of 
Kodiak Island in 2002, 2003, and 2004. In each prey group, there were significant 
differences in the consumption rate among the years (ANOVA, 2 df, P < 0.001). 
Significant (P < 0.001) Tukey’s post hoc comparison results among years for each prey 
category are indicated in the last column._________________________________

Post hoc
Prey categories 2002 2003 2004 comparisons
_________________________ Consumption rate (g/d)___________________
Capelin 0.000 0.012 0.216 2004>2002,2003
Euphausiids 0.281 0.369 0.610 2004>2003>2002
Other fish 1.688 1.869 2.735 2004>2002,2003
Other prey 0.093 0.000 0.079 2002,2004>2003
Walleye pollock 2.182 2.301 1.869 2002,2003>2004
Pacific sand lance 0.000 0.000 0.249 2004>2002,2003
Shrimps 0.687 0.548 0.431 2002>2003>2004
Total prey 4.932 5.099 6.190 2004>2002,2003
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Figure 3.1. Bottom trawl locations in the nearshore waters near Kodiak Island, AK. Fixed 
sampling stations were sampled during May and August of each study year (2002, 2003, 
and 2004).
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Figure 3.2. Mean weights-at-age of female and male ATF in the GOA. Mean weights are 
averaged from 1990, 1993, 1996, 1999, 2001, and 2003 ATF population weight-at-age 
data (Turnock et al. 2005).
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Figure 3.3. Total prey consumption (t) by ATF (> 60 cm) among each of the study years 
in waters 100-200 m near Kodiak Island, AK.
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Figure 3.4. Mean (+SD) prey consumption rates for the 7 ATF length classes (cm) in the 
waters (< 100 m) near Kodiak Island, AK in 2004. There were significant differences in 
the consumption rate among the ATF length classes (ANOVA, P < 0.001) for all the prey 
groups.
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Figure 3.5. Mean (+SD) prey consumption rates for the 7 ATF length classes (cm) in 
waters (100-200 m) near Kodiak Island in 2004. There were significant differences in the 
consumption rate among the ATF length classes (ANOVA, 2 df, P < 0.001) for all the 
prey groups.
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Figure 3.6. Total prey consumption (t) by each ATF length class (cm) 
near Kodiak Island, AK from May to August 2004.

in waters < 100 m
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Figure 3.7. Total prey consumption (t) by each ATF length class (cm) in waters 100-200 
m near Kodiak Island, AK from May to August 2004.
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Figure 3.8. Estimated daily consumption of the ATF (> 20 cm) population from May to 
August 2004 in the shallowest depth interval (< 100 m).
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Figure 3.9. Estimated daily consumption of the ATF (> 20 cm) population from May to 
August 2004 in 100-200 m waters.
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Figure 3.10. Total prey consumption estimates for the ATF (> 20 cm) population in the 
shallowest depth interval (< 100 m). Simulations conducted for ATF captured near 
Kodiak Island during a 84 day period from May to August 2004.
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Figure 3.11. Total prey consumption estimates for the ATF (> 20 cm) population in 
waters (100-200 m). Simulations conducted for ATF collected near Kodiak Island during 
a 84 day period from May to August 2004.



154

Figure 3.12. Total prey consumption estimates for the ATF (> 20 cm) population in all 
waters < 200 m near Kodiak Island, Alaska during May to August 2004.
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Figure 3.13. Model sensitivity of individual consumption estimates of all ATF length 
classes. Sensitivities are mean estimates of all ATF length classes (n = 10). Parameters: 
CA- intercept of the allometric mass function of consumption, CB- slope of the 
allometric mass function of consumption, CQ- water temperature dependent coefficient 
of consumption, RA- intercept of the allometric mass function of respiration, RB- slope 
of the allometric mass function of respiration, RQ- approximates the Qio for respiration, 
FA- proportion of consumed food egested , UA- proportion of assimilated food excreted, 
SDA- specific dynamic action, ACT- activity multiplier, RTO- optimum temperature for 
respiration, RTM- maximum temperature for respiration.
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Chapter 4 : Conclusion

Presently, the Gulf of Alaska (GOA) marine ecosystem is dominated by upper 

trophic level gadoid and flatfish species such as arrowtooth flounder Atheresthes stomias 

(ATF) (Mantua et al. 1997). In fact, ATF are the most abundant groundfish species in the 

GOA with a population biomass over 2 million metric tons (Tumock et al. 2005). 

Because ATF are a top level predator and are known to prey upon a variety of 

ecologically and commercially important prey (Yang and Nelson 2000) their predation 

impact on prey stocks has garnered much interest of late. For instance, ATF are believed 

to be the single largest source of mortality for juvenile and adult walleye pollock 

Theragra ehalcogramma in the GOA (Dom et al. 2005). In addition, it is believed that 

predation by ATF and other groundfish predators contributed to the documented, large 

scale decline of forage fish and shrimp in the GOA following the 1977 regime shift 

(Anderson and Piatt 1999; Mueter and Norcross 2000). Therefore, ATF are one of the 

most ecologically important species in the GOA marine system today.

Understanding the impacts of top level predators is integral to successfully 

implementing ecosystem based fishery management policies. In marine systems, 

predation on the early life stages of marine fish may contribute to extensive fluctuations 

in prey stocks (Bailey and Houde 1989; Bax 1998). In Alaskan waters, groundfish 

predation is a significant source of mortality for key fish species and may contribute to 

the fluctuating year class strength of species such as walleye pollock (Livingston 1994; 

Bailey et al. 1996). In order to better understand the potential impacts of top level fish



predators such as ATF on prey communities, it is important to document the breadth of 

their trophic connections and quantify the magnitude of their food consumption.

Arrowtooth flounder near Kodiak Island consumed mostly pelagic and semi- 

pelagic fish and invertebrate prey. The main prey items in the diets were similar to 

previous findings and included species such as walleye pollock, capelin Mallotus 

villosus, euphausiids, and pandalid shrimps. However, the relative importance of the 

main prey items differed from previous studies as a result of decadal scale changes in the 

prey availability and/or spatial differences in ATF feeding behavior across its range.

Unlike previous studies, Pacific sand lance Ammodytes hexapterus were a 

significant dietary component for ATF in the study area. Pacific sand lance are a 

relatively energy rich food source compared to other prey such as gadoids and 

invertebrate prey (Payne et al. 1999; Anthony et al. 2000) and thus would be a valuable 

food source for the nearshore ATF population. However, the importance of Pacific sand 

lance in the diets of ATF and other predators in the study area varied over the years 

which suggests their availability may be limited at times. The importance of Pacific sand 

lance in the diets of the nearshore ATF population may have implications for other prey 

sources in the area and warrants further study. It is reasonable to conclude that in years of 

high Pacific sand lance abundance other prey species would experience a reduction in 

ATF predation pressure.

In this study, both ATF size classes displayed marked temporal variations in diet 

composition between the May and August sampling periods. The strongest dietary shifts 

involved the consumption of euphausiids and capelin and appeared to be in response to



changes in the availability and quality of these prey. Similarly, in the northeast GOA, 

Rose (1980) noted that euphausiids were more important in ATF diets in late May/ early 

June compared to other summer months. In order to gain a complete picture of the 

seasonal dietary changes of ATF, future studies documenting their food habits in the 

autumn and winter are needed. An examination of 18 ATF (> 40 cm) stomachs, collected 

in the study area in November 2000, revealed that euphausiids were non-existent and fish 

prey dominated the diets at this time. These findings suggest that seasonal ATF dietary 

shifts may be pronounced and warrant further study.

Previous studies have described ATF as opportunistic feeders, meaning they feed 

on those prey that are the most abundant (Yang and Livingston 1986). In this study, it 

was unclear if ATF were truly opportunistic because concurrent measures of prey 

abundance were unavailable. In high latitude regions, seasonal variations in temperature 

and photoperiod impose strong seasonality on the composition and production of 

nearshore fish communities (Nash 1988, Robards et al. 1999) and as a result, top level 

predators experience considerable variability in the abundance and quality of prey on a 

seasonal basis. Therefore, it would be expected that ATF undergo seasonal diet shifts in 

response to temporal shifts in prey abundance. However, at this point it can only be stated 

that the observed temporal dietary shifts reflected the adaptable feeding behavior of ATF.

This study was the first attempt to estimate ATF prey consumption using a 

bioenergetics model and the results were reasonable based on the available data. 

Bioenergetics modeling may become a valuable tool in examining the prey consumption 

of a predator such as ATF that displays marked spatial and temporal variations in



feeding. However, many aspects of ATF biology and energetics are lacking and need to 

be investigated before progressing. Laboratory experiments investigating the effects of 

temperature and body size on ATF feeding and respiration rates are needed to develop 

species specific physiological parameters used in the model. In addition, better estimates 

of the seasonal growth and feeding intensity of ATF are needed. In the future, 

independent field measures of ATF consumption will help corroborate the bioenergetics 

estimates.

The model’s consumption estimates were largely influenced by ATF length class 

structure and abundance. Within the study area, the ATF population was dominated by 

large, adult fish (> 50 cm) even in the shallowest depths which was somewhat surprising 

because ATF are believed to move into deeper waters as they grow (Zimmerman and 

Goddard 1996). It is possible that the seasonal bathymetric migration patterns of adult 

ATF influenced their distribution. Adult flatfish are believed to migrate inshore during 

warmer months to take advantage of enhanced feeding opportunities due to increased 

productivity (Tokranov and Maksimenkov 1994; Able et al. 2005). The cues for such 

migrations are not well understood but environmental factors such as light, temperature, 

and salinity are likely involved (Gibson 1997). Therefore the nearshore waters of Kodiak 

Island may represent important feeding grounds for adult ATF during the summer 

months.

The prey removals by ATF may have important implications for other top level 

predators within the Kodiak Island ecosystem. The bioenergetics model estimated that the 

ATF population can consume large amounts of euphausiids, Pacific sand lance, walleye



pollock, and other fish prey during the summer months. These prey are also significant 

dietary components of other predators including humpback whales Megaptera 

novaeangliae (Witteveen et al. 2006), Steller sea lions Eumetopias jubatus (Merrick 

1997), tufted puffins Fratercula cirrhata (Piatt et al. 1997), Pacific cod Gadus 

macrocephalus, Pacific halibut Hippoglossus stenolepis, and adult walleye pollock (Yang 

1995; Yang and Nelson 2000). Although these species display a high degree of prey 

overlap it is difficult to determine if they are competing for these food resources. 

Competition is defined as the restriction of access to a resource and it can only occur if 

the resource is in limited supply (Diana 1995). In order to prove that competition for food 

resources is occurring in the nearshore ecosystem of Kodiak Island knowledge 

concerning the abundance and productivity of the species involved is required.

The study findings may have larger implications throughout the GOA. Near 

Kodiak Island, ATF were generalist predators that displayed an adaptable feeding 

behavior in response to spatial and temporal variations in prey composition. In the GOA, 

the large ATF population requires an equally large, diverse prey base in order to maintain 

its current population biomass. In addition, these feeding behaviors may have contributed 

to their success following the 1977 regime shift by allowing them to handle large scale 

fluctuations in prey. The biological response of more recent climatic shifts in the North 

Pacific has yet to be fully realized (Hare and Mantua 2000; Benson and Trites 2002; 

Peterson and Schwing 2003). Yet it is unlikely that a major decline in a single prey 

source would negatively impact the ATF population. Furthermore, it is possible that
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predation by ATF and other predators may dampen the expected changes in the forage 

base of the GOA ecosystem following the recent climatic shifts.

This study has provided initial information regarding ATF food habits and prey 

consumption within the Kodiak Island ecosystem. Through this study, important 

biological interactions were identified and possible factors driving these interactions were 

proposed. In addition, the bioenergetics approach produced baseline estimates of ATF 

consumption in the area and enabled us to identify data gaps. Additional study will help 

to clarify role of ATF in influencing food web structure and ecosystem dynamics in the 

nearshore waters of Kodiak Island.
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Appendix

Table A. 1. Values of parameters entered in the bioenergetics model. The notations and

Symbol Parameter description Value

C
CONSUMPTION: C = CA x WCB x p x f (T) 
specific consumption rate (g/g/d)

P proportion of maximum consumption
f(T) temperature dependence function
T water temperature (°C)
CA intercept of the allometric mass function (g/g/d) 0.0278a
CB slope of the allometric mass function -0.2783a
CQ water temperature dependent coefficient of consumption 0.3763b

RESPIRATION: R = RAx WRB x f (T) x ACT; SDA = SDA x (C -  F)
R specific rate of respiration (g/g/d)
f(T) temperature dependence function
T water temperature (°C)

j y c  d,eTopt optimum temperature for respiration (°C)
Tmax maximum temperature for respiration (°C) 20c'd,e
RQ approximates the Qi0 for respiration 5.5f
RA intercept of allometric mass function (g/g/d) 0.0036f
RB slope of the allometric mass function -0.2677f
ACT activity multiplier 1.45s
SDA specific dynamic action 0.161h

EGESTION AND EXCRETION: F = FA x C; U = UA x (C --F)
F specific egestion rate (g/g/d)
U specific excretion rate (g/g/d)
FA proportion of consumed food egested 0.2'
UA proportion of assimilated food excreted

. - . _ " — . ............______ ■ . .
0.111

: 0.838) to data derived from Pacific halibut food 
intake trials at 4°C (Paul et al. 1994).
bCQ value adopted from the CQ value derived for adult walleye pollock in Buckley and Livingston (1994). It was assumed that the 
temperature affects on ATF feeding are similar to walleye pollock which inhibit similar geographic ranges and temperature regimes. 
c,d,e Topt and Tmax estimated from trends in studies on yellowfin sole, flathead sole Hippoglossoides elassodon, and rock sole, similar 
pleuronectids inhabiting the same environments as ATF. Yellowfin sole and flathead sole exhibit a linear increase in Rmax with 
temperature from 1 to 7.5°C and 2 to 9.5 °C respectively (Paul et al. 1990; 1995). The upper lethal water temperature for rock sole is 
24.9°C (Ames et al. 1978). I estimated the Tmax for ATF to be slightly lower than 24.9°C since the rock sole were acclimated at 
higher temperatures than ATF experience. Therefore, Topt is assumed to be between 9.5°C and 24.9°C and was set 3 degrees lower 
than Tmax as suggested in bioenergetics model manual (Hanson et al. 1997).
'The respiratory Qio for yellowfin sole was calculated to 5.5 (Paul et al. 1990).
fRA and RB were estimated by fitting a allometric relationship (R2=0.793) to data on yellowfin sole oxygen consumption and body 
size (Paul et al. 1990).
gWinberg (1956) estimated that activity rates are 2 times that of resting rates and Paul et al. (1990) estimated that feeding in yellowfin 
sole accounted for 1.38 times of non feeding resting rates. It was assumed that sda accounts for majority of these elevated rates and 
therefore ACT calculated as 2/ 1.38 = 1.45.
hSDA value adopted from literature on the specific dynamic action in plaice Pleuronectes platessa  (Jobling and Davies 1980).
'Values adopted from the FA and UA values derived for adult walleye pollock (Buckley and Livingston 1994).


