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Abstract 

Trends in trophic level (TL) estimates of commercial fishery catches are used as 

ecosystem-based indicators for sustainability, but these estimates often do not incorporate 

species-specific interannual and ontogenetic feeding patterns. This study provides a finer 

resolution of ontogenetic and temporal variations in the trophic position of four 

groundfish species in the central Gulf of Alaska (GOA), walleye pollock (Theragra 

chalcogramma), Pacific cod (Gadus macrocephalus), arrowtooth flounder (Atheresthes 

stomias), and Pacific halibut (Hippoglossus stenolepis), using stable isotope analysis to 

assess TL and diet source. Samples were collected from the northeastern side of Kodiak 

Island, Alaska, from 2000-2004. Several Analysis of Covariance models were tested, 

allowing TL to co-vary with length, to detect possible variation among years and seasons 

and to estimate TL of catch for each study species. For each species, TL increased with 

length. Significant annual differences in δ13C and δ15N were detected for all groundfish, 

indicating a lower TL, pelagic diet in 2003 and a higher TL, benthic diet in 2001. Overall, 

TL of GOA commercial catches appeared to remain stable over 1990-2009, with the 

exception of walleye pollock after 1999. This study shows that including length data 

could lead to an earlier detection of decline in TL estimates. 
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General Introduction 

Over the past fifteen years, there has been an increased effort to move towards a 

multispecies ecosystem-based fishery management (EBFM) approach to better preserve 

the structure and function of ecosystems. However, to date, most stock assessments are 

still focusing on single species. In 1996, the Sustainable Fisheries Act (Public Law 104-

297) amended the Magnuson-Stevens Fishery Conservation and Management Act to 

include identification and protection of essential fish habitat, minimization of bycatch, 

determination of fishing effects on the environment, and the formation of an advisory 

panel to expand the application of EBFM. The Ecosystem Principles Advisory Panel 

(NMFS 1999) expanded EBFM to integrate conceptual food-web models and indices of 

ecosystem health. A common goal in EBFM strategies is an improved understanding of 

relative trophic levels (positions of organisms within the food web) and trophic 

interactions between commercially important fish species and their predators and prey 

(NMFS 1999; Gislason et al. 2000; Livingston et al. 2005) to better characterize 

ecosystem health.  

Trends in the mean trophic level (TL) of commercial catch are often used as an 

ecosystem-based indicator of sustainability of commercial fisheries (Pauly et al. 1998; 

Livingston 2005). More recently, the Convention of Biological Diversity has proposed 

the use of mean TL of fisheries landings as an indicator of marine biodiversity based on 

the assumption that the sum of commercial catch and discards should represent an 

accurate estimate of the biomass (Pauly and Watson 2005). Declining trends in the mean 
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TL of catch are consequently considered to be an indication for unsustainable fishing 

practices (Pauly et al. 1998; Pauly and Watson 2005) and this declining trend has been 

observed globally (Pauly et al. 1998). This pattern can arise from either of two scenarios: 

“fishing down” (Pauly et al. 1998) or “fishing through” the marine food web (Essington 

et al. 2006). In “fishing down” the food web, top predators, which are typically of a 

higher economic value, are commercially removed to economic extinction and then 

replaced in the commercial fishery with less valuable, lower TL fish taxa (Pauly et al. 

1998). Upon closer examination, Essington et al. (2006) observed that many of the 

regional fisheries were “fishing through” the food web, thus adding lower TL fisheries 

while maintaining the more valuable upper TL fisheries. Because the fishery targets both 

the upper TL fish and their prey, the fishery could become even more quickly 

unsustainable if not closely monitored and regulated.  

Currently, the management system in the eastern North Pacific Ocean is regarded 

as one of the most successful in the U.S. and a model for worldwide fisheries 

management due to the continued sustainability of its fisheries (e.g., Reuter et al. 2010). 

Still, in the North Pacific Ocean (western and eastern regions combined), the mean TL of 

commercial landings has declined since the 1970s (Pauly et al. 1998). These findings are 

in contrast to mean TL estimates in the eastern North Pacific Ocean (Gulf of Alaska 

(GOA), Bering Sea, and Aleutian Islands), which have remained stable over a similar 

time period (Livingston 2005). Results from both of these studies, however, did not 

incorporate sized-based diet shifts or changes in interannual feeding dynamics, which 

may substantially alter estimates of mean TL of commercial harvest in the GOA.  
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The TL estimates from these studies in the North Pacific Ocean are based on 

mass-balance models, such as Ecopath, which combine gut content analysis, biomass, 

and production estimates to evaluate TL. These models typically assign a single TL to 

each species or species group, not accounting for annual and ontogenetic variations. 

Temporal variability in prey abundance and availability, and increases in gape size, 

capture efficiency, and energetic requirements can all impact an organism’s feeding 

behavior and subsequently alter its TL. A fish can feed at as many as three TLs over the 

course of its life (Caddy et al. 1998), with larger and older fish tending to feed at higher 

TLs (Cohen et al. 1993; Scharf et al. 2000; Jennings et al. 2002b). Fishery removals can 

further impact the community trophic structure by selectively removing the largest 

individuals leading to a reduction mean body size (Rice and Gislason 1996; Hall 1999; 

Jennings et al. 2002a). Gut content analysis only provides a snapshot of the diet, is time 

consuming, and often overlooks gelatinous and detrital matter (Polunin and Pinnegar 

2000). An alternative approach is stable isotope analysis (SIA), which integrates the food 

assimilated over a longer time scale, depending on the tissue analyzed (e.g., Miller 2000). 

SIA is based on the consistent increase of δ15N (3.4‰) and δ13C (≤ 1.0‰) from prey to 

consumer (Minagawa and Wada 1984), as the lighter isotopes are preferentially excreted 

or respired. Because of these consistent increases, δ15N is used to estimate TL, while δ13C 

can be used to assess diet source and general feeding habitats; e.g., pelagic phytoplankton 

taxa tend to be more depleted in δ13

Changes in the trophic structure of an ecosystem can also be altered by climate 

changes; e.g., following a shift to a warm phase of the Pacific Decadal Oscillation in 

C than benthic macroalgae (France 1995).  
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1976/77 (Mantua et al. 1997) in the GOA, the ecosystem switched from one dominated 

by forage fishes and benthic crustaceans to one dominated by gadids and flatfishes 

(Anderson and Piatt 1999). Specifically, walleye pollock (Theragra chalcogramma), 

Pacific cod (Gadus macrocephalus), arrowtooth flounder (Atheresthes stomias), and 

Pacific halibut (Hippoglossus stenolepis) have dominated the demersal population of the 

GOA (Mueter and Norcross 2002). Since the early 1980s, these species have comprised 

>75% of the groundfish catch (NPFMC 2009); specifically, walleye pollock comprised 

the largest portion of the catch, followed by Pacific cod, Pacific halibut, and arrowtooth 

flounder. Because of their large biomass and recent advances in processing to improve 

the quality of the muscle tissue, the fishery on arrowtooth flounder is gaining interest and 

continues to develop (Turnock and Wilderbuer 2009). In addition to dominating the 

biomass and groundfish catch, these species are also highly integrated in the GOA food 

web (Gaichas and Francis 2008). Therefore, it is essential to understand their trophic 

patterns and interactions to elucidate potential impacts of fishery removals of these 

species on the ecosystem.  

With the exception of walleye pollock, these predatory groundfish species are 

considered to be opportunistic feeders, preferentially feeding on the most available prey 

type. As such, their diets must be heavily influenced by temporal or spatial changes in 

prey availability. Adults of these predatory species seasonally migrate to deeper waters to 

spawn in the winter months (specifically, Pacific halibut and arrowtooth flounder migrate 

offshore) and migrate back to shallower, nearshore waters in the summer to feed, thus 

exposing them to potentially very different prey types. Walleye pollock and arrowtooth 
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flounder have been observed to feed in the water column (Yang et al. 2006; Knoth and 

Foy 2008), while Pacific cod and Pacific halibut are associated more closely with the 

benthos (Yang et al. 2006). In addition, juvenile and adult walleye pollock are important 

prey items for arrowtooth flounder, Pacific cod, and Pacific halibut (Yang et al. 2006; 

Aydin et al. 2007). Also, these four fish species are important prey for other piscivorous 

fishes, marine mammals, and seabirds at various stages of their lives (e.g., Sinclair and 

Zeppelin 2002). 

The purpose of this study is to provide a fine-scale resolution of ontogenetic and 

temporal (interannual and seasonal) variations in the trophic role of four commercially 

and ecologically important groundfish species in the central GOA, namely walleye 

pollock, Pacific cod, arrowtooth flounder, and Pacific halibut. Carbon and nitrogen SIA is 

used to assess the TL and diet source, respectively. In chapter one, I focus on examining 

seasonal, interannual, and ontogenetic variability in the trophic role (both diet source and 

TL) of all four groundfish taxa, and on relating the observed patterns to prey availability 

and climate changes in the GOA. The specific objectives of the first chapter are to: 1) 

examine seasonal, annual, and size-class variation of TL for each species; and 2) compare 

trophic role among species. In chapter 2, I apply the nitrogen isotope data from chapter 1 

to develop several Analysis of Covariance (ANCOVA) models to detect possible 

variations in the relationship between length and TL among years. Subsequently, I use 

the best-fit models to estimate trends in mean TL and TL ranges of commercial catch 

using length-frequency data from onboard fishery observers for each of the target species. 

For a time series extending beyond the study period, I use linear regression models to 
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estimate the mean TL of population biomass based on length frequency data and biomass 

estimates from triennial and biennial trawl surveys conducted by the NMFS in federal 

reporting area 630 and historical catch data during 1990-2009. My specific objectives for 

chapter 2 are to: 1) estimate the mean annual TL and TL range of the commercial catch in 

area 630 for walleye pollock, Pacific cod, ATF, and Pacific halibut; 2) estimate the mean 

annual TL and TL range of population biomass estimates in federal reporting area 630 for 

walleye pollock, Pacific cod, ATF, and Pacific halibut; and 3) compare TL estimates 

based on SIA with published Ecopath-derived TL estimates (Aydin et al. 2007). My 

study results clearly demonstrate the importance of incorporating length data in TL 

estimates of commercially and ecologically important groundfish species within the GOA 

to improve the accuracy of TL estimates of commercial catch. This study also serves as a 

baseline against which to monitor future changes in TL estimates of these four species. 

 

 

  



7 
 

 

References 

Anderson, P. J., and J. E. Piatt. 1999. Community reorganization in the Gulf of Alaska 

following ocean climate regime shift. Marine Ecology Progress Series 189:117-

123. 

Aydin, K., S. Gaichas, I. Ortiz, D. Kinzey, and N. Friday. 2007. A comparison of the 

Bering Sea, Gulf of Alaska, and Aleutian Islands large marine ecosystems 

through food web modeling. U.S. Department of Commerce NOAA Technical 

Memorandum NMFS-AFSC-178, Seattle, Washington.  

Caddy, J. F., J. Csirke, S. M. Garcia, and R. J. R. Grainger. 1998. How pervasive is 

“fishing down the marine food webs”? Science 282:1383a. 

Cohen, J. E., S. L. Pimm, P. Yodzis, and J. Saldaña. 1993. Body sizes of animal predators 

and animal prey in food webs. Journal of Animal Ecology 62:67-78. 

Essington, T. E., A. H. Beaudreau, and J. Wiedenmann. 2006. Fishing through marine 

food webs. Proceedings of the National Academy of Sciences 103:3171-3175. 

France, R. L. 1995. Carbon-13 enrichment in benthic compared to planktonic algae: 

foodweb implications. Marine Ecology Progress Series 124:307-312. 

Gaichas, S. K., and R. C. Francis. 2008. Network models for ecosystem-based fishery 

analysis: a review of concepts and application to the Gulf of Alaska marine food 

web. Canadian Journal of Fisheries and Aquatic Sciences 65:1965-1982. 

Gislason, H., M. Sinclair, K. Sainsbury, R. O’Boyle. 2000. Symposium overview: 

incorporating ecosystems objectives within fisheries management. ICES Journal 

of Marine Science 57:468-475. 



8 
 

 

Hall, S. J. 1999. The effects of fishing on marine ecosystems and communities. Blackwell 

Science. United Kingdom.  

Jennings, S., S. P. R. Greenstreet, L. Hill, G. J. Piet, J. K. Pinnegar, and K. J. Warr. 

2002a. Long-term trends in the trophic structure of the North Sea fish community: 

evidence from stable-isotope analysis, size-spectra and community metrics. 

Marine Biology 141:1085-1097. 

Jennings, S., J. K. Pinnegar, N. V.C. Polunin, and K. J. Warr. 2002b. Linking size-based 

and trophic analyses of benthic community structure. Marine Ecology Progress 

Series 226:77–85. 

Knoth, B. A., and R. J. Foy. 2008. Temporal variability in the food habits of arrowtooth 

flounder (Atheresthes stomias) in the Western Gulf of Alaska. U.S. Department of 

Commerce, NOAA Technical Memorandum. NMFS-AFSC-184, Kodiak, Alaska.  

Livingston, P. A. 2005. Ecosystem-based management indices and information: Trophic 

level of catch. Ecosystem Considerations. In Stock assessment and fishery 

evaluation report for the groundfish resources on the Bering Sea and Aleutian 

Islands for 2002. North Pacific Fisheries Management Council, 605 W. 4th

Livingston, P. A., K. Aydin, J. Boldt, J. Ianelli, and J. Jurado-Molina. 2005. A framework 

for ecosystem impacts assessment using an indicator approach. ICES Journal of 

Marine Science 62:592-597. 

 Ave., 

Suite 306, Anchorage, Alaska 99501. 



9 
 

 

Mantua, N. J., S. R. Hare, Y. Zhang, J. M. Wallace, and R. C. Francis. 1997. A Pacific 

interdecadal climate oscillation with impacts on salmon production. Bulletin of 

the American Meteorological Society 78:1069-1079. 

Miller, T. W. 2000. Tissue-specific response of δ15

Minagawa, M., and E. Wada. 1984. Stepwise enrichment of 

N in adult Pacific herring (Clupea 

pallasi) following an isotopic shift in diet. Environmental Biology Fish 76:177-

189. 

15N along food chains: 

Further evidence and the relation between δ15

Mueter, F. J., and B. L. Norcross. 2002. Spatial and temporal patterns in the demersal fish 

community on the shelf and upper slope regions of the Gulf of Alaska. Fishery 

Bulletin 100:559-581.  

N and animal age. Geochimica et 

Cosmochimica Acta 48:1135-1140. 

North Pacific Fisheries Management Council. 2009. GOA Introduction In Stock 

assessment and fishery evaluation report for the groundfish resources on the 

Bering Sea and Aleutian Islands for 2002. North Pacific Fisheries Management 

Council, 605 W. 4th

National Marine Fisheries Service. 1999. Ecosystem-based fishery management: a report 

to Congress by the Ecosystem Principles Advisory Panel. U.S. Department of 

Commerce, National Oceanic and Atmospheric Administration, National Marine 

Fisheries Service, Silver Spring, Maryland.  

 Ave., Suite 306, Anchorage, Alaska 99501. 

Pauly, D., V. Christensen, J. Dalsgaard, R. Froese, and F. Torres. 1998. Fishing down 

marine food webs. Science 279:860-863. 



10 
 

 

Pauly, D., and R. Watson. 2005. Background and interpretation of the ‘Marine Trophic 

Index’ as a measure of biodiversity. Philosophical Transactions of the Royal 

Society B 360:415-423. 

Polunin, N. V. C., and J.K. Pinnegar. 2000. Trophic level dynamics inferred from stable 

isotopes of carbon and nitrogen. Fishing down the Mediterranean food webs?  

CIESM Workshop Series 12, Kerkyra, Greece 69-73. 

Reuter, R. F., M. E. Conners, J. Dicosimo, S. Gaichas, O. Ormseth, and T. T. Tenbrink. 

2010. Managing non-target, data-poor species using catch limits: lessons from the 

Alaskan groundfish fishery. Fisheries Management and Ecology 17:323-335. 

Rice, J., and H. Gislason. 1996. Patterns of change in the size spectra of numbers and 

diversity of the North Sea fish assemblage, as reflected in surveys and models. 

ICES Journal of Marine Science 53:1214-1225. 

Scharf, F. S., F. Juanes, and R. A. Rountree. 2000. Predator size – prey size relationships 

of marine fish predators: interspecific variation and effects of ontogeny and body 

size on trophic-niche breadth. Marine Ecology Progress Series 208:229-248. 

Sinclair, E.H., and T.K. Zeppelin. 2002. Seasonal and spatial differences in diet in the 

western stock of Steller sea lions (Eumetopias jubatus). Journal of Mammalogy 

83:973-990. 

 

 

 



11 
 

 

Turnock, B. J., and T. K. Wilderbuer. 2009. Gulf of Alaska arrowtooth flounder stock 

assessment. In Stock assessment and fishery evaluation report for the groundfish 

resources on the Bering Sea and Aleutian Islands for 2009. North Pacific 

Fisheries Management Council, 605 W. 4th

Yang, M. S., K. Dodd, R. Hibpshman, and A. Whitehouse. 2006. Food habits of 

groundfishes in the Gulf of Alaska in 1999 and 2001. U. S. Department of 

Commerce, NOAA Technical Memorandum NMFS-AFSC-164, Seattle, 

Washington. 

 Ave., Suite 306, Anchorage, Alaska 

99501. 

 
 



12 
 

 

Chapter 1: Temporal and ontogenetic variability in trophic role of four groundfish 

species: walleye pollock, Pacific cod, arrowtooth flounder, and Pacific halibut, in the 

Gulf of Alaska1

 

 

Abstract 

 Changes in trophic level estimates of commercial fishery catches are used as an 

ecosystem-based indicator for sustainability, but often these estimates do not incorporate 

species-specific seasonal feeding dynamics and ontogenetic diet changes. The purpose of 

this study is to provide a fine-scale resolution of ontogenetic and temporal (interannual 

and seasonal) variations in the trophic position of four commercially and ecologically 

important groundfish species in the central Gulf of Alaska (GOA): walleye pollock 

(Theragra chalcogramma), Pacific cod (Gadus macrocephalus), arrowtooth flounder 

(Atheresthes stomias), and Pacific halibut (Hippoglossus stenolepis). Stable isotope 

analysis was used to assess the trophic level (TL) based on nitrogen and to assess the 

relative diet source based on carbon. For all four groundfish taxa, δ15N was significantly 

positively related to total length. In contrast, δ13

                                                 
1  Prepared for submission in Transactions of the American Fisheries Society as “Temporal and ontogenetic 
variability in trophic role of four groundfish species, walleye pollock, Pacific cod, arrowtooth flounder, and 
Pacific halibut, in the Gulf of Alaska.” By Jennifer M. Marsh, Nicola Hillgruber, and Robert J. Foy 

C significantly varied with size-class only 

for walleye pollock. There were species-specific differences in TL, with adult Pacific cod 

feeding at the highest and walleye pollock at the lowest TL. Walleye pollock also had the 
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lowest δ13C, indicating a mainly pelagic diet, while Pacific halibut and Pacific cod had 

the highest δ13C indicating a mostly benthic diet. Interannual and seasonal differences in 

TL were detected for each species. Pacific cod, arrowtooth flounder, and Pacific halibut 

fed at a significantly lower TL in 2003, than in 2001, 2002, or 2004. All species had a 

significantly lower average δ13C in 2001 and a higher average δ13

 

C in 2003 indicating a 

relatively more benthic diet in 2001 and a more pelagic diet in 2003, which corresponded 

with diet studies. Pacific cod, Pacific halibut, and walleye pollock had a significantly 

more pelagic diet in the summer. Walleye pollock, arrowtooth flounder, and Pacific 

halibut showed a significantly more benthic diet in the fall, most likely corresponding 

with seasonal migrations. While temporal variations in stable isotope signatures were 

observed, these differences were relatively small (< 1.25‰). However, length-based 

ontogenetic diet shifts were much larger (up to 6‰) and should be accounted for when 

using TL as an ecosystem indicator of sustainability. 

Introduction 

Marine ecosystems can be classified and compared by their trophic structure. To 

better understand and describe the trophic structure of an ecosystem, trophic levels (TL) 

are assigned to each species; e.g., phytoplankton and macroalgae, at the base of the food 

web, are assigned a TL of 1 and these levels increase to a TL of 5 for apex predators. 

However, since most fish are omnivorous and capable of feeding at more than one TL, it 

is more realistic to view trophic levels on a continuous rather than discrete scale (Odum 
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and Heald 1975; Pimm and Lanton 1978). Moreover, a fish’s TL is not a static quantity, 

but may change as a result of feeding preferences or ontogenetic diet shifts, both of which 

may greatly impact the TL assigned to a given fish at a given time. For example, a fish 

may exhibit prey selectivity by feeding preferentially on less abundant but energetically 

more rewarding prey items (Sutton and Hopkins 1996; Lucifora et al. 2006). In addition, 

a fish can feed at as many as three TLs over the course of its life (Caddy et al. 1998), with 

larger and older fish tending to feed at higher TLs (Cohen et al. 1993; Scharf et al. 2000; 

Jennings et al. 2002b). These TL changes are attributed to an increase in gape size, 

sustained and burst swimming speed, better visual acuity (Hairston et al. 1982), and 

increased energetic requirements of the fish. Often these ontogenetic differences in diet 

are greater than dietary differences between species of similar sizes (Link and Garrison 

2002).  

Temporal variation in prey availability may also affect a fish’s TL. Availability of 

prey is influenced by the seasonal production cycles, which in turn are dependent on 

annual cycling of light intensity, sea surface temperature, nutrient availability, and water 

column stability and salinity (Cooney 2007). In coastal areas of the North Pacific Ocean, 

peak phytoplankton production occurs once a year during the spring, with a secondary 

smaller peak in the fall, increasing the availability of food for higher TLs (Coyle & 

Pinchuk 2003; Cooney 2007). Many fish are opportunistic feeders, meaning they feed on 

the most abundant prey type. During these seasons of high production, many fish will 

switch diets to the most abundant prey, potentially altering their trophic level. 
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The overall trophic structure of an ecosystem can be changed by large-scale 

climate events that might alter system productivity (bottom-up processes) and by predator 

removals from commercial fisheries (top-down processes). One example of a climate 

event is indexed by the Pacific Decadal Oscillation (PDO), which is marked by a shift in 

sea surface temperatures in the Pacific Ocean with a 20-30 year cycle (Mantua et al. 

1997), affecting the quantity and quality of prey (lower trophic level organisms) in the 

Pacific Ocean. In the Gulf of Alaska (GOA), following a shift to a warm regime in the 

late 1970s, the community structure shifted from one dominated by pelagic forage fish 

and epibenthic crustaceans to one dominated by higher TL groundfish (Anderson and 

Piatt 1999). In addition to climate variability, trophic structure may also be altered by 

large predator removals associated with commercial fisheries; e.g., in the Celtic Sea long-

term fishing pressure reduced the number of large piscivores, resulting in a overall 

decline in mean TL of the fish community (Pinnegar et al. 2002). Similarly, on the 

Scotian Shelf in late 1980s and early 1990s, overfishing caused the collapse of Atlantic 

cod (Gadus morhua) and several other predatory benthic fish stocks, resulting in an 

increase of small pelagic fishes and benthic macroinvertabrates and a reduction in the 

overall trophic level (Frank et al. 2005). Moreover, fishing often targets the largest 

individuals and can substantially decrease the mean size of target species (Jennings et al. 

1999; Shackell et al. 2010), which can potentially lower the mean TL. Thus, estimates of 

TLs of marine systems might be valuable as indicators for large-scale ecosystem changes 

resulting from environmental fluctuations and/or fishery removals.  
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Trophic levels of organisms can be evaluated using gut content analysis (GCA), 

mass-balance models, or stable isotope analysis (SIA). Gut content analysis provides 

good resolution for trophic linkages between identifiable organisms, but represents only a 

snapshot of an organism’s diet, often overlooks gelatinous and detrital matter, and is very 

time consuming and therefore expensive (Polunin and Pinnegar 2000). Since mass-

balance modeling combines GCA and biomass estimates to evaluate TLs (Pauly et al. 

2000), these models consequently share the same disadvantages as GCA; however, they 

do have predictive ability that allows the modeling of biomass of organisms, and thus 

predictions of change in TLs (Pauly et al. 2000). Finally, SIA is based on the principle 

that a relatively consistent enrichment of δ13C (0-1‰) and δ15N (3.4‰) occurs between a 

given prey and its consumer (Minagawa and Wada 1984; Post 2002), as lighter isotopes 

are preferentially excreted (14N) or respired (12C). The minimal enrichment of δ13C allows 

for detection of pelagic versus benthic diet source, as phytoplankton is relatively depleted 

in δ13C compared to macroalgae (France 1995). SIA incorporates only those food items 

assimilated by consumers, thus accurately representing a transfer of energy between 

trophic levels. In addition, SIA integrates prey selection over a longer time scale, 

depending on the turn-over rate of the target tissue, and may therefore more accurately 

provide information about the trophic position of a given organism than GCA. At the 

same time, SIA provides a poorer resolution of trophic linkages related directly to species 

than GCA, and should therefore be analyzed by functional groups within an ecosystem 

(Polunin and Pinnegar 2000).  
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Trends in TL estimates of commercial fishery catches are commonly used as 

ecosystem-based indicators for sustainability. A decrease in the TL of the commercial 

catch indicates that the fishery is either unsustainable over the long-term through “fishing 

down” the food web by depleting high TL fisheries and moving on to lower TL fisheries 

(Pauly et al. 1998) or that “fishing through” the food web occurred by adding lower TL 

fisheries while maintaining the higher TL fisheries (Essington et al. 2006). In the North 

Pacific Ocean (western and eastern regions combined), the mean TL of commercial 

landings has declined since the 1970s indicating a reduction of large piscivorous fishes in 

commercial catches (Pauly et al. 1998). In contrast, however, the mean TL in the eastern 

North Pacific Ocean (GOA, Bering Sea, and Aleutian Islands) has remained stable over a 

similar time period (Livingston 2005). Because these studies did not incorporate 

ontogenetic diet shifts or changes in interannual feeding dynamics prevalent in the GOA, 

a more thorough analysis of commercial landings in the GOA, Bering Sea, and Aleutian 

Islands is advisable. 

Following the regime shift in the late 1970s, arrowtooth flounder (Atheresthes 

stomias), walleye pollock (Theragra chalcogramma), Pacific cod (Gadus 

macrocephalus), and Pacific halibut (Hippoglossus stenolepis) have dominated the 

demersal fish biomass (Mueter and Norcross 2002), and comprise a large portion of 

commercial groundfish catch in the GOA. In addition, Gaichas and Francis (2008) 

identified walleye pollock, Pacific cod, arrowtooth flounder, and Pacific halibut as the 

four critical species in GOA, meaning that they are highly integrated/connected within 

the food web and that a loss or degradation of one of these species could potentially result 
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in ecosystem restructuring. Therefore, in order to elucidate potential impacts of fishery 

removals of walleye pollock, arrowtooth flounder, Pacific cod, and Pacific halibut on the 

ecosystem, it is necessary to understand their trophic patterns and interactions.  

In the GOA, juvenile walleye pollock inhabit nearshore environments and feed 

mainly on small invertebrates (Yang et al. 2006), while adult pollock move offshore into 

deeper water (Sigler and Csepp 2007) and become increasingly piscivorous with 

increasing size. Pollock also exhibit diurnal vertical migration behavior (Adams et al. 

2009), which exposes them to benthic and pelagic prey types. Also, mature pollock do 

not feed in winter when they aggregate to spawn (Bailey et al. 2005). In comparison, 

Pacific cod are opportunistic feeders, consuming taxa, such as polychaetes, shrimp, 

Tanner crabs (Chionoecetes bairdi), and fishes. Like pollock, cod become more 

piscivorous with size (Yang et al. 2006). Pacific cod migrate to deeper water in winter 

and shallower in spring and summer (Shimada and Kimura 1994), thus potentially 

encountering different prey types, seasonally. In contrast, arrowtooth flounder are found 

on soft bottoms at depths ranging from 76 to 225 m (Zimmermann and Goddard 1996). 

Arrowtooth flounder > 40 cm standard length (SL) are mainly piscivorous, while 

arrowtooth flounder < 40 cm SL consume more invertebrates (Yang et al. 2006). 

Arrowtooth flounder seasonally migrate to deeper, offshore waters to spawn and to 

overwinter during the late fall to early winter (Rickey 1995). Arrowtooth flounder 

populations have steadily increased in recent years, making arrowtooth flounder currently 

the most abundant groundfish in the GOA. Finally, Pacific halibut migrate seasonally 

offshore during the winter to spawn (Loher and Seitz 2006) and feed on fish, squid and 
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crab (Yang et al. 2006). At various life stages, all these fish species are important prey 

items for other piscivorous species, such as seabirds and marine mammals; e.g., 

arrowtooth flounder, walleye pollock, and Pacific cod comprise a substantial portion of 

the diet of Steller sea lions Eumetopia jubatus (Sinclair and Zeppelin 2002). While these 

groundfish species have often been combined into a single guild (Kline & Pauly 1998), it 

is important to assess their TLs separately at different ontogenetic stages and seasons 

because of species-specific differences in feeding ecology and life history patterns. 

The goal of this study is to assess seasonal, interannual, and ontogenetic 

variability in trophic role (both diet source and position in the food web) of arrowtooth 

flounder, walleye pollock, Pacific cod, and Pacific halibut, and to relate observed patterns 

to prey and predator trophic levels and availability in the GOA. The specific objectives 

for this project are: (1) examine seasonal, annual and size-class/length variation of 

trophic role (δ15N & δ13

 

C) for each species; and (2) compare relative trophic role of each 

groundfish species. This study provides a high resolution baseline information on the 

trophic role of the four most abundant groundfish species in the eastern North Pacific 

Ocean that are each targeted by local commercial fisheries near Kodiak Island, Alaska, in 

the northern GOA. In addition, this study will also serve as a baseline against which to 

monitor future changes in TL. 
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Methods 

Study area and field collection 

 This study was located on the northeastern side of Kodiak Island in the central 

GOA (Figure 1.1). The region is characterized by complex bathymetry, namely a wide 

shelf that is intersected by many troughs. The waters surrounding the Kodiak archipelago 

are dominated by two current systems: the Alaska Coastal Current (ACC) and the 

Alaskan Stream. The ACC flows westward along the coast of Alaska bifurcating at the 

northeast tip of Kodiak and moving through Shelikof Strait and along the southern side of 

the archipelago. The Alaskan Stream dominates the flow along the shelf break and in the 

basin interacting with coastal water through troughs and banks. 

 All fish samples were obtained during field collections of the Gulf Apex Predator-

prey project (GAP; http://www.sfos.uaf.edu/gap/) at the University of Alaska Fairbanks 

(UAF). Fish were collected from midwater and bottom trawls. The highest concentration 

of sampling occurred within a 20-nm radius around Long Island and encompassed waters 

of Chiniak and Marmot bays. Sampling stations were randomly selected using bottom 

depth and distance from Long Island; stations were sampled up to four times annually, 

namely in March, May, August, and November during 2000 – 2004 (Table 1.1). Bottom 

trawls were conducted onboard the F/V Laura, 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. Vessel speed was maintained at 3 knots (5.5 km/hr) for the duration of 

each 10-minute tow, and each tow covered an average distance of 0.90 km. All tows were 
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conducted during daylight hours between 06:00 and 23:00. Midwater trawls were 

opportunistically conducted with a DanTrawl Bering Billionaire midwater net with a 

modified research codend (2.22 cm) in the presence of pelagic fish assemblages detected 

by an acoustic echo integration system. Upon recovery of the trawl, the total catch was 

sorted by species and all collected specimens were counted, measured (total length to the 

nearest mm) and weighed to the nearest g upon retrieval. Fish used for this study were 

frozen on board at 0˚C and stored at –30˚C upon return to the lab.  

 

Sampling regime 

For this study, a subsample of walleye pollock, Pacific cod, arrowtooth flounder, 

and Pacific halibut were selected for further analysis. For each species, fish were 

randomly selected from two size groups, one above and one below the length of 50% 

maturity (L50), in order to analyze potential shifts in trophic level with size and maturity. 

Based on power analyses and sample availability for each species, 10 fish above and 10 

fish below L50 were selected from each season-year combination for SIA, if available 

(Table 1.1). Because only a small number of  Pacific halibut specimens above their L50 of 

90-100 cm (Clark et al. 1999) were available, an arbitrary cut-off length of 50 cm was 

chosen as the size class division for a more even sample distribution and ease of 

comparison between species of similar sizes. Despite being a sexually dimorphic, a single 

L50 of 42 cm (Zimmermann 1997) was assigned to arrowtooth flounder because sexes 

were not assigned to all fish samples and therefore differences in sex were not considered 
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in this study. An L50 

 

of 50 cm was used for Pacific cod (Stark 2007) and 42 cm for 

walleye pollock (Dorn et al. 2002). Fish from both size classes were selected from each 

sampling season and sampling year, if possible, to examine seasonal and annual variation 

in trophic role.  

Sample preparation and processing 

Each whole fish was ground in a Biro 6642 meat mincer/grinder with a 0.4-cm 

grinding plate. Samples were refrozen and stored in quart-sized Ziploc®

 

 bags at -30º C up 

to 4 years before freeze-drying. For freeze-drying, plastic trays were each filled with 50-

100 g of a single frozen fish sample and freeze-dried in a VirTual 50 freeze-dryer. The 

condenser was set at -20º C and the vacuum at 200 mTorr. The drying phase ran for at 

least 1,440 min at 15º C and 20 mTorr. After samples were completely dehydrated, large 

pieces of bone and scales were removed and the remaining samples were placed in 20-ml 

scintillation vials and further crushed into a powder using a glass rod. The vials were 

stored at -30º C before further processing. 

Lipid extraction 

Lipids are relatively more depleted in δ13C than proteins (DeNiro and Epstein 

1977). To account for any inconsistencies in δ13C values based on varying lipid contents, 

lipids were extracted from a subset of the samples to derive a relative conversion factor 

for all samples. For each species, lipids were extracted from 3 samples from each of the 
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two size classes and from each of the four sampling periods in 2000 and 2003. Lipids 

were extracted using petroleum ether (recommended by Dobush et al. 1985) in a Soxhlet 

extractor. Approximately 0.5 g of the freeze-dried fish powder was folded into 25-mm 

circles of glass microfiber filter paper and set into cellulose extraction thimbles (10 mm x 

50 mm). Twelve thimbles were placed into each glass beaker. Each beaker was filled 

with 250 ml of petroleum ether. The beakers were then secured in the Soxhlet apparatus 

and the extraction ran for approximately 2 h. The samples were placed in the fumehood 

for 1 h, before they were oven dried at 100˚C for 24 h. 

 

Stable isotope analysis 

Lipid extracted and bulk tissue samples were weighed to the nearest 0.2-0.5 mg 

dry weight on a Sartorius CP2P microbalance and enclosed in 3.5 mm x 3.5 mm tin 

capsules for stable isotope analysis (SIA). To account for differences in the isotope 

values of different fish tissue, all samples were run in triplicate. Stable nitrogen and 

carbon isotopes were analyzed at the Alaska Stable Isotope Facility, UAF, using a 

Costech ECS4010 elemental analyzer interfaced through a CONFLO III to a Finnigan 

Deltaplus

Results are presented in delta (δ) notation in per mil (‰) calculated using the 

following formula: 

XP isotope ratio mass spectrometer (IRMS).  

,000,11 ×







−=

STANDARD

SAMPLE

R
RXδ                 (1) 
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where X is 15N or 13C and R is the ratio of heavy to light isotope (15N:14N or 13C:12C) for a 

given element. The standard material for C was Vienna Pee Dee Belemnite (VPDB) and 

for N atmospheric air (AIR). The IRMS precision values were 0.11‰ for δ13C and 

0.23‰ for δ15N, based on the average standard deviation of replicates of peptone run 

every 10th

 

 sample (n = 319). 

Lipid correction and data clean-up 

T-tests were run on the mean values of lipid extracted and bulk tissues for each 

sample for each of the species to test for differences in δ13C and δ15N isotope values 

between the bulk tissue and lipid extracted tissue. Given a significant (p < 0.05) variation 

in δ13C between lipid extracted and bulk samples for each species, C was corrected for 

lipids using the linear relationship between and ∆δ13

,' :
1313

NCmRbCC +−= δδ

C between lipid and bulk tissues and 

the C:N ratio (Post et al. 2007): 

              (2) 

where δ13C’ is the lipid corrected value, δ13C is the value from the bulk tissue, b is the 

intercept, and m is the slope of the regression line and RC:N

Isotope samples were run in triplicates and the mean was calculated. To correct 

for potential isotope variability due to inconsistent tissue selection, one of the three 

subsamples was eliminated if it was more than 1 standard deviation away from the mean. 

Subsequently, the absolute distance between δ

 is the average value of C:N 

ratio for each sample. 

15N values of the remaining two 
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subsamples was calculated; if this distance exceeded 0.6 ‰, the whole sample was 

eliminated. For the following data analysis, we calculated a sample mean value for δ15N 

and lipid normalized δ13

 

C from the remaining two subsamples. 

Baseline correction 

Delta 15N values were analyzed to estimate the trophic levels of the four study 

target fish species. We assumed that δ15N has a constant enrichment of 3.4‰ from diet to 

consumer (Minagawa and Wada 1984; Post 2002). In order to estimate the TL based on 

δ15

( )
,

4.3

1515

ref
refi

i TL
NN

TL +








 −
=

δδ

N data, the following equation was used:   

             (3)
 

where TLi is the trophic level of organism i, δ15Ni is the measured δ15N value for 

organism i, δ15Nref  is the measured δ15N value for the baseline organism, and TLref is the 

TL of 3.5 assigned to eulachon (Thaleichthys pacificus) based on Ecopath models (Aydin 

et al. 2007). In addition to being a prey item for the study species, eulachon was primarily 

chosen as a baseline organism because samples were available from all the sampling 

periods during this study, which allowed for detection of potential temporal shifts in the 

baseline values of δ15

 

N. 
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Data Analysis  

Delta15N and lipid corrected δ13C values were analyzed to determine temporal, 

ontogenetic, and spatial variability in each species’ relative TL (δ15N), and the food web 

origin of the species’ diet (pelagic vs. benthic δ13C). Because ontogenetic shifts in 

feeding often result in changes of trophic role, the Pearson’s product-moment correlation 

coefficient was calculated to measure the strength of the linear association between 

variables δ15N and length, and between δ13C and length for each species. ANCOVAs 

(analysis of co-variance) were run letting the stable isotope signature covary with length, 

while testing for differences in season, year, and depth. If term length was not significant, 

ANOVAs were run to test for differences in season, year, and depth. ANOVA was also 

used to compare δ15N or δ13C values among species and species-size class combinations. 

If the ANOVA yielded significant (p < 0.05) results, differences among factor levels 

were assessed with Tukey’s post-hoc pairwise comparisons. Walleye pollock and Pacific 

halibut data were log-transformed prior to the analysis to meet normality assumptions. 

All other δ15N values and δ13

We used ANCOVA models to detect possible variation in the relationship 

between length and either δ

C were approximately normal. Because of small sample 

sizes for Pacific halibut in 2002 and 2004, those samples were excluded from analysis. 

Results from ANOVA, ANCOVA, and Tukey’s post-hoc pairwise comparisons were 

considered significant with a p-value ≤ 0.05. 

13C or δ15N among seasons, years, and depths by letting either 

δ13C or δ15N covary with length. The effects of seasons, years, and depths were analyzed 
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separately. The full model included main effects for seasons, years, or depths and 

separate slopes for each season, year, or depth:  

,)( ijiijiiij XXAY εβµ +−++=                 (4) 

where μ is the average δ15N or δ13C, Ai is the season effect (i = 1 to 4 seasons) or year 

effect (i = 1 to 5 years) or depth effect (i = 1 to 2 depths strata), Xij
 is the covariate 

(length) measured for observation Yij (δ15N or δ13 XC),  is the average value of the 

covariate for treatment group i, and βj

For walleye pollock there was an observed inflection point in our data between 50 

– 60 cm; Kline (2008) observed a similar steep increase in δ

 is the coefficient (slope) for length in each year or 

season.  

15N values between 50 – 60 

cm. We elected to use a piecewise regression analysis with a breakpoint at 52 cm to 

better represent walleye pollock feeding patterns. We ran piecewise regression ANCOVA 

models to detect possible variation in the relationship between length and either δ13C or 

δ15N among seasons, years, and depths by letting either δ13C or δ15

 Each candidate model was fit to the data to determine the model that best fit the 

data. The full ANCOVA model (Table 1.2 M1; MP1 for walleye pollock) was compared 

to two simpler models: (1) an ANCOVA model with a single fixed slope (β

N covary with length 

for walleye pollock (Table 1.2). 

C) but a 

variable intercept across years, seasons, or depths, and (2) a simple regression model in 

which δ15N varied with length only, with no season, year, or depth effect (Table 1.2). The 

model with the lowest value of the Akaike Information Criterion (AIC, Akaike 1974) was 
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selected as the best fit. If there were multiple models whose AIC values differed by less 

than 2 (∆AIC of ≤ 2), the simplest model was selected. Pairwise comparisons were run on 

each of the individual factor combinations for the best fit model. 

   

Results 

Lipid correction 

For each of the target fish species, differences were found between the average 

lipid extracted (LE) and the average bulk tissue samples (Table 1.3, Figure 1.2). As 

expected, δ13C values for lipid extracted tissues were significantly enriched relative to the 

bulk tissue samples for each of the four species, with values for Δ δ13C ranging between 

0.66‰ and 1.57‰. While the average difference between δ15N LE and the δ15N bulk was 

only approximately 0.1 TLs, the Δ δ15N (LE - Bulk) was statistically significant for 3 of 

the 4 fish species, namely for walleye pollock, Pacific halibut, and arrowtooth flounder 

(Table 1.3); however, while statistically significant, the small difference is probably not 

ecologically meaningful. Other studies have observed a slight increase in δ15N with lipid 

extraction (Murry et al. 2006; Sweeting et al. 2006), which was attributed to removal of 

non-lipid material by the solvent (Sweeting et al. 2006) or removal of nitrogenous wastes 

(ammonia NH3 and ammonium NH4
+ both isotopically light and lipid soluble) resulting 

from cellular respiration (Bearhop et al. 2000). A strong positive relationship between 

∆δ13C and C:N ratio for each fish species was detected (Figure 1.3), while lipid 

normalized δ13C values were not positively correlated with C:N ratio with (Figure 1.4). 
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Baseline correction and trophic level comparison  

 For this study, we selected eulachon as a lower trophic level species for the 

baseline correction of δ15N values. No differences in δ15N values were found between 

seasons, years or season and years combined (Table 1.4). Based on the absence of 

variation among seasons and years, all eulachon samples were pooled to calculate an 

average δ15

 

N of 13.08‰ (Figure 1.5) and this value was used to estimate the trophic level 

ranges for walleye pollock, Pacific cod, arrowtooth flounder, and Pacific halibut.  

Ontogenetic changes in stable isotope ratios 

Visual inspection of δ15N versus total length suggests an increase with ontogeny 

for walleye pollock, Pacific cod, arrowtooth flounder, and Pacific halibut, whereas total 

length had no effect on δ13C, with the exception of walleye pollock (Figure 1.6, Table 

1.5). The strength of the linear association between δ15N and length for each species was 

moderately strong and positive (0.44 ≤ r2 ≤ 0.65; Table 1.6), while there was a very weak 

positive linear relationship between δ13C and length for walleye pollock. The difference 

between predicted minimum and maximum δ13C values for walleye pollock was small (< 

1.5‰), so length effects on δ13C were ignored. For Pacific cod, arrowtooth flounder, and 

Pacific halibut, no relationship was detected between δ13C and length (Table 1.6). Simple 

linear regression for Pacific cod, arrowtooth flounder, and Pacific halibut, and piecewise 
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regression for walleye pollock yielded highly significant positive relationships between 

total length and δ15N for all species (Table 1.7). One-way ANOVAs comparing δ13C 

among size-classes yielded a slightly significant result for walleye pollock (Table 1.8). 

No other differences were detected in δ13

 

C among size classes (Table 1.8).  

Seasonal changes in stable isotope ratios 

The relative trophic level of Pacific cod and walleye pollock significantly 

changed with season. The best-fit model for the two gadids allowed for a varying slope 

and intercept by season (Table 1.9 and 1.10). Both walleye pollock and Pacific cod had 

the steepest slope in δ15N during summer and fall. In addition, smaller Pacific cod and 

walleye pollock specimens had the lowest δ15N values during summer and fall (Figure 

1.7). For arrowtooth flounder and Pacific halibut, there was no evidence for a seasonal 

effect on the relationship between δ15

All species had seasonal differences in δ

N and total length (Table 1.10).  

13C (Table 1.8). Walleye pollock had 

significantly higher δ13C in fall than in summer and winter. Pacific cod had significantly 

higher δ13C in spring than summer. Arrowtooth flounder had a significantly higher δ13C 

in fall than winter. Pacific halibut had significantly higher δ13C in fall than in spring and 

summer and the δ13C was significantly higher in winter than in spring. For walleye 

pollock, arrowtooth flounder, and Pacific halibut, the highest δ13C occurred in the fall 

(Figure 1.8), suggesting a reduced pelagic influence on their diet during this season. 
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Interannual changes in stable isotope ratios 

 The relative trophic level of each species significantly changed with year. The 

best-fit model for pollock allowed for a varying slope and intercept by season (Table 

1.11, Figure 1.9).  The best-fit model for Pacific cod, arrowtooth flounder, and Pacific 

halibut had a constant slope and a different intercept for each year. For these three 

species, δ15N values were lowest in 2003 (Figure 1.9). Specifically, for Pacific cod δ15N 

values in 2003 were significantly lower than in 2000 and 2001, for arrowtooth flounder 

δ15

 All species had differences in δ

N values in 2003 were significantly lower than in 2000 and 2002, and for Pacific 

halibut values in 2003 were significantly lower in 2000 (Table 1.11).  

13C values between years (Table 1.8, Figure 1.10). 

Typically, the average δ13

 

C values for each species and size class were highest in 2001, 

followed by 2002 and lowest in 2003 and 2004 (Figure 1.10).  

Bottom depth variability in stable isotope ratios 

 Of the four target species, only Pacific halibut displayed a difference in δ15N with 

depth (Table 1.12). Values for δ15N were approximately 0.3‰ higher when the bottom 

depth exceeded 100 m for halibut of the same length. While statistically significant, this 

difference represents less than one tenth of a trophic level. An ANOVA on δ13C with 

depth yielded a significant difference for walleye pollock (Table 1.8). When walleye 
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pollock were collected in areas where the bottom depths were ≥100 m, the mean δ13C 

was 0.3‰ less than with bottom depths of < 100 m, suggesting a switch to a more pelagic 

diet source. No differences were found between δ13

 

C and depth for the other fish species 

(Table 1.8). 

Species comparison of stable isotope ratios 

 Significant differences were found between most species and species-size class 

combinations for δ15N & δ13C (Table 1.13). There was no difference in δ13C between size 

classes of the same species. Walleye pollock had the lowest δ13C followed by arrowtooth 

flounder, Pacific halibut, and Pacific cod. No difference was detected between δ13C in 

Pacific cod and Pacific halibut, even when compared among size classes (Figure 1.11). 

Walleye pollock also had the lowest δ15N followed by arrowtooth flounder, Pacific 

halibut, and Pacific cod. While there was no difference in δ15N between arrowtooth 

flounder and Pacific halibut, juvenile arrowtooth flounder and Pacific halibut >50 cm 

differed significantly (p < 0.001) in δ15

 

N. Overall, adult Pacific cod had the highest TL, 

while walleye pollock had the lowest TL and the most pelagic diet and Pacific halibut 

had the most benthic diet (Figure 1.11).  

Discussion 

 Walleye pollock, Pacific cod, arrowtooth flounder, and Pacific halibut all 

increased in trophic level with ontogeny, demonstrating that diet composition of these 
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four groundfish species is a function of body size. This corresponds well with diet studies 

previously conducted on these groundfish in the GOA (Yang & Nelson 2000; Yang et al. 

2006; Knoth and Foy 2008). For example, smaller arrowtooth flounder (20-39 cm) 

consumed significantly more euphausiids, shrimp, and capelin (Mallotus villosus) than 

larger arrowtooth flounder (> 40 cm), which consumed not only more fish, but also a 

wider diversity and size ranges of fish (Knoth and Foy 2008). Yang et al. (2006) found a 

similar increase in piscivory with length for walleye pollock, arrowtooth flounder, Pacific 

cod, and Pacific halibut in the GOA. This increase in piscivory is most likely a function 

of an increase in gape size, swimming speed, and energetic requirements of the predator. 

For fish species, trophic level often increases with ontogeny (Jennings et al. 2002b; 

Polunin and Pinnegar 2000; Sherwood and Rose 2005), though a few, mainly pelagic 

species, show an opposite trend (Jennings et al. 2002a). These findings clearly 

demonstrate that using only a single trophic level for a given species is likely to lead to 

erroneous conclusions.  

Both walleye pollock and Pacific cod exhibited seasonal variations in trophic 

level. Smaller-sized walleye pollock and Pacific cod had higher TL values in winter and 

lower TL values in summer for walleye pollock, and in summer and fall for Pacific cod. 

Seasonal differences in TL values of the larger walleye pollock and Pacific cod were less 

apparent. The seasonal variations we observed in TL of walleye pollock and Pacific cod 

corresponded well with the few seasonal diet studies on gadids in the GOA (Albers and 

Anderson 1985; Adams et al. 2007; Adams et al. 2009). In the northern GOA, walleye 

pollock consumed primarily euphausiids in May and August of 2003, while in November 
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their diet shifted to one more dominated by decapods, mostly pandalid shrimp (Adams et 

al. 2007; Adams et al. 2009). Mature walleye pollock experience a cessation of feeding in 

the winter months while spawning (Maeda et al. 1981). Likewise, all ages of GOA 

walleye pollock were found to be primarily zooplanktivorous during the summer growing 

season (Yang and Nelson 2000). In Pavlof Bay, Kodiak Island, Pacific cod consumed 

primarily pandalid shrimp followed by euphausiids and crabs in May 1981, whereas in 

September 1981 fish (pollock, capelin, and others) dominated the diet followed by 

pandalid shrimp (Albers and Anderson 1985). Both adult walleye pollock (Adams et al. 

2007; Sigler and Csepp 2007) and Pacific cod (Shimada and Kimura 1994) migrate 

offshore to deeper water during the fall and winter, exposing them to higher trophic level 

benthic prey types. Overall, both gadid species appear to consume a higher TL diet in 

fall/winter and a lower TL diet in spring/summer, which is reflected in the δ15

It must be noted, however, that the ability to detect seasonal variation in diet 

based on stable isotopes depends on the turnover rate of the tissue analyzed, which is the 

rate of change in tissue isotopic composition based on tissue replacement due to growth 

and metabolic processes (MacAvoy et al. 2001). Muscle tissue is commonly used in 

marine fishes because of the ease of obtaining these tissues. However, seasonal 

variability can be difficult to detect using muscle, which may only reflect food consumed 

during periods of high growth such as spring and summer (Perga and Gerdeaux 2005). 

Furthermore, smaller fish tend to have faster turnover rates because they typically have 

higher metabolic and growth rates (Jennings et al. 2008). Also, fishes weighing > 16 g 

N 

signatures, at least for the smaller size classes. 
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may integrate any seasonal variation of δ15

In this study, no seasonal difference was detected in the TL of arrowtooth 

flounder and halibut. In contrast, arrowtooth flounder had a significantly higher diet 

proportions of capelin in August and more euphausiids in May of 2004, but no such 

differences were detected in 2002 and 2003 (Knoth and Foy 2008). According to mass-

balance models created for the GOA, forage fish, such as capelin, were assigned a TL of 

3.5, while euphausiids were assigned a value of 2.5 (Aydin et al. 2007), which should be 

reflected in isotopic signatures of arrowtooth flounder feeding on these taxa. 

Unfortunately, we were able to only collect eight arrowtooth flounder in 2004 for 

subsequent SIA and all the samples were from the summer; therefore, seasonal diet shifts 

of arrowtooth flounder could not be examined in 2004. 

N in their prey (Jennings et al. 2008); 

consequently, it is not surprising that seasonal variations of TL were detected only in the 

smaller sized gadids. 

Only the gadids had differences in TL among season, but all target fish species 

displayed seasonal differences in diet sources. Pacifid cod, Pacific halibut, and walleye 

pollock had a significantly more pelagic diet in the summer, possibly benefiting from the 

rich secondary productivity occurring in the GOA during the late spring and early 

summer (Cooney 2007). The predominance and accessibility of available pelagic prey in 

the spring and summer months, seems to be reflected in the δ13C signatures of these four 

groundfish species. Arrowtooth flounder (Yang 1995), Pacific cod (Yang et al. 2006), 

and Pacific halibut (Best and St-Pierre 1986) are considered opportunistic predators, 

feeding on the most abundant prey items. Therefore, their diet is heavily influenced by 
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seasonal shifts in prey availability and abundance.  In the GOA, a peak zooplankton 

bloom occurs annually in May (Coyle and Pinchuk 2003). Euphausiids were found to be 

the predominant dietary item of arrowtooth flounder in the years 2002-2004, especially 

during the spring bloom in May (Knoth and Foy 2008). Pacific cod and walleye pollock 

also consume euphausiids in the summer months (Yang et al. 2006). The δ13

There were notable differences in the TL of the target groundfish by year. 

Arrowtooth flounder, Pacific cod, and Pacific halibut were feeding at the lowest TL in 

2003, regardless of their length. Walleye pollock also displayed interannual variation in 

TL; however, these changes in TL were influenced by total length, and therefore difficult 

to interpret. Additionally, all target species had differences in diet source values between 

years. Typically, the average δ

C values of 

walleye pollock, arrowtooth flounder, and Pacific halibut represented a significantly more 

benthic diet in the fall (November). Like the gadids, arrowtooth flounder (Zimmermann 

1997) and Pacific halibut (Loher and Seitz 2006) seasonally migrate offshore in the 

winter to spawn.  

13C values for each species indicated a more benthic diet in 

2001 and 2002 and a more pelagic diet in 2003 and 2004. Several studies have found 

interannual diet shifts in walleye pollock, Pacific cod, arrowtooth flounder, and Pacific 

halibut (Yang and Nelson 2000; Yang et al. 2006; Knoth and Foy 2008). In 2003 

euphausiids, a lower TL zooplankton, comprised a larger proportion of the diet of the 

four target groundfish of this study then in 2001 (Yang, Alaska Fisheries Science Center, 

NOAA personal communication; Yang et al. 2006). Walleye pollock are more selective 

feeders than the other fish species, consuming mainly euphausiids, calanoid copepods, 
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and shrimp in the GOA (Yang et al. 2006; Aydin et al. 2007). In the northern GOA, 

pollock exhibited selectivity for euphausiids over all other zooplankton in 2003 (Adams 

et al. 2007). On the other hand, arrowtooth flounder, Pacific cod, and Pacific halibut are 

considered to be opportunistic predators, feeding on the most abundant prey items (Yang 

and Livingston 1986; Yang et al. 2006; Knoth and Foy 2008). Therefore, their diet is 

heavily influenced by temporal shifts in prey availability and abundance.  

Annual climate changes affecting the strength and timing of the phytoplankton 

bloom, most likely propagate up through the food web influencing the survival and prey 

selection of higher trophic levels. In 2003, the Alaska coastal current (ACC) was stronger 

and more organized than in 2001 and 2002 (Ecosystem considerations 2009). An increase 

in complex flow may create eddies, which in turn can enhance cross-shelf flow. In the 

winter of 2003, such an eddy formed in the northeastern GOA and propagated along the 

shelf towards Kodiak Island (Ladd et al. 2005). In addition, eddy energy in the years 

2002-2004 was the highest in the altimetry record (1993-2006) (Ladd et al. 2007). Cross-

shelf exchange resulting from these eddies may further be supported by a high occurrence 

of the oceanic species Euphausia pacifica in the diets of walleye pollock during August 

2003 (Adams et al. 2007). Furthermore, zooplankton abundance off the eastern side of 

Kodiak, was higher in May of 2003 than in 2002 and 2004, when significantly higher 

temperatures and a lower salinity where observed (Wang 2007). This increase in 

zooplankton abundance and cross-shelf exchange in 2003 may be reflected in both a 

more pelagic diet source and a lower trophic level diet in the four target groundfish 

examined in this study. 
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 In this study, walleye pollock fed on the lowest TL, followed by arrowtooth 

flounder, Pacific halibut, and Pacific cod. While there was no difference in δ15N between 

arrowtooth flounder and Pacific halibut, juvenile arrowtooth flounder and Pacific halibut 

>50 cm differed significantly in δ15

The four target groundfish also differed in the diet source; specifically, walleye 

pollock had the most pelagic diet, followed by arrowtooth flounder, Pacific halibut, and 

Pacific cod. No difference was found between Pacific cod and Pacific halibut. Gut 

content analysis of arrowtooth flounder revealed mostly pelagic prey items, suggesting 

that arrowtooth flounder are mainly feeding in the water column and not on the bottom 

(Knoth and Foy 2008). Food-web modeling in the GOA assigns walleye pollock and 

arrowtooth flounder more pelagic food sources, while Pacific cod and Pacific halibut 

follow a more benthic pathway (Aydin et al. 2007). These assumptions correspond well 

with the results of the current study. 

N. An ecopath model for the GOA in the mid 1990s 

estimated Pacific halibut with the highest TL, followed by arrowtooth flounder, Pacific 

cod, and walleye pollock (Aydin et al. 2007). Pacific halibut are the largest fish in this 

study, reaching a maximum length of > 270 cm (IPHC 1998). For this study, however, 

we only had a limited length range of Pacific halibut available, which may have led to an 

underestimation of TL for this species.  

 Stable isotope analysis provides a useful tool for assessing the trophic status of 

marine fish species. However, SIA does not immediately reflect the current diet of the 

fish. A benefit of SIA is that it integrates the stable isotope signatures of the assimilated 

prey items over time, regardless of their rate of digestion or ease of identification. 
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Isotopic turnover in fish muscle can take anywhere from months (Miller 2000) to a 

couple years (Hesslein et al. 1993), depending on growth and metabolic rates of the 

predator. In the current study, we used whole-body ground fish (assumed to be primarily 

muscle tissue), which due to its longer turnover time may have limits in resolving 

seasonal patterns in stable isotopes (Jennings et al. 2008). While some other studies have 

suggested that liver tissue may represent a more recent diet because of a shorter turnover 

time (Miller 2000; Perga and Gerdeaux 2005), these results were not supported by 

Hesslein et al. (1993) who found no significant difference in δ15

 This study provides high resolution baseline information on the trophic status of 

the four most abundant and economically important groundfish species in the eastern 

North Pacific Ocean, namely walleye pollock, Pacific cod, arrowtooth flounder, and 

Pacific halibut. The resultant SIA TL information is not only important as a means to 

verify TLs used for ecosystem modeling, but may also be applied to assess the trophic 

level of commercial groundfish catch. SIA provides more resolution to the trophic status 

of fish because it takes into account all assimilated prey, even those that are quickly 

digested or difficult to identify. It also provides a more complete view of the diet of target 

taxa and not only a snapshot. This study revealed that length-based ontogenetic diet shifts 

N between liver and 

muscle tissue. We found that whole-body ground fish was adequate to assess seasonal 

variation, especially for the two gadid species, walleye pollock and Pacific cod. In the 

future, using specific tissues, such as liver, with different turnover times may allow a 

higher resolution in detecting potential seasonal differences that were not apparent in our 

study. 
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and temporal variation in diet are important to account for when using trophic level as an 

ecosystem indicator of sustainability. Therefore, continued monitoring using stable 

isotope signatures of these four important groundfish and of other species used in 

conjunction with mass-balance modeling could aid in more accurately detecting long-

term trends in the trophic status of the marine ecosystem of the Gulf of Alaska.  
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Table 1.1. Sample size of walleye pollock, Pacific cod, arrowtooth flounder, and Pacific halibut collected around Kodiak 

Island during winter (March), spring (May), summer (August), and fall (November) from 2000-2004. A dash indicates that no 

samples were available/collected. 

Year 2000  2001  2002  2003  2004 

Season 1 * 2 3 4  1 2 3 4  1 2 3 4  1 2 3 4  1 2 3 4 

Walleye pollock 18 16 - 11  - 20 21 15  - 7 16 14  20 20 20 -  - 15 20 - 

Pacific cod 12 11 - 15  - 13 - 15  2 7 8 10  18 20 9 -  - 2 4 - 

Arrowtooth flounder 8 5 - 13  - - - 7  - 10 9 -  13 18 12 -  - - 8 - 

Pacific halibut 9 10 - 6  - 5 - 3  2 1 - -  12 9 8 -  - 3 - - 

* 1 = winter, 2 = spring, 3 = summer, 4 = fall 

52 
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Table 1.2. Full and reduced ANCOVA models analyzed by AIC for Pacific cod, 

arrowtooth flounder, and Pacific halibut. Full and reduced piecewise regression 

ANCOVA models analyzed by AIC for walleye pollock. Total length (X) covaries with 

δ15N (Y) for Pacific cod and arrowtooth flounder and ln(δ15

Code 

N) for walleye pollock and 

Pacific halibut. 

Models Notes 

M1 
ijiijiiij XXAY εβµ +−++= )(    iA = treatment effect (1 to 

i treatments) 
iβ = different slope each 

treatment (i) 
M2 

ijiijCiij XXAY εβµ +−++= )(    Cβ = same slope for each 
treatment 

M3 
ijijTij XXY εβµ +−+= )(    Linear regression – no 

treatment effect 

MP1 
ijiijiiij XXAYY εβµ +−++=< )(;52 1

ijiijiiijiiij XXXXAYY εββµ +−−+−++=≥ )52()(;52 21    
i1β = different slope each 

treatment (i) 
i2β = different slope each 

treatment (i) 
MP2 

ijiijiiij XXAYY εβµ +−++=< )(;52 1

ijiijCiijiiij XXXXAYY εββµ +−−+−++=≥ )52()(;52 21

 

C2β = same slope for each 
treatment  

MP3 
ijiijCiij XXAYY εβµ +−++=< )(;52 1

ijiijiiijCiij XXXXAYY εββµ +−−+−++=≥ )52()(;52 21

 

C1β = same slope for each 
treatment  

MP4 
ijiijCiij XXAYY εβµ +−++=< )(;52 1    

ijiijCiijCiij XXXXAYY εββµ +−−+−++=≥ )52()(;52 21

 

 

MP5 
ijiijCij XXYY εβµ +−+=< )(;52 1  

ijiijCiijCij XXXXYY εββµ +−−+−+=≥ )52()(;52 21  

Piecewise regression – no 
treatment effect 
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Table 1.3. Difference in δ13C and δ15

Fish Species 

N between bulk and lipid extracted samples from 

walleye pollock, Pacific cod, arrowtooth flounder, and Pacific halibut subsamples. 

Δ δ13

(LE - Bulk)  
C (‰) Δ δ15

(LE - Bulk) 
N (‰) 

 
Walleye Pollock 1.22* 0.364* 

Pacific Cod 
 

0.66* -0.076 

Arrowtooth flounder 1.57* 0.275* 

Pacific Halibut 0.88* 0.234* 

* p < 0.001 
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Table 1.4. Results of ANOVAs comparing δ15

Source of Variation 

N among seasons (1 = winter, 2 = spring, 3 

= summer, 4 = fall), years (2000-2004), and season-year combinations for eulachon. 

δ15

 
N 

 DF MS F p 
Eulachon      
Season  3 0.94 2.63 0.065 
Residuals  37 0.36   
      
Year  4 0.19 0.451 0.77 
Residuals  36 0.42   
      
Year-season 14 0.53 1.61 0.14 
Residuals  26 0.33   

 



 

 

 
Table 1.5. Delta15N, δ13C, and total length data (sample size (N), mean, standard deviation (SD), minimum (Min), and 

maxiumum (Max)) for walleye pollock, Pacific cod, arrowtooth flounder (ATF), and Pacific halibut above and below length of 

50% maturity (L50

 

) and for eulachon. 

  δ15  N (‰) δ13  C (‰) Total Length (cm) 
Species Size Class N Mean SD Min Max  Mean SD Min Max  Mean SD Min Max 
Pollock < L 148 50 13.05 0.81 11.18 16.15  -17.95 0.76 -20.10 -16.15  31.6 11.7 7.1 50.0 
 > L 81 50 14.08 1.21 11.47 18.16  -17.62 0.77 -19.61 -15.55  60.2 6.1 50.5 78.0 
Cod < L 68 50 15.00 0.78 12.86 16.57  -16.22 0.74 -17.55 -14.55  35.9 9.4 10.4 50.0 
 > L 78 50 15.88 0.66 14.31 17.31  -16.24 0.54 -17.30 -14.56  63.4 8.6 50.4 87.0 
ATF < L 47 50 14.10 0.74 12.40 15.68  -16.98 0.70 -18.29 -15.27  29.9 5.4 17.1 38.0 
 > L 54 50 14.64 0.79 13.08 16.37  -17.01 0.65 -17.92 -15.24  57.6 10.1 41.0 82.0 
Halibut < 50 cm* 25 14.34 0.44 13.60 15.16  -15.86 0.64 -16.95 -14.40  42.6 3.6 35.0 49.0 
 > 50 cm* 44 14.70 0.92 12.76 17.10  -16.05 0.72 -17.73 -14.66  71.2 15.9 50.0 124.0 
Eulachon  41 13.08 0.63 11.62 14.82  -20.52 1.00 -22.93 -17.32  17.6 1.9 12.3 20.4 
*L50
 

 was not used for halibut  
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Table 1.6. Test statistics for Pearson’s product-moment correlation coefficients (r) between total length (cm) and δ15N and 

total length and δ13

 

C for walleye pollock, Pacific cod, arrowtooth flounder, and Pacific halibut. The asterisk (*) indicates 

statistically significant differences (p < 0.001). 

      δ15  N (‰)          δ13

Species 
C (‰) 

df t p r  t p r 
Walleye pollock         

Length 226 10.51 < 0.001 0.57*  2.9 0.004 0.19 
         
Pacific cod         

Length 144 10.25 < 0.001 0.65*  0.32 0.749 0.03 
         
Arrowtooth flounder         

Length 98 4.85 < 0.001 0.44*  -1.01 0.316 -0.1 
         
Pacific halibut         

Length 57 4.08 < 0.001 0.48*  0.8 0.427 0.11 

57 
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Table 1.7. Parameters and test statistics for linear relationships between total length (cm) 

and δ15N (‰) or ln(δ15N). Walleye pollock data were fit to a piecewise regression model 

with a breakpoint at 52 cm with coefficients (a, b, and b2), while Pacific cod, arrowtooth 

flounder, and Pacific halibut were fit to regression models with coefficients (a, and b). 

The form of the linear relationship is δ15N = a + b(length) for Pacific cod and arrowtooth 

flounder and ln(δ15

 

N) = a + b(length) for walleye pollock and Pacific halibut. 

 Length versus δ15N or ln(δ15

Species 

N) 

a b b r2 F 2 p 

Walleye pollock  2.50 0.00194 0.00305 0.3321 112.4 < 0.001 

Pacific cod  13.79 0.0332  0.4217 105 < 0.001 

Arrowtooth flounder  13.44 0.0216  0.1938 23.56 < 0.001 

Pacific halibut  2.6 0.00143  0.2258 16.63 < 0.001 
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Table 1.8. Results of ANOVA and Tukey’s pairwise comparisons between δ13

Source of Variation 

C among 

size classes, seasons (1 = winter, 2 = spring, 3 = summer, 4 = fall), years (2000-2004) and 

depths (1 < 100m & 2 ≥ 100m) of walleye pollock, Pacific cod, arrowtooth flounder, and 

Pacific halibut. 

δ13

 
C 

 df MS F p Tukey's post hoc 
                                     Walleye pollock 

Size Class  1 3.38 5.71 0.018* 1 < 2 
Residuals  226 0.59    
Seasons  3 1.88 3.19 0.024* 4 > 3, 1 
Residuals  224 0.59    
Years  4 5.42 10.45 <0.001*** 01 > 00, 02, 03, 04 
Residuals  223 0.52    
Depth  1 3.14 5.30 0.022* 2 < 1 
Residuals  223 0.59    

 Pacific cod 
Size Class  1 0.01 0.02 0.890  
Residuals  144 0.41    
Seasons  3 1.30 3.34 0.021* 3 < 2 
Residuals  142 0.39    
Years  4 5.56 21.12 <0.001*** 01 > 00, 02, 03, 04  
Residuals  141 0.26   & 03 < 00, 02 
Depth  1 0.67 1.65 0.201  
Residuals  144 0.41    

                                        Arrowtooth flounder 
Size Class  1 0.04 0.09 0.769  
Residuals  98 0.45    
Seasons  3 1.55 3.77 0.013* 1 < 4 
Residuals  96 0.41    
Years  4 2.89 8.44 <0.001*** 01 > 00, 03, 04 
Residuals  95 0.34   & 02 > 00, 03 
Depth  1 0.04 0.08 0.773  
Residuals  98 0.45    

 Pacific halibut 
Size Class  1 0.37 0.80 0.376  
Residuals  57 0.47    
Seasons  3 2.30 6.28 <0.001*** 2 < 1, 4 
Residuals  55 0.37   & 3 < 4 
Years  2 2.87 7.56 0.001** 01 > 00, 03 
Residuals  56 0.38    
Depth  1 0.24 0.50 0.481  
Residuals  57 0.47    

* p < 0.05, ** p < 0.01, *** p < 0.001 
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Table 1.9. Results of ANCOVA model fitting using AIC. Pacific cod and arrowtooth 

flounder δ15N (‰) covaried with total length (cm) for each treatment (season, year or 

depth) and walleye pollock and Pacific halibut ln(δ15

Species 

N) covaried with length for each 

treatment. An asterisk (*) indicates the best-fit model. 

Treatment Model df AIC 
Walleye pollock Season MP1 13 -612.4 
  MP2* 10 -616.0 
  MP3 10 -608.5 
  MP4 7 -610.9 
  MP5 4 -609.2 
 Year MP1 16 -617.1 
  MP2* 12 -616.0 
  MP3 12 -610.9 
  MP4 8 -604.5 
  MP5 4 -609.2 
 Depth MP1 7 -610.8 
  MP2 6 -612.6 
  MP3 6 -612.7 
  MP4* 5 -614.5 
  MP5 4 -609.2 
     
Pacific cod Season M1* 9 273.6 
  M2 6 281.7 
  M3 3 288.8 
 Year M1 11 280.8 
  M2* 7 277.6 
  M3 3 288.8 
 Depth M1 5 292.0 
  M2 4 290.2 
  M3* 3 288.8 
     
Arrowtooth flounder Season M1 9 221.3 
  M2 6 219.4 
  M3* 3 219.4 
 Year M1 11 212.8 
  M2* 7 207.6 
  M3 3 219.4 
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Table 1.9. Continued. 
 
 Depth M1 5 223.2 
  M2 4 221.3 
  M3* 3 219.4 
     
 
Pacific halibut Season M1 9 -190.1 
  M2 6 -195.4 
  M3* 3 -196.6 
 Year M1 7 -198.0 
  M2* 5 -201.4 
  M3 3 -196.6 
 Depth M1 5 -197.4 
  M2* 4 -199.0 
  M3 3 -196.6 



 

 

Table 1.10. Coefficients and significance for the best fit ANCOVA models by season. Walleye pollock data was fit to 

piecewise regression models with a breakpoint at 52 cm and with coefficients (a, b, and b2), while Pacific cod, arrowtooth 

flounder, and Pacific halibut were fit to regression models with coefficients (a, and b). Pacific cod and arrowtooth flounder 

δ15N (‰) covaried with total length (cm), and walleye pollock and Pacific halibut ln(δ15

Species 

N) covaried with length for each 

season. 

Best fit model Season a b b r2 F 2  p 
Walleye pollock MP2 1 2.56 0.00091 0.00283 0.40 18.46 < 0.001 
  2 2.52 0.00171     
  3 2.44 0.00318     
  4 2.50 0.00190     
         

Pacific cod M1 1 14.95 0.0122 
 
 0.52 21.36 < 0.001 

  2 14.07 0.0308     
  3 13.03 0.0414     
  4 13.00 0.0457     
         
Arrowtooth flounder M3 no season effect      
         
Pacific halibut M3 no season effect      

62 
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Table 1.11. Coefficients and significance for the best fit ANCOVA models by year. 

Walleye pollock data was fit to piecewise regression models with a breakpoint at 52 cm 

and with coefficients (a, b, and b2), while Pacific cod, arrowtooth flounder, and Pacific 

halibut were fit to regression models with coefficients (a, and b). Pacific cod and 

arrowtooth flounder δ15N (‰) covaried with total length (cm), and walleye pollock and 

Pacific halibut ln(δ15N) covaried with length for each year. Pairs of superscripted letters 

denote a significant difference in δ15N or ln(δ15

Species 

N) between years. 

Best fit model Year a b b r2 F  2 p 
Walleye pollock MP2 2000 2.54 0.00115 0.00299 0.41 15.28 < 0.001 
  2001 2.48 0.00239     
  2002 2.56 0.00037     
  2003 2.50 0.00224     
  2004 2.42 0.00381     
         
Pacific cod M2 2000 13.96 0.034 A   0.61 27.23 < 0.001 
  2001 13.95  B     
  2002 13.62      
  2003 13.48  A, B     
  2004 14.06      
         

Arrowtooth flounder M2 2000 13.41 0.0288 C 
 
 0.34 9.62 < 0.001 

  2001 13.54      
  2002 13.32  D     
  2003 12.75  C, D     
  2004 13.39      
         
Pacific halibut M2 2000 2.61 0.00148 E  0.33 9.14 < 0.001 
  2001 2.62      
  2003 2.58  E     
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Table 1.12. Coefficients and significance for the best fit ANCOVA models by bottom 

depth. Walleye pollock data was fit to piecewise regression models with a breakpoint at 

52 cm and with coefficients (a, b, and b2), while Pacific cod, arrowtooth flounder, and 

Pacific halibut were fit to regression models with coefficients (a, and b). Pacific cod and 

arrowtooth flounder δ15N (‰) covaried with total length (cm), and walleye pollock and 

Pacific halibut ln(δ15

Species 

N) covaried with length for each depth. 

Best fit 
model Depth a b b r2 F 2 p 

Walleye pollock MP4 < 100 m 2.521 0.00196 0.00324 0.37 44.19 < 0.001 
  ≥ 100 m  2.495      
Pacific cod M3 no depth effect      
         
Arrowtooth 
flounder M3 no depth effect      
         
Pacific halibut M2 < 100 m 2.612 0.00101  0.28 10.91 < 0.001 
  ≥ 100 m 2.639      
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Table 1.13. Results of ANOVA and pairwise comparisons of δ15N and δ13

Source of Variation 

C between 

species and between species and size classes combined. Walleye pollock = P (size class 1 

& 2), Pacific cod = C (size class 1 & 2), arrowtooth flounder = A (size class 1 & 2), and 

Pacific halibut = H (size class 1 & 2). 

     
  DF MS F p Tukey's post hoc 
All species      
δ15  N 3 129.11 146.57 < 0.001*** C > A = H > P 
Residuals  532 0.88    
       
δ13  C 3 102.387 201.84 < 0.001*** H = C > A > P 
Residuals  532 0.507    
       
All species & size classes      
δ15  N 7 70.37 102.24  < 0.001*** 
Residuals  528 0.69    
       
δ13  C 7 44.377 87.961  < 0.001*** 
Residuals  528 0.505    
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Figure 1.1. Trawl locations in the waters surrounding Kodiak Island, Alaska, for catches 

of Pacific cod, walleye pollock, arrowtooth flounder, and Pacific halibut in March, May, 

August and November during the years 2000-2004. Bathymetric lines are in meters. 
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Figure 1.2. Comparison of δ15N and δ13

 

C values between all pairs of lipid extracted (LE) 

and bulk tissue samples for arrowtooth flounder, Pacific cod, Pacific halibut, and walleye 

pollock. 
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Figure 1.3. Linear relationships between the difference in δ13C values between pairs of 

lipid extracted (LE) samples and bulk tissue (NLE) samples versus the average C:N for 

walleye pollock, Pacific cod, arrowtooth flounder, and Pacific halibut. Linear regression 

equations and R2

 

 values are reported on each figure. 
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Figure 1.4. Plots of δ13C (●) and the lipid normalized δ13C (○) against C:N for (A) 

walleye pollock, (B) arrowtooth flounder, (C) Pacific cod, and (D) Pacific halibut. The 

solid lines are the fitted linear regressions. 
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Figure 1.5. Mean δ15N  ± 1 SD of eulachon for each sampling year-season combination. 

The horizontal line represents the overall sample mean. 
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Figure 1.6. Plots of δ15N and δ13C versus total length for walleye pollock, Pacific cod, 

arrowtooth flounder, and Pacific halibut, aggregated across all seasons, years, and depths. 

Regression lines are fitted to δ15N versus total length. Linear regression equations and R2 

values are reported on each figure. 
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Figure 1.7. Delta 15N or ln(δ15N) versus total length (cm) and predicted relationships 

between length and δ15N by season for Pacific cod and between length and ln(δ15N) by 

season for walleye pollock. 
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Figure 1.8. The average δ13C by season for walleye pollock, Pacific cod, arrowtooth 

flounder, and Pacific halibut. Paired letters are the results of pairwise comparisons that 

yielded significant differences (p < 0.05) in δ13C among seasons (e.g., the a’s represent a 

significant difference in δ13

 

C between fall and summer for walleye pollock). 
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Figure 1.9. Plots of δ15N or ln(δ15N) versus total length (cm) and predicted relationships 

(based on parameters of the best fit ANCOVA models in Table 1.11) between length and 

δ15N by year for Pacific cod and arrowtooth flounder and between length and ln(δ15N) by 

year for walleye pollock and Pacific halibut. 
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Figure 1.10. The average δ13C by year for walleye pollock, Pacific cod, arrowtooth 

flounder, and Pacific halibut. Paired letters are the results of pairwise comparisons that 

yielded significant differences (p < 0.05) in δ13C among years (e.g. the a’s represent a 

significant difference in δ13

 

C between 2002 and 2001 for walleye pollock). 
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Figure 1.11. Average TL and δ13C values for two size-classes of walleye pollock (P1 & 

P2), Pacific cod (C1 & C2), arrowtooth flounder (A1 & A2), Pacific halibut (H1 & H2), 

and eulachon (E). Eulachon δ13

 

C values have been mathematically lipid correction using 

methods described in McConnaughey & McRoy (1979). Error bars represent ± 1 SD. 
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Chapter 2: Ontogenetic considerations in trophic level of commercial groundfish 

species in the Gulf of Alaska 

Abstract 

Trends in the mean trophic level estimates of commercial fishery catches are used 

as ecosystem-based indicators of sustainability. However, these estimates often do not 

account for annual and ontogenetic variations in trophic level resulting from temporal 

variability in prey abundance and availability and increases in gape size, capture 

efficiency, and energy requirements. Moreover, fishery removals can impact the 

community trophic structure by selectively removing the largest individuals leading to a 

reduction in mean body-size. This study is based on stable isotope data obtained from the 

four most abundant and commercially sought groundfish species in the Gulf of Alaska. 

Walleye pollock (Theragra chalcogramma), Pacific cod (Gadus macrocephalus), 

arrowtooth flounder (Atheresthes stomias), and Pacific halibut (Hippoglossus stenolepis) 

were collected from the waters surrounding Kodiak Island, Alaska, within National 

Marine Fisheries Service (NMFS) reporting area 630 during 2000 - 2004. Several 

ANCOVA models were tested to detect possible variations in the relationships between 

length and trophic level (TL) among years. The best-fit models were subsequently used to 

estimate trends in mean TL and TL ranges of commercial catch using length-frequency 

data from onboard fishery observers for each of the target species. For time series 

extending beyond the study period, linear regression models were used to estimate the 

mean TL of population biomass based on length-frequency data and biomass estimates 
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from triennial and biennial trawl surveys conducted by the NMFS in federal reporting 

area 630 and historical catch data during 1990-2009. Overall, the TL of catch appeared to 

remain stable over the time frame of the study, with the exception of the estimated TL for 

walleye pollock, which became increasingly variable after 1999. Similar trends in TL 

were observed for the population biomass of walleye pollock. It is suggested that 

maintained fishing pressure, increases in predator abundance, and low and variable 

recruitment compared to pre-1980 have created slight instability in the walleye pollock 

population, which may be reflected in the increased TL variability and decline. 

Additionally, there was an observed decrease of higher TL halibut over time. While the 

decline had no impact on the estimated TL over 1990-2009, a continued decline may 

eventually affect mean TL. Overall, length seems to be the most important driver in 

estimating a species’ TL. Therefore, including length of catch to TL estimates could lead 

to an earlier detection of TL declines. 

 

Introduction 

A recent global shift from single-species to an ecosystem-based fishery 

management (EBFM) focus considers available data on all ecosystem components and 

their various linkages to better preserve the structure and function of marine ecosystems. 

A common objective in EBFM strategies is to increase our understanding of relative 

trophic levels (positions of organisms within the food web) and the trophic interactions 

between commercially important marine fish species and their predators and prey (NMFS 

1999; Gislason et al. 2000; Livingston et al. 2005). Primary producers, such as macro-
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algae and phytoplankton, are assigned a trophic level (TL) of 1 and consumers are 

assigned increasing levels up to a TL of 5 for apex predators. In recent years, trends in 

the mean TL estimates of commercial fishery catches have been successfully used as 

ecosystem-based indicators for sustainability (Gislason et al. 2000; Livingston et al. 

2005).  

Globally, the mean TLs of species targeted by commercial fisheries have been 

declining (Pauly et al. 1998). The underlying causes for these declines, however, could be 

due to at least two mechanisms, both of which may potentially result in an unsustainable 

fishery. “Fishing down” the food web results from depletion of high TL predators 

initially, then sequential depletion of successively lower TL fisheries (Pauly et al. 1998). 

“Fishing through” the food web results from the addition of lower TL fisheries while 

maintaining the higher TL fisheries (Essington et al. 2006). “Fishing through” the food 

web directly impacts top predators through fishery removals and indirectly through 

removals of prey, both combined could result in an unsustainable fishery if improperly 

managed. Using mass-balance models and Food and Agriculture Organization (FAO) 

data, Pauly et al. (1998) observed a worldwide average decrease of 0.1-0.3 TL per decade 

in commercial catches over 1950-1994. The process of “fishing down” the food web has 

mostly been observed in the North Atlantic Ocean (Pauly et al. 1998, 2001). In the North 

Pacific Ocean (western and eastern regions combined), the mean TL of commercial 

landings has also declined since the 1970s (Pauly et al. 1998); however, in the eastern 

North Pacific Ocean (Gulf of Alaska (GOA), Bering Sea, and Aleutian Islands), the mean 

TL has remained stable over a similar time period (Livingston 2005). Results from these 
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studies, however, did not incorporate sized-based diet shifts or changes in interannual 

feeding dynamics, which may substantially alter estimates of mean TL of commercial 

harvest in the GOA.  

Fishery removals can impact the community trophic structure by selectively 

removing the largest individuals, leading to a reduction in mean body size (Rice and 

Gislason 1996; Hall 1999; Jennings et al. 2002a), as well as, reducing the diversity 

(Greenstreet and Hall 1996). For example, on average, individual fish weight in the 

heavily exploited demersal fish community on the eastern and western Scotian Shelf 

declined by 51% and 41%, respectively, since the 1970s (Zwanenburg 2000). This 

reduction in mean body size could potentially lead to a decline in TL because smaller 

predators consume smaller prey. For most fish species, TL often increases with ontogeny 

(Polunin and Pinnegar 2000;  Scharf et al. 2000; Jennings et al. 2002b; Sherwood and 

Rose 2005), though a few, mainly pelagic species, show an opposite trend (Jennings et al. 

2002a). Changes in TL with ontogeny can be attributed to an increase in gape size, burst 

swimming speed, capture efficiency, energetic requirements, and visual acuity. These 

findings clearly demonstrate that using only a single TL for a given species is likely to 

lead to erroneous conclusions.  

In the late 1970s, the Gulf of Alaska (GOA) experienced an abrupt shift in species 

composition. Communities dominated by lower TL pelagic forage fish and benthic 

invertebrates (shrimp) shifted to communities dominated by higher TL piscivorous 

gadoid and flatfish species (Anderson and Piatt 1999). Changes in community 

composition were associated with a shift to a warmer climate in the late 1970s, which 
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favored groundfish recruitment (Anderson and Piatt 1999). In the GOA, arrowtooth 

flounder (Atheresthes stomias: hereafter ATF), walleye pollock (Theragra 

chalcogramma), Pacific cod (Gadus macrocephalus), and Pacific halibut (Hippoglossus 

stenolepis) have dominated the demersal fish biomass since the early 1980s (Mueter and 

Norcross 2002). An increase in upper TL predatory groundfish, as well as the decline in 

lower TL invertebrates and forage fish, led to an increase in TL of the catch since the 

1970s through the early 1990s (Urban and Vining 2008). The four main groundfish in the 

GOA (walleye pollock, Pacific cod, arrowtooth flounder, and Pacific halibut) are highly 

integrated within the food web and a loss or degradation of one of these species could 

potentially result in an ecosystem restructuring (Gaichas and Francis 2008). Other climate 

shifts that have occurred since 1978 in the North Pacific Ocean have led to less drastic 

changes in the fish community composition. In 1998/1999, a climate shift towards colder 

temperatures coincided with declining biomass in Pacific cod stocks, but was not 

followed by a large community reorganization (Litzow 2006).  Sometimes, climate shifts 

can contribute to trophic restructuring. 

Mean TL of catch is mostly evaluated using mass-balance models, such as 

Ecopath. These models typically assign a single TL to each species or species group; at 

most, these models assign a separate TL for adults and juveniles of the same species, 

respectively. Mass-balance modeling combines diet data obtained from gut content 

analysis (GCA), production, and biomass estimates to evaluate TLs (Pauly et al. 2000). 

GCA provides good resolution for trophic linkages between identifiable organisms, but is 

only a snapshot of an organism’s diet, is time consuming, and often overlooks gelatinous 
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and detrital matter (Polunin and Pinnegar 2000). An alternative method to estimate TL of 

an organism is stable isotope analysis (SIA). SIA is based on the principal that a 

relatively consistent enrichment of δ15

 In addition to dominating the demersal biomass, walleye pollock, Pacific cod, and 

arrowtooth flounder comprise about 75% of the total groundfish catch in the GOA 

(NPFMC 2009).  In recent years, the commercial groundfish harvest in the GOA was 

dominated by only a few species, including walleye pollock, Pacific halibut, Pacific cod, 

flatfishes (Pleuronectidae), rockfishes (Sebastes spp.), and sablefish (Anoplopoma 

fimbria). Walleye pollock is the top commercial species landed in the U.S. with a total 

estimate of 3.4 billion pounds in 2004 (personal communication from the National 

Marine Fisheries Service, Fisheries Statistics Division, Silver Spring, Maryland). During 

2005 in the GOA, walleye pollock, Pacific cod, Pacific halibut, and arrowtooth flounder 

dominated the commercial catch with landings nearing 80,086 metric tons (mt), 35,205 

mt, 20,906 mt, and 19,770 mt, respectively (NPFMC 2009). Kodiak Island is the largest 

commercial port in the GOA and the second largest in Alaska with total landings 

N occurs between prey and consumer (Minagawa 

and Wada 1984; Post 2002) Moreover, SIA incorporates only the food items assimilated 

by consumers, thus accurately representing a transfer of energy between trophic levels. 

SIA also integrates prey selection over a longer time scale and may therefore more 

accurately provide information about the trophic position of a consumer than GCA 

(Polunin and Pinnegar 2000). In addition, SIA allows for an easier assessment of the 

relationships between TL and body size for a given species. 
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weighing in at 141,975 mt worth US$91,000,000 for all species combined in 2004 

(Pimental and Buchanan 2005).   

The overall goal of this study is to provide high resolution baseline information 

on the trophic status of the four most abundant and commercially sought groundfish 

species (walleye pollock, Pacific cod, ATF, and Pacific halibut) collected in the waters 

surrounding Kodiak Island (NMFS reporting area 630). To accomplish this goal, the 

specific objectives for this project are to: (1) estimate the mean annual TL and TL range 

of the commercial catch in area 630 for walleye pollock, Pacific cod, ATF, and Pacific 

halibut; (2) estimate the mean annual TL and TL range of population biomass estimates 

in NMFS statistical area 630 for walleye pollock, Pacific cod, ATF, and Pacific halibut; 

and (3) compare TL estimates based on SIA with published Ecopath-derived TL 

estimates. 

 

Methods 

Data collection and processing 

 Fish samples were obtained during field collections of the Gulf Apex Predator-

prey project (GAP; http://www.sfos.uaf.edu/gap/) at the University of Alaska Fairbanks 

(UAF). Fish were collected from midwater and bottom trawls in the waters surrounding 

Kodiak Island in the central GOA from 2000-2004 in NMFS reporting area 630 (Figure 

2.1). All samples were identified to species, measured (weight to the nearest 0.1 g and 

length to the nearest 1.0 mm), stomachs excised and removed from larger fish, ground up 
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using a meat grinder, frozen at -30º C, and freeze-dried (see Chapter 1). A total of 229 

walleye pollock, 146 Pacific cod, 100 arrowtooth flounder, and 65 Pacific halibut 

samples were collected and subsequently analyzed for stable isotopes (Table 2.1).  

 

Sample processing 

Between 0.2-0.5 mg of each powdered whole-fish sample was weighed on a 

Sartorius CP2P microbalance and enclosed in 3.5 mm x 3.5 mm tin capsules for SIA. 

Stable nitrogen and carbon isotopes were analyzed at the Alaska Stable Isotope Facility, 

UAF, using a Costech ECS4010 elemental analyzer interfaced through a CONFLO III to 

a Finnigan Deltaplus

Results are presented in delta (δ) notation per mil (‰) and calculated using: 

XP isotope ratio mass spectrometer (IRMS).  

,000,1115 ×
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where R is the ratio of heavy to light isotope (15N:14N) for Nitrogen. The standard 

material for N was atmospheric air. The IRMS precision value was 0.23‰ for δ15N, 

based on the average standard deviation of replicates of peptone run every 10th

Delta 

 sample. 

15N values were analyzed to estimate the TLs of commercially and 

ecologically important demersal fish species. We assumed that δ15N has a constant 

enrichment of 3.4‰ from diet to consumer (Minagawa and Wada 1984; Post 2002). To 

estimate the TL based on δ15

 

N data, the following equation was used:  
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where TLi is the trophic level of organism i, δ15Ni is the measured δ15N value for 

organism i, and δ15Nref  is the measured δ15N value for the baseline organism eulachon 

(Thaleichthys pacificus),

 

which was assigned a TL of 3.5 based on GOA Ecopath models 

(Aydin et al. 2007).  Eulachon was chosen as the baseline organism because samples 

were available during each sampling periods and eulachon are demersally associated 

during the ocean phase of their lives (Hay and McCarter 2000), thus occupying a similar 

habitat as the groundfish. 

Model selection 

Several analysis of covariance (ANCOVA) models were tested to detect possible 

variation in the relationship between length and TL among year. The full model for 

Pacific cod, arrowtooth flounder, and Pacific halibut included main effects for years and 

separate slopes for each year:  

,)( ijiijiiij XXAY εβµ +−++=                 (3) 

where μ is the average TL,  Ai is the year effect (i = 1 to 5 years),  Xij
 is the covariate 

(length) measured for observation Yij X (TL),  is the average value of the covariate for 

treatment group i, and βi

For walleye pollock, we observed an inflection point in our TL-length data at a 

total length of 50 – 60 cm; a similar pattern with an inflection point between 50 – 60 cm 

was previously observed for walleye pollock in Prince William Sound, Alaska (Kline 

2008). We elected to use a piecewise regression analysis with a breakpoint at 52 cm to 

 is the slope term for length (covariate) in each year.  
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better represent walleye pollock feeding patterns. We selected for the breakpoint by 

comparing residual sum of squares between models with a 1.0-cm incremental breakpoint 

between 50 – 60 cm. The breakpoint from the model with the lowest residual sum of 

squares was chosen. We ran piecewise regression ANCOVA models to detect possible 

variation in the relationship between length and TL among years by letting TL covary 

with length for walleye pollock (Table 2.2). 

Each candidate model was fitted to determine the model that best fit the data. The 

full ANCOVA model (equation 3; MP1 in Table 2.2) was compared to simpler models, 

including an ANCOVA model with a single fixed slope across years (βC) and a different 

intercept for each treatment, and a simple regression model in which TL varies with 

length only with no year effect (Table 2.2). The best-fit model was selected using the 

Akaike Information Criterion (AIC) (Akaike 1974). The model with the lowest AIC 

value was selected as the best fit. If there were multiple models with a ∆AIC of ≤ 2, the 

simplest model was selected. The TL values for both walleye pollock and Pacific halibut 

were loge

Trophic level estimates 

 transformed to meet the normality assumption; normality was assessed using 

the Shapiro-Wilkes test for normality. Additionally, the data were fitted by linear 

regression models to estimate the TL of population biomass data for years outside of the 

study. For all statistical tests, a p-value of < 0.05 was considered statistically significant. 

 Size compositions of the commercial catch from 2000 through 2004 were 

provided by the NMFS Fisheries Monitoring and Analysis Division of the Alaska 

Fisheries Science Center base on observer data for walleye pollock, Pacific cod, 
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arrowtooth flounder, and Pacific halibut for NMFS reporting area 630 (Figure 2.2). The 

total commercial catch weight (excluding discards and bycatch) and number for each of 

the species in area 630 were also provided for the same time frame. It was assumed that 

the length frequency of the total catch was the same as the observed catch. Parameters 

from best-fit models for each species were applied to the observed lengths for each year 

to estimate the TL based on length. These TL estimates were multiplied by the 

corresponding fraction of observed lengths to provide an estimated mean TL of 

commercial catch for each species for each year. Additionally, box plots were used to 

plot TL ranges of commercial catch for each species based on year. No formal statistical 

tests were performed on TL differences among years due to an unknown and much 

smaller effective sample size then the number of fish observed. The overall weighted 

mean TL by year of commercial catch in area 630 ( jallTL , ) for the four groundfish species 

was estimated: 

  ,
,
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,
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×
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=

       (4) 

where jiTL , is the mean TL based on best-fit models, linear regression models and a GOA 

Ecopath model (Aydin et al. 2007) of a given species i (i = walleye pollock, Pacific cod, 

arrowtooth flounder, Pacific halibut) over year j (j = 2000 – 2004), jiC ,  is the weight of 

commercial catch (mt) or number caught for species i in area 630 during year j, and jTC ,

is the weight (mt) or abundance of total commercial catch for the four species combined 

over year j. 
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Additionally, abundance and biomass estimates based on raw area swept and 

length-frequency data of walleye pollock, Pacific cod, arrowtooth flounder, and Pacific 

halibut were provided for the NMFS bottom trawl surveys over 1984 – 2007 for area 630 

(Figures 2.3-2.6). Surveys were conducted in the Gulf of Alaska triennially from 1984 – 

1999 and biennially from 1999 – 2007. For a complete description of NMFS bottom 

trawl survey sampling design and procedure, see Britt and Martin (2001). Model 

parameters from the linear-regression models were applied to the survey data to estimate 

a mean TL by survey year for each species, as well as an estimated TL range for each 

year based on length-frequency distributions. An overall weighted mean TL for the target 

groundfish species combined was estimated using a modified version of eq. (4). 

Commercial catch data were replaced with estimated population abundance and biomass 

data for area 630. 

   

Results 

Length-frequency distributions 

To varying degrees, walleye pollock, Pacific cod, arrowtooth flounder, and 

Pacific halibut all exhibited interannual variations in the length-frequency distributions of 

the commercial catch and the population. Walleye pollock abundance was the most 

variable, with higher proportions of smaller fish from bottom trawl surveys in 1999, 

2001, 2005, and 2007 (Figure 2.3) and in catch length-frequency distributions from 2002 

and 2003. Prior to 1999, walleye pollock had higher proportions of larger individuals 
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occurring both in the trawl survey and in commercial catch (Figure 2.3). Pacific cod had 

a higher proportion of smaller-sized individuals in the 1996 and 2007 trawl surveys and a 

slightly higher proportion of smaller individual in the 2003 catch data (Figure 2.4). In 

contrast, the length distribution of arrowtooth flounder remained relatively stable 

throughout the time series of the observer data (Figure 2.2) and NMFS trawl survey data 

(Figure 2.5), with the exception of proportionally more small individuals (< 40 cm)  in 

2007 and large individuals (≥ 50 cm) in 2008 captured by the fishery. In 1984, 1987, and 

2002, there were larger portions of smaller size class Pacific halibut collected in the 

NMFS trawl survey (Figure 2.6). The numbers of individuals in the largest size classes 

appear to decline through time (Figure 2.6).  

 

Model selection  

 The best-fit models for estimating TL varied by year for all species. The best-fit 

model for walleye pollock allowed for a different intercept by year and for a varying 

slope for lengths below 52 cm and a constant change in slope for each year above 52 cm 

(Table 2.3 and 2.4, Figure 2.7). The best-fit model for Pacific cod, arrowtooth flounder, 

and Pacific halibut had a constant slope and a different intercept for each year (Table 2.3 

and 2.4, Figure 2.7). Additionally, for each species linear regression models yielded 

statistically significant positive relationships between TL and length (Table 2.5, Figure 

2.8).  
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Trophic level estimates of commercial catch  

 For years within the time frame of the study, Pacific cod had the highest estimated 

mean TL of commercial catch by year, followed by Pacific halibut, arrowtooth flounder 

and walleye pollock, respectively (Figure 2.9, Table 2.6). Pacific cod, Pacific halibut, and 

arrowtooth flounder all displayed a dip in mean TL during 2003 (Figure 2.9). 

Corresponding with the lower TL, both Pacific cod and arrowtooth flounder had a 

slightly lower mean length distribution in 2003, but Pacific halibut did not (Table 2.6). 

While the mean TL fluctuated for Pacific cod, arrowtooth flounder, and Pacific halibut, 

the distribution of TLs remained relatively constant for each species during 2000 – 2004 

(Figure 2.10). However, the TL distributions for walleye pollock were highly variable 

throughout the years, with 2001 and 2004 having the most expansive TL range and 2000 

and 2002 being the most tightly bound (Figure 2.10). The estimated mean TLs of walleye 

pollock, arrowtooth flounder, and Pacific halibut were lower than Ecopath estimates 

(Aydin et al. 2007), while the mean TL estimate for Pacific cod was higher (Figure 2.10). 

Over the years of the study within area 630, the percentage of walleye pollock in 

the catch declined, while the proportion of Pacific cod rose and the percentages of 

arrowtooth flounder and Pacific halibut remained relatively stable (Figure 2.11). Pacific 

cod surpassed walleye pollock as the dominant species caught in 2001 and therefore had 

the greatest influence on the (catch biomass) weighted mean TL of catch after 2000. Both 

arrowtooth flounder and Pacific halibut had the least influence on the weighted mean TL 

(Figure 2.11). The overall catch biomass weighted mean TL of commercial catch 

estimated from the best-fit models and linear regression models remained fairly stable 
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around 4.0 (Figure 2.12). There was a slight dip in 2003, followed by an increase in 2004 

in the weighted mean TL based on the best-fit models. The weighted mean TL of catch 

based on the linear regression models slightly increased over time. This most likely 

corresponded to an increase in proportion of Pacific cod caught in area 630 (Figure 2.11). 

In contrast, the catch biomass weighted mean TLs based on Ecopath values peaked in 

2002 when Pacific halibut and arrowtooth flounder comprised their largest proportion of 

the catch during the time series (Figure 2.12).  

 When linear-regression models were applied to catch length-frequency data over 

1990-2009, Pacific cod had the highest estimated mean TL followed by Pacific halibut, 

arrowtooth flounder, and walleye pollock (Figure 2.13; Table 2.7). The TL of walleye 

pollock appeared to be slightly decreasing after the late 1990s. Additionally, after the late 

1990s, the distribution of TL estimates for walleye pollock were more variable than in 

previous years, while the distribution of TL estimates for Pacific cod and Pacific halibut 

remained relatively stable over the same timeframe (Figures 2.14 and 2.15; Table 2.7). 

However, the TL distributions for arrowtooth flounder varied in 2008 and 2009, with 

lower and higher than average values, respectively (Figure 2.15).  

 

Trophic level estimates of population 

The estimated TLs of the population was the highest for Pacific cod, followed by 

Pacific halibut, arrowtooth flounder, and walleye pollock (Figure 2.16). This rank order 

corresponded with the TL estimates of commercial catch; however, the TL values for the 

overall populations were consistently lower, as expected because the population data 
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contain a broader length range than the commercial catch data. After the mid-late 1990s, 

the TL estimate for the gadids became more variable, while the TL estimates for the 

flatfish remained stable (Figure 2.17; Table 2.8). The TL of walleye pollock slightly 

decreased after the late 1990s.  

 

Weighted mean trophic levels 

From 1990, arrowtooth flounder dominated the population biomass in area 630, 

followed by walleye pollock, Pacific cod, and Pacific halibut (Figure 2.18). Walleye 

pollock dominated the commercial catch (fish retained plus discards) in the early 1990s 

but, in recent years, Pacific cod and arrowtooth flounder comprised larger proportions of 

the catch (Figure 2.18). The overall weighted mean TL of the population biomass 

remained stable throughout the survey years (Figure 2.19).  The weighted mean TL of the 

commercial catch based on the regression models started at 3.9 in 1990, slightly 

decreased until 1994, peaked in 1996 at 4.1, declined and leveled out around 4.0 in 2001. 

and slightly declined from 2004 – 2008 (Figure 2.19). The weighted mean TL based on 

Ecopath values followed a slightly different trend, in which TL increased during 2000 - 

2002 to above 4.1, dipped in 2005, and increased again until 2008 to a TL of above 4.1 

(Figure 2.19). Overall, the TL estimates of the commercial catch were more variable than 

TL estimates of the population biomass (Figure 2.19) 
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Discussion 

In this study, we successfully applied TL models based on N stable isotopes to 

length-frequency data from commercial catches and trawl surveys to estimate trends in 

mean TL and TL ranges of the commercial catch and population biomass for the four 

most abundant demersal fishes (i.e., walleye pollock, Pacific cod, arrowtooth flounder, 

and Pacific halibut) in NMFS reporting 630 in the GOA. Estimates of mean TL based on 

the best-fit models, which allowed for year effects, nearly doubled the range of the mean 

TL estimates based on lengths alone, suggesting that accounting for temporal variations 

in diet may be important. While the mean TL of each species remained fairly consistent 

during 1990 – 2009 with walleye pollock having the largest range of mean TL (3.57 – 

3.67), the annual range in TL values for each species revealed trends that were not 

apparent by looking at the mean TL alone. Most notably are the expansion and 

contraction of walleye pollock TL values after 1999 and the disappearance of higher TL 

Pacific halibut with time. In addition, our estimated mean TL values did not correspond 

well with the GOA Ecopath TL values (Aydin et al. 2007). While the Ecopath TL values 

occurred in the range of modeled TL values, our mean TL values for walleye pollock, 

arrowtooth flounder, and Pacific halibut were well below the Ecopath values, while those 

for Pacific cod were above. Despite the differences in species-specific TL values, the 

weighted mean TL values based on Ecopath TL values and those based on our estimated 

TL values were almost identical in 2000, 2001, and 2004. In 2002 and 2003, however, the 

weighted mean Ecopath values were higher than our estimated TL values. The higher 

Ecopath TL values in 2002 and 2003 resulted from a higher proportion of Pacific halibut 
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and arrowtooth flounder in the catch composition, which were assigned lower TL values 

in the current study. Differences in the mean estimated TL of the biomass were more 

apparent for the gadids, with mean TL values for walleye pollock decreasing and become 

more variable after the 1996 NMFS bottom trawl survey. Both the mean TL for Pacific 

halibut and arrowtooth flounder remained stable over the years of the survey. Despite 

incorporating ontogenetic diet shifts, the weighted mean TL of the four groundfish 

combined remained fairly stable for both the population biomass (heavily influenced by 

arrowtooth flounder) and the commercial catch in NMFS reporting area 630.  

 Generally, walleye pollock, Pacific cod, arrowtooth flounder, and Pacific halibut 

become increasingly piscivorous as they grow (Yang and Nelson 2000; Yang et al. 2006; 

Knoth and Foy 2008), but the pattern of piscivory varies between each fish species; i.e., 

during 1999 and 2001,  smaller arrowtooth flounder (20-39 cm) in the GOA consumed 

significantly more euphausiids, shrimp, and capelin (Mallotus villosus) than larger 

arrowtooth flounder (> 40 cm), which consumed more fish of  a wide diversity of species 

and sizes (Yang et al. 2006). In contrast, smaller Pacific halibut (< 40 cm) consumed 

hermit crabs (Paguridae) and shrimp, intermediate-sized Pacific halibut (50-80 cm) 

shifted to a diet of mainly crabs, while larger Pacific halibut (> 80 cm) consumed mainly 

fish (Yang et. al 2006). Smaller Pacific cod (< 20 cm) consumed amphipods and mysids, 

Pacific cod > 30 cm consumed a large proportion tanner crabs (Chionecetes bairdi) and 

shrimp, while the largest-sized Pacific cod (≥ 70 cm) consumed mainly fish, with walleye 

pollock comprising a substantial portion of their diet (Yang et al. 2006). Walleye pollock 

of all sizes consumed a high proportion of euphausiids in the GOA (Yang et al. 2006).  In 
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addition to euphausiids, smaller pollock (< 40 cm) consumed mainly calanoid copepods 

and larger walleye pollock consumed more shrimp (Yang and Nelson 2000; Yang et al. 

2006). As walleye pollock increase in size, fish become more prevalent in their diets 

(Yang and Nelson 2000; Yang et al. 2006). This pattern of increasingly piscivorous 

feeding behavior has led many isotope studies to assume a linear relationship between TL 

and length (Jennings et al. 2002a; Badalamenti et al. 2002); in this study, however, we 

found that walleye pollock changed their diet at around 52 cm by feeding at an 

increasingly higher TL and on a larger range of prey items. A similar observation had 

been made for walleye pollock in Prince William Sound, which demonstrated a sharp 

increase in TL that occurred at a length of 50 - 60 cm, probably due to an increase in 

piscivory (Kline 2008). Our best-fit model for walleye pollock accounted for a rapid 

increase in TL after 52 cm total length; this ontogenetic diet shift means that the selective 

removal of large size walleye pollock will have a disproportionate effect to lower the 

mean TL estimate for this population. The TL of eulachon, the baseline organism for this, 

appeared to remain stable over the duration of the current study (see Chapter 1).  In the 

GOA, eulachon primarily feed on euphausiids, and to a lesser extent, small fish and other 

crustaceans (Yang et al. 2006). 

The best-fit models for TL estimates allowed not only for an increase in TL with 

length (walleye pollock had a breakpoint at 52 cm), but also for temporal variation. 

Significant year effects in the best-fit models to estimate TL were observed; specifically, 

arrowtooth flounder, Pacific cod, and Pacific halibut had the lowest predicted TL in 2003, 

regardless of length. As a result, the estimated mean TL of catch, based on observer 
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length-frequency data for the years 2000-2004, was also the lowest in 2003 for Pacific 

cod, arrowtooth flounder, and Pacific halibut. These three species are considered to be 

opportunistic feeders, which prey on the most available prey items (Yang et al. 2006). 

Therefore, their diet composition should reflect the composition of the available prey 

field and any shift in prey availability and abundance could potentially result in a change 

in their TL. In 2003, for example, euphausiids comprised a larger proportion of the diet of 

the four target groundfish then in 2001 (Yang personal communication; Yang et al. 

2006). It should be noted, however, that temporal shifts in the diet may only partially 

explain the observed interannual differences in the mean TL. During the years of this 

study (2000 – 2004), both Pacific cod and arrowtooth flounder also had the smallest 

mean lengths in 2003, which resulted in a further decline in mean TL. Walleye pollock 

also displayed interannual variation in TL; however, these changes in TL were influenced 

by total length. For each species, the intraspecific annual TL differences were minimal (< 

0.3 TL), while TL range of the commercially caught species spanned up to 1.75 TL for 

Pacific halibut, 1.1 TL for walleye pollock, 0.95 TL for Pacific cod, and 0.8 TL for 

arrowtooth flounder. 

Considering the longer time period, 1990 – 2009, the estimated TL of catch for 

each of the target species remained fairly stable; however, patterns arose when the 

species-specific annual TL ranges were examined. Most notably are the expansion and 

contraction of walleye pollock TL values after 1999, the lower TL values in 2008, and 

higher TL values in 2009 for arrowtooth flounder, and the disappearance of higher TL 

Pacific halibut with time. Variations in walleye pollock TL can be partially explained by 
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two strong year classes (1999 and 2000) recruiting into the fishery in 2002 and 2003 as 

age-2 fish (Dorn et al. 2009), which resulted in a lower mean TL. In recent years, the 

market for arrowtooth flounder has expanded, resulting in a gradual shift from being 

discarded bycatch to moving towards a targeted fishery (Turnock and Wilderbuer 2009). 

The percent of arrowtooth flounder retained from trawl fisheries has increased from 

below 10% in the early 1990s to between 54 – 69% during 2005 – 2009 (Turnock and 

Wilderbuer 2009). Despite the decline in mean weight-at-age due to decreased growth 

rates of Pacific halibut since the mid-1980s (Clark and Hare 2002), the fishery seems to 

be selecting for the same size fish (although older). A continued loss of larger halibut 

resulting in a reduction of higher TL could potentially cause future declines in the mean 

TL being caught.  

In general, our TL estimates of population biomass for walleye pollock, Pacific 

cod, arrowtooth flounder, and Pacific halibut are lower than the TL estimates of the 

commercial catch. These results are not surprising, because the purpose of the NMFS 

bottom trawl survey is to collect a range of sizes of groundfish species to the estimate the 

population biomass, while the fishery targets age 3+ fish for walleye pollock, Pacific cod, 

and arrowtooth flounder, and age 6+ Pacific halibut. Moreover, fishers can actively 

follow fish, while the survey has set trawl locations (Britt and Martin 2001). Both gadid 

species, especially walleye pollock, can occur in dense aggregations and are often 

patchily distributed (Wilson et al. 2003). Additionally, many gear types used by the 

fishery select for larger sized fish. For example, the Pacific cod commercial fishery 

consists of three different general gear types: trawl, longline, and pot gear, with the 
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majority of cod during 1991-2002 being taken by trawl gear and from 2003 onward by 

pot gear (Thompson et al. 2009). Both the longline and pot fisheries select for a larger 

size composition than the trawl fishery (Thompson et al. 2009), which would 

theoretically result in lower TL estimates based on the NMFS trawl survey length. 

Similarly, Pacific halibut are primarily caught by longline in the commercial fishery and 

the corresponding mean TL estimates of the population biomass were lower than those of 

the fishery removals. For walleye pollock, the majority of the catch (90%) is taken by 

pelagic trawls (Dorn et al. 2009) and the estimated mean TL for the walleye pollock 

population and fishery were within 0.03 through 1996, after which the mean TL of the 

population declined more rapidly than that of the fishery. Despite a difference in 

selectivity of gear and sampling locations, there was a similar trend of declining and 

increasingly variable TL estimates for walleye pollock after 1998. The weighted mean 

TL of the population was mainly driven by the proportionately large biomass of 

arrowtooth flounder, whereas the weighted mean trophic level of the catch was driven by 

walleye pollock and Pacific cod. 

Unlike the other three groundfish species, the highest cause of mortality for 

walleye pollock is predation and not the fishery (Aydin et al. 2007). According to 

Ecopath models, in the early 1990s, 32% of adult walleye pollock predation was caused 

by arrowtooth flounder, 22% by Pacific halibut, 15% by Pacific cod, and 8.7% by the 

trawl fishery (Aydin et al. 2007). With the majority of mortality occurring by predation, 

managers have the least control over the success of the walleye pollock stock, particularly 

with continued increases in the spawning stock biomass of arrowtooth flounder, the main 
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predator on walleye pollock. It should be noted, however, that walleye pollock may 

become a less important prey item for arrowtooth flounder when capelin and Pacific 

sandlance (Ammodytes hexapterus) are present (Knoth and Foy 2008). Maintained fishing 

pressure, increases in predator abundance, and low and variable recruitment compared to 

pre-1980 (Dorn et al. 2009) may have created a slight instability in the walleye pollock 

population, which may be reflected in the increased TL variability and the overall 

decrease in the mean TL of this species.  

Finally, precaution should be taken when interpreting these data. Tissues for 

stable isotope analysis measurements were taken from whole body samples that were 

ground and homogenized. For larger fish, stomachs were excised, but not for smaller 

individuals. Incidental selection of stomach contents could have potentially led to an 

underestimation of TL. However, we applied rigid data screening before any analysis. 

Specifically, all isotope samples were run in triplicates and the mean was calculated. To 

correct for potential isotope variability due to inconsistent tissue selection, one of the 

three subsamples was eliminated if it was more than 1 standard deviation away from the 

mean. Additionally, samples were taken only from a limited area surrounding Kodiak, 

while our models were applied to the larger NMFS reporting area 630, which contains 

quite disparate ecosystems with differences in prey availability and distribution. Also, we 

observed variations in the intraspecific TL at each size range, indicating that a fish at a 

given size could potentially feed on a range of prey items, depending on their availability. 

Moreover, we had a limited number and size range of Pacific halibut samples, which 

most likely resulted in an underestimation of TL for this species. As mentioned earlier, in 
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the GOA Pacific halibut < 80 cm in length consumed a diet consisting mainly of 

crustaceans, while Pacific halibut > 80 cm consumed primarily fish (Yang et al. 2006). 

Because we only had very few samples of Pacific halibut > 80 cm, our results on the TL 

of this species have to be viewed as preliminary.  Moreover, our size composition for 

Pacific halibut was from the NMFS observer program and only included bycatch of 

halibut in the groundfish fishery, which were primarily caught via bottom trawl (> 80%). 

Compared to longline fisheries, trawls select for a smaller size composition of Pacific 

halibut (Sullivan et al. 1994), which could have lead to a further underestimation of the 

mean TL for this species. Finally, both arrowtooth flounder and Pacific halibut are 

sexually dimorphic, with females being larger and maturing later (Zimmerman 1997; 

IPHC 1998).  Because we did not have sex data available for all samples, we were not 

able to fit different models for males and females. Model fit may have improved if 

Pacific halibut and arrowtooth flounder samples had been separated by sex.   

In conclusion, our results demonstrated that length seems to be the most important 

driver in estimating the TL of a given fish species. Ontogenetic differences in TL by far 

exceeded any interannual differences. Therefore, recruitment of small fish or the 

commercial removals of selectively larger fish seem to be driving species interactions 

more strongly than larger ecosystem-scale changes. In addition, it should be noted that 

while TL was mostly influenced by fish length, all target species also showed some 

temporal variation in their TL. Consequently, continued monitoring using stable isotope 

signatures of these fishes and other species used in conjunction with mass-balance 

modeling could aid in detecting long-term trends on trophic status, especially in species 
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which are harvested by size-selective fishing techniques. Our results also suggest we are 

currently not fishing down the food web in the GOA and further support the sustainability 

of Alaska’s groundfish fisheries (Livingston 2005). However, when species-specific 

trends in TL ranges and variability are examined independently, a possible instability of 

the walleye pollock fishery in the GOA is suggested. Our results also demonstrate that 

the use of catch length-frequency data could further improve estimates of the trophic 

status as an ecosystem-based indicator of sustainability and lead to an earlier detection of 

potential declines in TL of a given fish species in the GOA. 
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Table 2.1. Sample size (N) and total length range (cm) of walleye pollock, Pacific cod, arrowtooth flounder, and Pacific halibut 

collected around Kodiak Island during 2000-2004. 

  
Year 

    2000 2001 2002 2003 2004 
Species N (Total length cm) (Total length cm) (Total length cm) (Total length cm) (Total length cm) 
Walleye pollock 229 46 54 34 60 35 

  
(12 - 64) (12 - 69) (10 - 68) (14 - 78) (7 - 70) 

Pacific cod 146 38 28 26 46 8 

  
(16 - 76) (21 - 76)  (10 - 79) (21 - 87) (30 - 64) 

Arrowtooth flounder 100 25 6 18 43 8 

  
(17 - 66) (24 - 48) (25 - 74) (24 - 82) (29 - 37) 

Pacific halibut 65 24 6 3 29 3 
  

 
(39 - 77) (35 - 98) (39, 44, 70)  (38 - 97) (53, 77, 81)  
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Table 2.2. Full and reduced ANCOVA models analyzed by AIC for Pacific cod, 

arrowtooth flounder, and Pacific halibut. Full and reduced piecewise regression 

ANCOVA models analyzed by AIC for walleye pollock. Total length (X) covaries with 

δ15N (Y) for Pacific cod and arrowtooth flounder and ln(δ15

Code 

N) for walleye pollock and 

Pacific halibut. 

Models Notes 

M1 
ijiijiiij XXAY εβµ +−++= )(    iA = Year effect (1 to i 

years) 
iβ = different slope each 

year  (i) 
M2 

ijiijCiij XXAY εβµ +−++= )(    Cβ = same slope for each 
year 

M3 
ijijTij XXY εβµ +−+= )(    Linear regression – no 

year effect 

MP1 
ijiijiiij XXAYY εβµ +−++=< )(;52 1

ijiijiiijiiij XXXXAYY εββµ +−−+−++=≥ )52()(;52 21    
i1β = different slope each 

year (i) 
i2β = different slope each 

year (i) 
MP2 

ijiijiiij XXAYY εβµ +−++=< )(;52 1

ijiijCiijiiij XXXXAYY εββµ +−−+−++=≥ )52()(;52 21

 

C2β = same slope for 
each year  

MP3 
ijiijCiij XXAYY εβµ +−++=< )(;52 1

ijiijiiijCiij XXXXAYY εββµ +−−+−++=≥ )52()(;52 21

 

C1β = same slope for each 
year  

MP4 
ijiijCiij XXAYY εβµ +−++=< )(;52 1    

ijiijCiijCiij XXXXAYY εββµ +−−+−++=≥ )52()(;52 21

 

 

MP5 
ijiijCij XXYY εβµ +−+=< )(;52 1  

ijiijCiijCij XXXXYY εββµ +−−+−+=≥ )52()(;52 21  

Piecewise regression – no 
y-effect 
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Table 2.3. Results of ANCOVA model fitting using AIC. Pacific cod and arrowtooth 

flounder TL covaried with total length (cm) for each year and walleye pollock and Pacific 

halibut ln(TL) covaried with total length for each year.  

Species Treatment Model df AIC 
Walleye pollock Year MP1 16 -578.1 

  
MP2* 12 -577.1 

  
MP3 12 -571.8 

  
MP4 8 -565.6 

  
MP5 4 -570.3 

     Pacific cod Year M1 11 -76.5 

  
M2* 7 -79.8 

  
M3 3 -68.6 

     Arrowtooth flounder Year M1 11 -31.96 

  
M2* 7 -37.12 

  
M3 3 -25.32 

     Pacific halibut Year M1 7 -189.0 

  
M2* 5 -192.3 

  
M3 3 -187.5 

* indicates the best-fit model. 
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Table 2.4. Coefficients and significance for the best fit ANCOVA models by year. Pacific 

cod and arrowtooth flounder TL covaried with total length (cm), and walleye pollock and 

Pacific halibut ln(TL) covaried with total length for each year. 

Species Best fit model Year a b b r2 F  2 p 
Walleye pollock MP2 2000 1.221 0.00126 0.00322 0.41 15.26 < 0.001 

  
2001 1.161 0.00261  

   
  

2002 1.243 0.00042  
   

  
2003 1.180 0.00243  

   
  

2004 1.097 0.00417  
   

     
 

   Pacific cod M2 2000 3.778 0.00999  0.49 27.23 < 0.001 

  
2001 3.775 

 
 

   
  

2002 3.679 
 

 
   

  
2003 3.637 

 
 

   
  

2004 3.809 
 

 
   

     
 

   Arrowtooth 
flounder M2 2000 3.616 0.00848 

 
0.34 9.62 < 0.001 

  
2001 3.654 

 
 

   
  

2002 3.590 
 

 
   

  
2003 3.423 

 
 

   
  

2004 3.610 
 

 
   

     
 

   Pacific halibut M2 2000 1.303 0.00160  0.33 9.172 < 0.001 

  
2001 1.309 

 
 

   
  

2003 1.270 
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Table 2.5. Parameters and test statistics for linear relationships between total length (cm) 

and trophic level or ln(TL).The form of the linear relationship is TL = a + b(length) for 

Pacific cod and arrowtooth and ln(TL) = a + b(length) for walleye pollock and Pacific 

halibut. 

  
 

Length versus TL or ln(TL) 

Species a b b r2 F 2 p 

Walleye pollock - ln (TL) 1.18 0.00213 0.00327 0.35 60.9 < 0.001 

Pacific cod - TL 3.73 0.00978  0.42 105.0 < 0.001 

Arrowtooth flounder - TL 3.63 0.00634  0.19 23.6 < 0.001 

Pacific halibut - ln (TL) 1.29 0.00155  0.23 16.7 < 0.001 
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Table 2.6. Total annual commercial catch in NMFS reporting area 630 by weight and 

number of individuals for walleye pollock, Pacific cod, arrowtooth flounder, and Pacific 

halibuts. Annual mean length of catch is provided based on observer length frequency 

data. Corresponding estimated mean trophic level of catch ± SD is provided calculated 

from best fit models (Table 2.4) and regression models (Table 2.5). 

Species Year Catch  Catch  % observed Length TL Best-fit TL Regression 

  (mt) (#)  (± SD) (± SD) (± SD) 
Walleye 
pollock 2000 35,933 86,039,619 13.1% 50.1 ± 7.9 3.64 ± 0.07 3.66 ± 0.09 

 
2001 20,273 58,920,504 9.8% 47.6 ± 12.3 3.65 ± 0.16 3.65 ± 0.13 

 
2002 10,902 48,857,601 12.3% 42.8 ± 10.2 3.54 ± 0.06 3.59 ± 0.12 

 
2003 12,315 42,240,276 13.6% 42.8 ± 6.4 3.62 ± 0.08 3.58 ± 0.07 

 
2004 14,093 35,178,920 15.5% 47.8 ± 6.2 3.67 ± 0.12 3.62 ± 0.08 

    
 

   Pacific cod 2000 26,235 19,685,661 5.8% 64.2 ± 8.7 4.42 ± 0.09 4.36 ± 0.09 

 
2001 22,894 19,623,076 8.1% 61.1 ± 10.8 4.39 ± 0.11 4.33 ± 0.11 

 
2002 18,627 16,355,061 6.6% 62.3 ± 11.6 4.30 ± 0.12 4.34 ± 0.11 

 
2003 22,524 18,858,842 8.3% 58.6 ± 10.5 4.22 ± 0.10 4.30 ± 0.10 

 
2004 26,565 19,725,845 6.4% 62.5 ± 9.5 4.43 ± 0.09 4.34 ± 0.09 

    
 

   Arrowtooth 
flounder 2000 13,049 23,133,421 17.8% 50.1 ± 10.3 4.04 ± 0.09 3.94 ± 0.07 

 
2001 9,562 18,561,231 11.7% 48.8 ± 11.7 4.07 ± 0.10 3.94 ± 0.07 

 
2002 9,753 18,372,697 19.1% 49.5 ± 10.0 4.01 ± 0.08 3.94 ± 0.06 

 
2003 8,683 21,269,697 16.9% 47.5 ± 10.1 3.83 ± 0.09 3.93 ± 0.06 

 
2004 8,383 18,867,972 9.8% 48.1 ± 9.9 4.02 ± 0.08 3.93 ± 0.06 

    
 

   Pacific 
halibut 2000 7,317 2,784,422 7.1% 72.2 ± 22.5 4.13 ± 0.15 4.07 ± 0.14 

 
2001 8,174 3,517,516 6.6% 64.9 ± 24.6 4.10 ± 0.17 4.02 ± 0.16 

 
2002 8,198 3,368,517 5.7% 63.8 ± 24.8 

 
4.01 ± 0.16 

 
2003 8,075 3,795,383 5.2% 67.2 ± 21.8 3.97 ± 0.14 4.03 ± 0.14 

 
2004 8,672 4336,181 4.9% 68.4 ± 21.1 

 
4.04 ± 0.13 104 
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Table 2.7. Annual mean length of commercial catch for walleye pollock, Pacific cod, 

arrowtooth flounder, and Pacific halibut and number measured by onboard observers in 

NMFS reporting area 630. Corresponding estimated mean trophic level of catch ± SD is 

provided calculated from regression models (Table 2.5). 

Species Year # Measured Length ± SD TL ± SD 
Walleye pollock 1990 40,025 49.2 ± 7.1 3.63 ± 0.08 

 
1991 48,283 48.7 ± 7.4 3.63 ± 0.08 

 
1992 33,833 46.4 ± 6.6 3.60 ± 0.07 

 
1993 44,205 46.9 ± 5.8 3.60 ± 0.06 

 
1994 40,913 49.9 ± 5.7 3.63 ± 0.07 

 
1995 19,024 51.8 ± 6.0 3.66 ± 0.07 

 
1996 9,214 50.6 ± 10.0 3.65 ± 0.10 

 
1997 15,742 50.6 ± 9.6 3.66 ± 0.11 

 
1998 26,054 50.2 ± 8.7 3.66 ± 0.11 

 
1999 5,089 46.5 ± 6.3 3.60 ± 0.08 

 
2000 7,464 50.1 ± 7.8 3.65 ± 0.09 

 
2001 5,510 47.6 ± 12.3 3.64 ± 0.13 

 
2002 2,636 42.8 ± 10.2 3.58 ± 0.12 

 
2003 1,643 42.8 ± 6.4 3.57 ± 0.07 

 
2004 3,449 47.8 ± 6.2 3.61 ± 0.07 

 
2005 3,082 50.4 ± 10.2 3.66 ± 0.12 

 
2006 5,461 49.5 ± 12.9 3.67 ± 0.16 

 
2007 2,962 45.7 ± 13.8 3.63 ± 0.17 

 
2008 22 42.2 ± 7.7 3.57 ± 0.10 

     Pacific cod 1990 26,340 62.4 ± 9.8 4.34 ± 0.10 

 
1991 27,453 64.9 ± 9.4 4.36 ± 0.09 

 
1992 32,468 62.0 ± 10.2 4.33 ± 0.10 

 
1993 22,652 61.7 ± 9.8 4.33 ± 0.10 

 
1994 14,133 64.4 ± 8.7 4.36 ± 0.08 

 
1995 33,511 65.2 ± 8.3 4.37 ± 0.08 

 
1996 17,808 66.4 ± 9.7 4.38 ± 0.10 

 
1997 24,074 64.3 ± 11.5 4.36 ± 0.11 

 
1998 34,987 62.2 ± 11.5 4.34 ± 0.11 

 
1999 15,563 63.9 ± 10.2 4.35 ± 0.10 

 
2000 13,298 64.3 ± 8.7 4.36 ± 0.09 

 
2001 13,226 61.1 ± 10.8 4.33 ± 0.11 
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Table 2.7. Continued 

 
2002 7,597 62.3 ± 11.6 4.34 ± 0.11 

 
2003 7,320 58.6 ± 10.5 4.3 ± 0.10 

 
2004 8,114 62.5 ± 9.5 4.34 ± 0.09 

 
2005 7,436 66.4 ± 9.3 4.38 ± 0.09 

 
2006 6,867 64.8 ± 9.3 4.36 ± 0.09 

 
2007 7,896 60.5 ± 11.7 4.32 ± 0.11 

 
2008 499 64.4 ± 9.8 4.36 ± 0.10 

 
2009 157 62.3 ± 7.2 4.34 ± 0.07 

     Arrowtooth flounder 1990 657 53.9 ± 12.2 3.97 ± 0.08 

 
1991 3,802 54.3 ± 9.2 3.97 ± 0.06 

 
1992 193 46.4 ± 11.6 3.92 ± 0.07 

 
1993 572 49.2 ± 12.8 3.94 ± 0.08 

 
1994 

   
 

1995 1,171 46.3 ± 12.9 3.92 ± 0.08 

 
1996 605 54.7 ± 17.4 3.97 ± 0.11 

 
1997 1,674 49.7 ± 10.4 3.94 ± 0.07 

 
1998 481 47.9 ± 9.6 3.93 ± 0.06 

 
1999 1,872 50.6 ± 11.1 3.95 ± 0.07 

 
2000 4,583 50.1 ± 10.3 3.94 ± 0.07 

 
2001 2,355 48.8 ± 11.7 3.94 ± 0.07 

 
2002 4,386 49.5 ± 10.0 3.94 ± 0.06 

 
2003 4,217 47.5 ± 10.1 3.93 ± 0.06 

 
2004 1,593 48.1 ± 9.9 3.93 ± 0.06 

 
2005 2,788 44.8 ± 10.2 3.91 ± 0.06 

 
2006 3,666 47.2 ± 8.9 3.93 ± 0.06 

 
2007 3,528 44.7 ± 9.8 3.91 ± 0.06 

 
2008 145 39.9 ± 7.3 3.88 ± 0.05 

 
2009 57 50.1 ± 8.1 3.94 ± 0.05 

     Pacific halibut 1990 27,091 69.7 ± 24.0 4.05 ± 0.15 

 
1991 19,380 66.9 ± 21.7 4.03 ± 0.14 

 
1992 20,950 67.3 ± 21.1 4.04 ± 0.13 

 
1993 21,851 65.4 ± 21.3 4.02 ± 0.14 

 
1994 10,208 72.7 ± 22.2 4.07 ± 0.14 

 
1995 15,452 65.4 ± 21.7 4.02 ± 0.14 

 
1996 13,167 70.3 ± 25.0 4.05 ± 0.16 

 
1997 11,744 63.3 ± 23.1 4.01 ± 0.15 

 
1998 10,163 67.2 ± 22.3 4.03 ± 0.14 
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Table 2.7. Continued.  

 
1999 9,508 72.8 ± 23.1 4.07 ± 0.15 

 
2000 9,308 72.2 ± 22.5 4.07 ± 0.14 

 
2001 8,746 64.9 ± 24.6 4.02 ± 0.16 

 
2002 6,157 63.8 ± 24.8 4.01 ± 0.16 

 
2003 5,153 67.2 ± 21.8 4.03 ± 0.14 

 
2004 5,019 68.4 ± 21.1 4.04 ± 0.13 

 
2005 5,227 70.5 ± 17.3 4.05 ± 0.11 

 
2006 3,651 65.5 ± 16.8 4.02 ± 0.15 

 
2007 4,374 60.3 ± 18.8 3.99 ± 0.12 

 
2008 1,137 65.9 ± 19.2 4.03 ± 0.12 

 
2009 930 63.9 ± 18.4 4.01 ± 0.12 
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Table 2.8. Total annual population biomass and abundance in NMFS reporting area 630 

for walleye pollock, Pacific cod, arrowtooth flounder, and Pacific halibut as estimated 

from the NMFS bottom trawl surveys. Annual mean length of catch is provided based on 

trawl survey length-frequency data. Corresponding estimated mean trophic level of catch 

± SD is provided calculated from regression models (Table 2.5). 

Species 
 

Year 
 

Biomass 
(mt) 

Abundance 
 

Length (cm) 
± SD 

Trophic Level 
± SD 

Walleye pollock 1984 262,835 340,246,464 43.6 ± 8.4 3.62 ± 0.09 

 
1987 379,869 541,616,462 42.4 ± 10.0 3.61 ± 0.10 

 
1990 436,469 525,543,986 43.4 ± 15.5 3.62 ± 0.16 

 
1993 190,312 239,988,738 43.1 ± 15.2 3.62 ± 0.16 

 
1996 212,159 240,899,700 42.7 ± 17.4 3.62 ± 0.18 

 
1999 109,596 220,135,133 34.7 ± 15.5 3.53 ± 0.16 

 
2001 90,797 345,248,089 25.3 ± 13.7 3.44 ± 0.14 

 
2003 101,010 154,131,413 39.5 ± 13.7 3.58 ± 0.14 

 
2005 143,982 379,853,470 27.5 ± 16.6 3.46 ± 0.17 

 
2007 81,187 252,489,556 29.7 ± 12.2 3.48 ± 0.12 

      Pacific cod 1984 211,467 125,508,777 48.4 ± 15.6 4.20 ± 0.15 

 
1987 183,226 137,124,465 47.3 ± 11.2 4.19 ± 0.11 

 
1990 98,747 60,580,394 45.4 ± 19.2 4.17 ± 0.19 

 
1993 171,144 96,300,384 52.2 ± 13.6 4.24 ± 0.13 

 
1996 203,645 163,672,248 39.8 ± 19.4 4.12 ± 0.19 

 
1999 80,759 49,299,525 49.2 ± 15.8 4.21 ± 0.15 

 
2001 54,172 39,448,443 44.8 ± 16.1 4.17 ± 0.16 

 
2003 130,380 71,841,482 52.1 ± 12.2 4.24 ± 0.12 

 
2005 80,221 42,209,280 51.9 ± 14.6 4.24 ± 0.14 

 
2007 79,705 85,622,254 35.5 ± 18.4 4.08 ± 0.18 

      Arrowtooth flounder 1984 536,076 601,721,402 42.0 ± 8.9 3.89 ± 0.06 

 
1987 342,111 352,612,240 43.7 ± 11.4 3.90 ± 0.07 

 
1990 670,902 760,004,178 43.0 ± 10.4 3.90 ± 0.07 

 
1993 642,457 715,615,278 44.5 ± 10.3 3.91 ± 0.06 

 
1996 682,910 672,618,564 45.1 ± 11.2 3.91 ± 0.07 

 
1999 554,381 691,801,684 41.8 ± 12.4 3.89 ± 0.08 

 
2001 554,167 658,458,540 41.6 ± 12.6 3.89 ± 0.08 
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Table 2.8. Continued. 
 

 
2003 1692,941 1,745,934,519 43.5 ± 11.9 3.90 ± 0.08 

 
2005 885,255 1,109,722,874 42.2 ± 10.4 3.89 ± 0.07 

 
2007 849,461 964,252,501 43.5 ± 10.8 3.90 ± 0.07 

      Pacific halibut 1984 181,860 36,049,468 57.4 ± 30.2 3.98 ± 0.19 

 
1987 180,530 29,797,658 64.5 ± 30.6 4.02 ± 0.19 

 
1990 120,763 24,115,509 65.3 ± 23.5 4.02 ± 0.15 

 
1993 317,490 98,629,025 60.4 ± 16.2 3.99 ± 0.1 

 
1996 264,612 71,491,990 63.3 ± 17.3 4.01 ± 0.11 

 
1999 280,897 70,012,783 62.3 ± 22.8 4.00 ± 0.14 

 
2001 144,166 46,077,966 52.9 ± 25.9 3.95 ± 0.16 

 
2003 300,217 90,079,024 59.1 ± 21.0 3.98 ± 0.13 

 
2005 280,530 80,785,608 62.6 ± 16.9 4.01 ± 0.11 

 
2007 170,027 60,209,749 55.1 ± 21.1 3.96 ± 0.13 
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Figure 2.1. Map of National Marine Fisheries Service (NMFS) reporting areas in the Gulf 

of Alaska. All samples for this study were collected in NMFS reporting area 630.  
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Figure 2.2. Length-frequency distributions of commercial catch by year (2000-2004) for 

walleye pollock, Pacific cod, arrowtooth flounder, and Pacific halibut in NMFS reporting 

area 630 as provided by the observer program. Each group of bars represents a 10 cm 

total length bin, starting at 10 – 19 cm. 
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Figure 2.3. Length-frequency distributions of biomass by NMFS trawl survey triennially 

(1984 – 1996 plot A) and biennially (1999 -  2007 plot B) for walleye pollock, in NMFS 

reporting area 630 as provided by NOAA Fisheries. Each group of bars represents a 10 

cm total length bin, starting at 0 – 9 cm. 
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Figure 2.4. Length-frequency distributions of biomass by NMFS trawl survey triennially 

(1984 – 1996 plot A) and biennially (1999 -  2007 plot B) for Pacific cod, in NMFS 

reporting area 630 as provided by NOAA Fisheries. Each group of bars represents a 10 

cm total length bin, starting at 0 – 9 cm. 
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Figure 2.5. Length-frequency distributions of biomass by NMFS trawl survey triennially 

(1984 – 1996 plot A) and biennially (1999 -  2007 plot B) for arrowtooth flounder, in 

NMFS reporting area 630 as provided by NOAA Fisheries. Each group of bars represents 

a 10 cm length bin, starting at 0 – 9 cm. 
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Figure 2.6. Length-frequency distributions of biomass by NMFS trawl survey triennially 

(1984 – 1996 plot A) and biennially (1999 -  2007 plot B) for Pacific halibut, in NMFS 

reporting area 630 as provided by NOAA Fisheries. Each group of bars represents a 10 

cm total length bin, starting at 0 – 9 cm. 
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Figure 2.7. Plots of TL or ln(TL) versus total length (cm) and predicted relationships 

(based on parameters of the best fit ANCOVA models in Table 2.4) between total length 

and TL by year for Pacific cod and arrowtooth flounder and between total length and 

ln(TL) by year for walleye pollock and Pacific halibut. 
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Figure 2.8. Plots of TL or ln(TL) versus total length (cm) and predicted relationships 

(based on parameters of the linear regression models in Table 2.5) between total length 

and TL Pacific cod and arrowtooth flounder and between total length and ln(TL) for 

walleye pollock and Pacific halibut.  
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Figure 2.9. Estimated mean trophic level of commercial catch ± 1 standard deviation for 

arrowtooth flounder, Pacific cod, Pacific halibut, and walleye pollock during the years 

2000-2004 based on the best fit ANCOVA models (Table 2.4).
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Figure 2.10. Predicted trophic level ranges of commercial catch by year for walleye 

pollock (A), Pacific cod (B), arrowtooth flounder (C), and Pacific halibut (D) based on 

best fit ANCOVA models (Table 2.4). The middle line represents the median TL, the 

ends of the boxes (hinges) represent the 1st and 3rd quartiles, the whiskers extend to data 

points within a factor of 1.5 of the hinges, and the dots are the remaining data points. 

Overlayed on each boxplot is the Ecopath based trophic level estimates: 3.7 for walleye 

pollock, 4.1 for Pacific cod, 4.3 for arrowtooth flounder, and 4.5 for Pacific halibut 

(Aydin et al. 2007). 
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Figure 2.11. Percent of commercial catch by weight (A) and relative catch composition 

by number of fish caught (B) in NMFS reporting area 630 for walleye pollock, Pacific 

cod, arrowtooth flounder, and Pacific halibut. 
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Figure 2.12. Plots of the weighted mean TL of commercial catch for walleye pollock, 

Pacific cod, arrowtooth flounder, and Pacific halibut by year using both best fit 

ANCOVA models, linear regression models, Ecopath values from Aydin et al. 2007. Plot 

A is of the weighted mean by commercial catch biomass in NMFS reporting area 630 and 

plot B is of the weighted mean by the abundance of each fish caught in area 630. 
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Figure 2.13. Estimated mean trophic level of commercial catch ± 1 standard deviation for 

arrowtooth flounder, Pacific cod, Pacific halibut, and walleye pollock during the years 

1990-2009 from NMFS reporting area 630 based on the linear regression ANCOVA 

models (Table 2.5). 
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Figure 2.14. Predicted annual trophic level ranges of commercially caught walleye pollock (A), and Pacific cod (B) in NMFS 

reporting area 630 from 1990-2008 based on best fit ANCOVA models (Table 2.5). The middle line represents the median TL, 

the ends of the boxes (hinges) represent the 1st and 3rd quartiles, the whiskers extend to data points within a factor of 1.5 of the 

hinges, and the dots are the remaining data points. 



 

 

 
Figure 2.15. Predicted annual trophic level ranges of commercially caught arrowtooth flounder (A), and Pacific halibut (B) in 

NMFS reporting area 630 from 1990-2009 based on best fit ANCOVA models (Table 2.5). The middle line represents the 

median TL, the ends of the boxes (hinges) represent the 1st and 3rd quartiles, the whiskers extend to data points within a factor 

of 1.5 of the hinges, and the dots are the remaining data points. 
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Figure 2.16. Estimated mean trophic level of abundance ± 1 standard deviation in area 

630 for arrowtooth flounder, Pacific cod, Pacific halibut, and walleye pollock during the 

NMFS trawl surveys in NMFS reporting area 630 based on linear regression models 

(Table 2.5)
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Figure 2.17. Predicted trophic level ranges of walleye pollock (A), Pacific cod (B), 

arrowtooth flounder (C), and Pacific halibut (D) populations in NMFS reporting area 630 

based linear regression parameter estimates. The middle line represents the median TL, 

the ends of the boxes (hinges) represent the 1st and 3rd quartiles, the whiskers extend to 

data points within a factor of 1.5 of the hinges, and the dots are the remaining data points. 
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Figure 2.18. Percent of commercial catch by weight and commercial removals (mt) by 

year (A) and NMFS trawl survey composition and combined population biomass 

estimates (mt) by year (B) in federal reporting area 630 for walleye pollock, Pacific cod, 

arrowtooth flounder, and Pacific halibut.
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Figure 2.19. Plot of the weighted mean TL of fish population biomass, and commercial for walleye pollock, Pacific cod, 

arrowtooth flounder, and Pacific halibut by year in federal reporting area 630 using best fit ANCOVA models, linear 

regression models and Ecopath values from Aydin et al. (2007). 
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General Conclusion 

 The Gulf of Alaska (GOA) is a very complex and dynamic ecosystem. Following 

a regime shift to a warm phase of the Pacific Decadal Oscillation in the late 1970s, the 

community structure changed dramatically from one dominated by forage fish and 

benthic crustaceans to one dominated by gadids and flatfish (Anderson and Piatt 1999). 

Currently, the four most abundant predatory groundfishes in the GOA, arrowtooth 

flounder (Atheresthes stomias), walleye pollock (Theragra chalcogramma), Pacific cod 

(Gadus macrocephalus) and Pacific halibut (Hippoglossus stenolepis) (Mueter and 

Norcross 2002) are highly integrated in the food web throughout their life histories 

(Gaichas and Francis 2008). Understanding their trophic interactions is essential for 

ecosystem-based fisheries management. The purpose of this study was to provide a finer 

resolution of ontogenetic, interannual, and seasonal variations in the trophic role of four 

commercially and ecologically important groundfish species in the central GOA, namely 

walleye pollock, Pacific cod, arrowtooth flounder, and Pacific halibut. The goals for this 

study were achieved by using stable isotope analysis of carbon and nitrogen to assess the 

trophic level (TL) and diet source, respectively. 

This study demonstrated that measurable temporal and ontogenetic variations in 

the trophic role (i.e., diet source and trophic level, TL) were present for all four study 

species. In addition, we successfully applied TL models based on nitrogen (N) stable 

isotopes to length-frequency data from commercial catch, and trawl survey time series to 

estimate trends in mean TL and TL ranges for walleye pollock, Pacific cod, arrowtooth 

flounder, and Pacific halibut in the central GOA. The estimated combined mean TL 
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based on size composition fishery removal data and population-biomass data remained 

fairly stable over time frame examined indicating sustainability of the combined fisheries. 

However, when the TL trends were examined separately for each individual species some 

concerning trends arose, especially for walleye pollock. 

Interannual variation in both diet source and TL was observed in each study 

species, with lower TL values and more pelagic diet signatures in 2003. Pacific cod, 

arrowtooth flounder, and Pacific halibut are all considered to be opportunistic feeders 

(Yang et al. 2006; Knoth and Foy 2008), consuming the most available prey items, and 

their diet is consequently heavily influenced by temporal changes in prey availability and 

abundance. In 2003, the Alaska Coastal Current was stronger and more organized than in 

the other years of this study, promoting an increase in cross-shelf exchange and oceanic 

zooplankton movement onto the shelf (Ladd et al. 2007). This was further supported by 

an increase in zooplankton abundance/density in the study area in 2003 (Wang 2007) and 

a higher occurrence of oceanic euphausiids in the diets of walleye pollock in 2003 

(Adams et al. 2007). An increase in available of zooplankton, particularly oceanic 

zooplankton, may have resulted in a more pelagic diet signature and in a lower TL 

estimate for opportunistically feeding taxa. Concordantly, a higher proportion of 

euphausiids with a lower TL than other common diet items, such as forage fishes, were 

observed in the 2003 diets of walleye pollock, Pacific cod, arrowtooth flounder, and 

Pacific halibut compared to 2001 (Yang et al. 2006; Yang personal communication). 

While statistically significant interannual variations in stable isotope signatures were 

observed, these differences were relatively small (< 1.25‰ or < 0.36 TL). In addition, 
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statistically significant seasonal variations were detected for walleye pollock and Pacific 

cod. However, due to varying isotopic turnover rate based on tissue type (Miller 2000), 

species, body size (Jennings et al. 2008), and interactions with lengths these results must 

be viewed with caution and were therefore difficult to interpret. 

Trophic level increased with ontogeny for each of the four groundfish species, 

demonstrating that diet composition is a function of body size. These results correspond 

well with diet data collected from NMFS trawl surveys that indicate an increase in 

piscivory with length for walleye pollock, Pacific cod, arrowtooth flounder, and Pacific 

halibut in the GOA (Yang and Nelson 2000; Yang et al. 2006). This relationship 

appeared linear for Pacific cod, arrowtooth flounder, and Pacific halibut. In walleye 

pollock, however, there was a sharp increase in TL at a length of approximately 50 cm, 

indicating a rapid increase in piscivory thereafter. In Prince William Sound, a similar 

pattern in TL was observed for walleye pollock at a length of 50 cm (Kline 2008). In 

contrast to the length-based variations in TL, there was no relationship with δ13C and 

length, with the exception of a slight indication of a more benthic signature with 

increasing length for walleye pollock. Though this result corresponds with walleye 

pollock becoming more benthically associated with age (Duffy-Anderson et al. 2003), the 

observed increase in δ13

 Of the four predatory groundfish analyzed, walleye pollock fed at the lowest TL 

followed by arrowtooth flounder, Pacific halibut, and Pacific cod, respectively. In 

addition, walleye pollock had the most pelagic diet followed by arrowtooth flounder, 

Pacific cod, and Pacific halibut. Differences were detected between TL estimates from 

C in this study was only minimal. 
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this study and those estimated by Ecopath that are used to estimate the TL of catch; 

specifically, Pacific halibut was assigned the highest TL, followed by arrowtooth 

flounder, Pacific cod, and walleye pollock (Aydin et al. 2007). Compared to the Ecopath 

model, I assigned arrowtooth flounder and Pacific halibut to a lower TL and Pacific cod 

to a higher TL. The TL of Pacific halibut was likely underestimated due a limited size 

range of fish available for this study. However, in 2002 – 2004, gut content analysis 

revealed that arrowtooth flounder near Kodiak Island fed mainly on a pelagic diet of 

forage fish, euphausiids, and shrimp (Knoth and Foy 2008), which corresponds well with 

the relatively lower TL estimate for arrowtooth flounder and the higher pelagic signature 

revealed by SIA.  

In order to estimate the mean TL of commercial catch and population biomass 

using size-composition data for walleye pollock, Pacific cod, arrowtooth flounder, and 

Pacific halibut in NMFS reporting area 630, I applied the intraspecific relationships 

between TL (δ15N) and length. Overall, the combined TL of catch and population 

biomass appeared to remain stable from 1990 – 2009, thus revealing no indication of 

“fishing down” the food web practices (Pauly et al. 1998) in the GOA. However, when 

TL estimates were examined by species, the estimated TLs for walleye pollock became 

increasingly variable after 1999. For walleye pollock, the highest cause of mortality on 

adults and juveniles is considered to predation and not the commercial fishery, with the 

highest amount of mortality caused by arrowtooth flounder (Aydin et al. 2007). It should 

be noted, that walleye pollock may become a less important prey item for arrowtooth 

flounder when capelin (Mallotus villosus) and Pacific sandlance (Ammodytes hexapterus) 
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are present (Knoth and Foy 2008). An increase in arrowtooth flounder in recent years has 

presumably put an increased predation pressure on the walleye pollock stock. 

Additionally, low and variable recruitment compared to pre-1980 (Dorn et al. 2009) has 

created a slight instability in the walleye pollock population, which may be reflected in 

the increased variability and subsequent decline in TL. In addition, there was an observed 

decrease in higher TL Pacific halibut over time. While the decline had no impact on the 

estimated mean TL over 1990-2009, a continued decline in higher TL fish will eventually 

affect the mean TL estimates, particularly because the commercial fishery continues to 

select for the same size fish despite a reduction in weight-at-age due to decreased growth 

rates (Clark and Hare 2002). Therefore, including length of catch in calculating TL 

estimates could lead to an earlier detection of decline in TL. 

The results of my study clearly demonstrate that models integrating size 

composition data into TL estimates could further improve the accuracy of the mean TL 

estimates of catch as an ecosystem-based indicator for sustainability, as well as improve 

on the sensitivity to changes in the TL of catch. While interannual variations in stable 

isotope signatures were observed, these differences were relatively small (< 0.36 TL). 

However, length-based ontogenetic diet shifts were much larger (up to 2 TLs) and should 

be accounted for when using TL as an ecosystem indicator of sustainability. Over the 

duration of this study, length seems to be the most important driver in estimating the TL 

of a given groundfish species. Therefore, within the time interval of this study ecosystem 

processes such as recruitment of smaller individuals or the commercial removals of larger 

specimens appears to be driving species interactions more than larger ecosystem-scale 
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changes (post 1977/78 regime shift). Continued monitoring using stable isotope 

signatures and size composition data of these fish taxa and other species used in 

conjunction with mass-balance modeling could therefore aid in detecting long-term 

trends on TLs, especially in species which are harvested by size selective fishing 

techniques.  
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