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ARTICLE

Temporal and Ontogenetic Variability in Trophic Role of
Four Groundfish Species—Walleye Pollock, Pacific Cod,
Arrowtooth Flounder, and Pacific Halibut—around Kodiak
Island in the Gulf of Alaska

Jennifer M. Marsh* and Nicola Hillgruber
School of Fisheries and Ocean Sciences, University of Alaska Fairbanks,
17101 Point Lena Loop Road, Juneau, Alaska 99801, USA

Robert J. Foy
National Oceanic and Atmospheric Administration, National Marine Fisheries Service,
Alaska Fisheries Science Center, Resource Assessment and Conservation Engineering Division,
Kodiak Laboratory, 301 Research Court, Kodiak, Alaska 99615, USA

Abstract
Changes in trophic position 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. Using stable isotope analysis, we obtained a fine-scale resolution of ontogenetic and temporal (interannual
and seasonal) variations in the trophic roles of four commercially and ecologically important groundfish species in
the Gulf of Alaska: walleye pollock Theragra chalcogramma, Pacific cod Gadus macrocephalus, arrowtooth flounder
Atheresthes stomias, and Pacific halibut Hippoglossus stenolepis. For each groundfish taxon, the nitrogen stable isotope
signature (δ15N) increased with total length. In contrast, the lipid-normalized carbon stable isotope signature (δ13C′)
significantly varied with size-class only for walleye pollock. There were species-specific differences in trophic position;
adult Pacific cod fed at the highest trophic position, and walleye pollock fed at the lowest trophic position. Walleye
pollock also had the lowest δ13C′, indicating a mainly pelagic diet, while Pacific halibut and Pacific cod had the highest
δ13C′, indicating a mostly benthic diet. Interannual differences in trophic position were detected for each species.
Pacific cod, arrowtooth flounder, and Pacific halibut fed at a significantly lower trophic position in 2003 than in 2001,
2002, or 2004. All species had a significantly lower average δ13C′ (i.e., a more benthic diet) in 2001 and a higher
average δ13C′ (a more pelagic diet) in 2003. 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, which probably corresponded with their seasonal migrations. Temporal variations in stable
isotope signatures were observed but were relatively small (<1.25‰). Length-based ontogenetic diet shifts, however,
were much larger (up to 6‰) and must be considered when trophic position is used as an ecosystem indicator of
sustainability.

Marine ecosystems can be classified and compared by their
trophic structure (Lindeman 1942). To better understand and
describe the trophic structure of an ecosystem, trophic levels
are assigned to each species; for example, phytoplankton and
macroalgae at the base of the food web are assigned a trophic
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level of 1, and these levels increase to a trophic level of 5 for
apex predators. However, since most fishes are omnivorous and
capable of feeding at more than one trophic level, it is more real-
istic to categorize them with continuous trophic positions rather
than discrete trophic levels (Odum and Heald 1975; Pimm and
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TROPHIC ROLE VARIABILITY IN FOUR GROUNDFISH SPECIES 469

Lanton 1978). Moreover, a fish’s trophic position may change
as a result of feeding preferences or ontogenetic diet shifts,
and these variations need to be considered when characteriz-
ing the overall trophic structure of marine ecosystems. Further-
more, the overall trophic structure of a marine ecosystem can be
changed, either by large-scale climate events that may alter sys-
tem productivity through bottom-up processes (Anderson and
Piatt 1999) or by predator removals from commercial fisheries
through top-down processes (Pinnegar et al. 2002). Because
fishing often targets the largest individuals, it may therefore
substantially decrease the mean size of target species (Jennings
et al. 1999; Shackell et al. 2010), which in turn may lower
the overall mean trophic position of a given marine ecosystem.
Thus, estimates of trophic positions for marine ecosystems may
serve as valuable indicators for large-scale ecosystem changes
due to environmental fluctuations, fishery removals, or both.

Trends in trophic position estimates of commercial fishery
catches are commonly used as ecosystem-based indicators for
sustainability (Pauly et al. 1998; Livingston 2005), although a
recent study cautions that these estimates may not accurately
depict what is occurring in the ecosystem (Branch et al. 2010).
A decrease in the trophic position of the commercial catch may
indicate that the fishery is unsustainable over the long term ei-
ther by (1) depleting fish species in high trophic positions and
moving on to exploiting those in lower trophic positions (Pauly
et al. 1998) or (2) adding fisheries at lower trophic positions
while maintaining those at higher trophic positions (Essington
et al. 2006). In the North Pacific Ocean (western and eastern
regions combined), the mean trophic position of commercial
landings has declined since the 1970s, indicating a reduction
of large piscivorous fishes in commercial catches (Pauly et al.
1998). In contrast, the mean trophic position in the eastern North
Pacific Ocean (Gulf of Alaska [GOA], Bering Sea, and Aleutian
Islands) has remained stable over a similar time period (Liv-
ingston 2005). Because these studies did not incorporate onto-
genetic diet shifts or changes in interannual feeding dynamics,
a more thorough analysis of commercial landings is clearly nec-
essary. Generally, trophic position estimates are based on gut
content analysis incorporated with mass balance models. Gut
content analysis provides good resolution for trophic linkages
between identifiable organisms but represents only a “snapshot”
of an organism’s diet and often overlooks gelatinous and detrital
matter (Polunin and Pinnegar 2000). An alternative approach is
stable isotope analysis (SIA), which is based on the principle
that a relatively consistent enrichment of stable isotope sig-
natures for carbon (δ13C: 0–1‰) and nitrogen (δ15N: 3.4‰)
occurs between a given prey and its consumer (Minagawa and
Wada 1984; Post 2002). Stable isotope analysis incorporates
only those food items that are actually assimilated; thus, SIA
accurately represents a transfer of energy between predator and
prey. In addition, SIA integrates prey selection over a longer
time scale depending on the turnover rate of the target tissue;
for example, isotopic turnover in fish muscle can range from
months (Miller 2006) to several years (Hesslein et al. 1993)

depending on fish growth and metabolic rates. Thus, SIA may
provide a more accurate assessment of the mean trophic position
of a given organism than gut content analysis.

After the regime shift in the late 1970s, arrowtooth flounder
Atheresthes stomias, walleye pollock Theragra chalcogramma,
Pacific cod Gadus macrocephalus, and Pacific halibut Hip-
poglossus stenolepis became the most abundant species among
the demersal fish population in the GOA (Mueter and Norcross
2002), and they now comprise a large portion of the commercial
groundfish catch. In addition, these groundfishes are viewed as
the four critical species in the GOA (Gaichas and Francis 2008)
because they are highly integrated within the food web; a loss or
degradation of one of these species could thus result in ecosys-
tem restructuring. Therefore, to elucidate how fishery removals
of these groundfishes would potentially affect the ecosystem, it
is necessary to understand their trophic patterns and interactions.
While these groundfish species have often been combined into
a single guild (Kline and Pauly 1998), it is important to assess
their trophic positions separately at different ontogenetic stages
and seasons because of species-specific differences in feeding
ecology and life history patterns.

In this study, we assessed seasonal, interannual, and ontoge-
netic variability in the trophic roles (using both δ13C and δ15N)
of arrowtooth flounder, walleye pollock, Pacific cod, and Pacific
halibut in the GOA. The δ15N is used to estimate trophic posi-
tion, while δ13C can be used to assess diet source and general
feeding habitats; for example, pelagic phytoplankton taxa tend
to be more depleted in δ13C than are benthic macroalgae (France
1995). The specific objectives for this project were to (1) ex-
amine seasonal, annual, and size-class (by length) variation in
trophic role (δ15N and δ13C) for each species; and (2) compare
the relative trophic roles of the four groundfish species.

METHODS
Study area and field collection.—Samples were collected

from the northeastern side of Kodiak Island in the central
GOA (Figure 1). All fish samples were obtained during
field collections of the Gulf Apex Predator–Prey Study
(www.sfos.uaf.edu/gap/) at the University of Alaska Fairbanks.
Fish were collected from midwater and bottom trawls. The
highest concentration of sampling occurred within Chiniak and
Marmot bays. Stations were sampled up to four times annually
(March, May, August, and November) during 2000–2004
(Table 1). Bottom trawls were conducted onboard the FV
Laura, a commercial stern trawler, by using a DanTrawl Fiska
Trawl II 380/55 Model net with a 2.22-cm-mesh cod end liner
and 4.0-m Nets Fishbuster doors. Vessel speed was maintained
at 3 knots (5.5 km/h) for the duration of each 10-min tow,
and each tow covered an average distance of 0.90 km. All
tows were conducted during daylight between 0600 and 2300
hours. Midwater trawls were opportunistically conducted with
a DanTrawl Bering Billionaire midwater net equipped with a
modified research cod end (2.22 cm) in the presence of pelagic
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470 MARSH ET AL.

FIGURE 1. Trawl locations in the Gulf of Alaska waters surrounding Kodiak Island, Alaska, where Pacific cod, walleye pollock, arrowtooth flounder, and Pacific
halibut were captured in March, May, August, and November, 2000–2004. Units for the values on bathymetric lines are meters.

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 [TL], nearest mm), and weighed (nearest g) upon

retrieval. Fish used for this study were frozen onboard at 0◦C
and were stored at −30◦C upon return to the laboratory.

Sampling regime.—A subsample of walleye pollock, Pacific
cod, arrowtooth flounder, and Pacific halibut collected during
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TROPHIC ROLE VARIABILITY IN FOUR GROUNDFISH SPECIES 471

TABLE 1. Sample sizes of walleye pollock, Pacific cod, arrowtooth flounder, and Pacific halibut collected in the Gulf of Alaska near Kodiak Island during four
seasons (1 = winter, March; 2 = spring, May; 3 = summer, August; 4 = fall, November) from 2000 to 2004. Blank cells indicate that samples were not available
or were not collected.

2000 2001 2002 2003 2004

Species 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

the Gulf Apex Predator–Prey Study were selected for analysis.
For each species, fish were randomly selected from two size-
groups (one above and one below the length at 50% maturity
[L50]) in order to analyze potential shifts in trophic position with
size and maturity. Based on power analyses and sample avail-
ability for each species, 10 fish above the L50 and 10 fish below
the L50 were selected from each season–year combination (if
available) for SIA (Table 1). Because only a small number of
Pacific halibut specimens above the L50 (90–100 cm TL; Clark
et al. 1999) were available, an arbitrary cut-off length of 50 cm
TL was chosen as the size-class division to provide a more even
sample distribution and for ease of comparison between species
of similar sizes (Table 2). A single L50 of 42 cm TL (Zimmer-
mann 1997) was assigned to arrowtooth flounder even though
this species is sexually dimorphic; this was done because sexes
were not assigned to all fish samples, and therefore differences
in sex were not considered in this study. An L50 of 50 cm TL
was used for Pacific cod (Stark 2007), and an L50 of 42 cm TL
was used for walleye pollock (Dorn et al. 2002).

Sample preparation and processing.—Each whole fish was
ground in a Biro 6642 meat mincer–grinder with a 0.4-cm grind-
ing plate. Samples were refrozen and stored in quart-sized Zi-
ploc bags at −30◦C for up to 4 years before they were freeze-
dried. For freeze-drying, plastic trays were each filled with 50–

100 g of a single frozen fish sample, and the trays were placed
into a VirTual 50 freeze-dryer. The condenser was set at −20◦C,
and the vacuum was set at 200 millitorrs. The drying phase ran
for at least 1,440 min at 15◦C and 20 millitorrs. After samples
were completely dehydrated, large pieces of bone and scales
were removed; the remaining samples, which were assumed to
mainly contain muscle tissue, were placed into 20-mL scintil-
lation vials and further crushed into a powder with a glass rod.
The vials were stored at −30◦C before further processing.

Lipid extraction.—Since lipids are relatively more depleted
in δ13C than are proteins (DeNiro and Epstein 1977), 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 three samples per size-class from each of the
four sampling periods in 2000 and 2003. Lipids were extracted
with petroleum ether (recommended by Dobush et al. 1985) in a
Soxhlet extractor. Approximately 0.5 g of dried fish homogenate
was folded into a 25-mm-diameter glass microfiber filter paper
and was set into a cellulose extraction thimble (10 × 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 a fume hood for
1 h before they were oven dried at 100◦C for 24 h.

TABLE 2. Sample sizes (N) and mean, SD, minimum (Min), and maximum (Max) values of δ15N, lipid-normalized δ13C (δ13C′), and total length (TL) for
the four target groundfish species (size-classes above and below the length at 50% maturity [L50] except for Pacific halibut; see Methods) and for the baseline
organism, the eulachon.

δ15N (‰) δ13C′ (‰) TL (cm)

Species Size-class N Mean SD Min Max Mean SD Min Max Mean SD Min Max

Walleye
pollock

<L50 148 13.05 0.81 11.18 16.15 −17.95 0.76 −20.10 −16.15 31.6 11.7 7.1 50.0

>L50 81 14.08 1.21 11.47 18.16 −17.62 0.77 −19.61 −15.55 60.2 6.1 50.5 78.0
Pacific cod <L50 68 15.00 0.78 12.86 16.57 −16.22 0.74 −17.55 −14.55 35.9 9.4 10.4 50.0

>L50 78 15.88 0.66 14.31 17.31 −16.24 0.54 −17.30 −14.56 63.4 8.6 50.4 87.0
Arrowtooth

flounder
<L50 47 14.10 0.74 12.40 15.68 −16.98 0.70 −18.29 −15.27 29.9 5.4 17.1 38.0

>L50 54 14.64 0.79 13.08 16.37 −17.01 0.65 −17.92 −15.24 57.6 10.1 41.0 82.0
Pacific

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
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472 MARSH ET AL.

Stable isotope analysis.—Lipid-extracted (LE) and bulk tis-
sue samples were weighed to the nearest 0.2–0.5 mg dry weight
on a Sartorius CP2P microbalance and were enclosed in 3.5-
× 3.5-mm tin capsules for SIA. To account for differences in
the isotope values of different fish tissues, all samples were
run in triplicate. Stable isotopes of nitrogen and carbon were
analyzed at the Alaska Stable Isotope Facility (University of
Alaska Fairbanks) by using a Costech ECS4010 elemental ana-
lyzer interfaced through a CONFLO III to a Finnigan Deltaplus

XP isotope ratio mass spectrometer.
Results are presented in delta (δ) notation (‰) calculated

with the following formula:

δX =
(

RSAMPLE

RSTANDARD
− 1

)
× 1,000, (1)

where X is 15N or 13C and R is the ratio of heavy isotope to
light isotope (15N:14N or 13C:12C) for a given element. The stan-
dard material was Vienna Pee Dee Belemnite for carbon and
atmospheric air for nitrogen. The isotope ratio mass spectrom-
eter precision values were 0.11‰ for δ13C and 0.23‰ for δ15N
based on the average SD of replicates of peptone, which were
run every 10th sample (n = 319).

Lipid correction.—For each species, t-tests were run on the
mean values of LE and bulk tissues for each sample to test for
differences in δ13C and δ15N isotope values between the two
tissue types. Given a significant (P < 0.05) variation in δ13C
between LE and bulk tissue samples for each species, δ13C was
corrected for lipids by using the linear relationship between the
δδ13C (difference in δ13C values between pairs of LE and bulk
tissue samples) and the C:N ratio (Post et al. 2007) as follows:

δ13C′ = δ13C − b + mRC:N, (2)

where δ13C′ is the lipid-corrected value, δ13C is the value from
the bulk tissue, b is the intercept, m is the slope of the regression
line, and RC:N is the average value of the C:N ratio for each
sample.

Isotope samples were run in triplicate, and the mean was
calculated. To correct for potential isotope variability due to
inconsistent tissue selection, one of the three subsamples was
eliminated if its δ15N value was more than 1 SD away from the
mean. Subsequently, the absolute distance between δ15N values
of the remaining two subsamples was calculated; if this distance
exceeded 0.6‰, the whole sample was eliminated. Three sam-
ples were dropped from a total of 548 samples. For the data
analysis, we used a sample mean value from the remaining two
subsamples for δ15N and δ13C′.

Baseline correction.—Values of δ15N were analyzed to es-
timate the trophic positions of the four target fish species. We
assumed that δ15N has a constant enrichment of 3.4‰ from diet
to consumer (Minagawa and Wada 1984; Post 2002). For this
study, we selected the eulachon Thaleichthys pacificus as the
baseline organism. In addition to being an occasional prey item

for the target species (Yang and Nelson 2000), eulachon were
primarily chosen because they were caught in the same nets as
target species and were available from all the sampling periods
during this study. In addition, during the ocean phase of their
lives, eulachon are known to be demersal (Hay and McCarter
2000) and thus occupy similar habitats as the target groundfish.
Using eulachon as a baseline allowed for the detection of poten-
tial temporal shifts in the baseline values of δ15N. To estimate
the trophic position based on δ15N data, the following equation
was used:

TPi =
[(

δ15Ni − δ15Nref
)

3.4

]
+ TPref, (3)

where TPi is the trophic position of organism i, δ15Ni is the
measured δ15N value for organism i, δ15Nref is the measured
δ15N value for the baseline organism, and TPref is the trophic
position of 3.5 assigned to eulachon based on Ecopath models
(Aydin et al. 2007).

Data analysis.—Values of δ15N and δ13C′ were analyzed to
determine temporal, ontogenetic, and spatial variability in each
species’ relative trophic position (δ15N) and the food web ori-
gin of the species’ diet (pelagic versus 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 be-
tween δ15N and TL and between δ13C′ and TL for each species.
Analysis of covariance (ANCOVA) was performed to test for
differences in season, year, and depth while letting the sta-
ble isotope signature covary with TL. If the length term was
not significant, analysis of variance (ANOVA) was run to test
for differences in season, year, and depth. An ANOVA was
also used to compare δ15N or δ13C′ values among species and
species–size-class combinations. If the ANOVA yielded signifi-
cant results, differences among factor levels were assessed with
Tukey’s post hoc pairwise comparisons. Walleye pollock and
Pacific halibut data were loge transformed before the analysis
to meet normality assumptions. All other δ15N values and δ13C′

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 at
P-values of 0.05 or less.

We used ANCOVA models to detect possible variation in
the relationship between TL and either δ13C′ or δ15N among
seasons, years, and depths by letting either δ13C′ or δ15N covary
with TL. The effects of seasons, years, and depths were analyzed
separately. The full model included main effects for seasons,
years, or depths and separate slopes for each season, year, or
depth as follows:

Yij = µ + Ai + βi(Xij − X̄i) + εij , (4)
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TROPHIC ROLE VARIABILITY IN FOUR GROUNDFISH SPECIES 473

TABLE 3. Full and reduced analysis of covariance (ANCOVA) models analyzed by Akaike’s information criterion (AIC) for Pacific cod, arrowtooth flounder,
and Pacific halibut (models M1–M3); and full and reduced piecewise regression ANCOVA models analyzed by AIC for walleye pollock (models MP1–MP5).
Total length (X) covaries with δ15N (Y) for Pacific cod and arrowtooth flounder or with loge(δ15N) (Y) for walleye pollock and Pacific halibut.

Code Model Note

M1 Yij = µ + Ai + βi(Xij − X̄i) + εij . Ai = treatment effect (1 to i treatments)
βi = different slope for each treatment i

M2 Yij = µ + Ai + βC(Xij − X̄i) + εij . βC = same slope for each treatment
M3 Yij = µ + βT (Xij − X̄) + εij . Linear regression, no treatment effect
MP1 Y < 52: Yij = µ + Ai + β1i(Xij − X̄i) + εij

Y ≥ 52: Yij = µ + Ai + β1i(Xij − X̄i) + β2i(Xij − X̄i − 52) + εij

β1i = different slope for each treatment i

β2i = different slope for each treatment i
MP2 Y < 52: Yij = µ + Ai + β1i(Xij − X̄i) + εij

Y ≥ 52: Yij = µ + Ai + β1i(Xij − X̄i) + β2C(Xij − X̄i − 52) + εij

β2C = same slope for each treatment

MP3 Y < 52: Yij = µ + Ai + β1C(Xij − X̄i) + εij

Y ≥ 52: Yij = µ + Ai + β1C(Xij − X̄i) + β2i(Xij − X̄i − 52) + εij

β1C = same slope for each treatment

MP4 Y < 52: Yij = µ + Ai + β1C(Xij − X̄i) + εij

Y ≥ 52: Yij = µ + Ai + β1C(Xij − X̄i) + β2C(Xij − X̄i − 52) + εij

MP5 Y < 52: Yij = µ + β1C(Xij − X̄i) + εij Piecewise regression, no treatment effect
Y ≥ 52: Yij = µ + β1C(Xij − X̄i) + β2C(Xij − X̄i − 52) + εij

where µ is the average δ15N or δ13C′; Ai is the season effect (i
= seasons 1–4), year effect (i = years 1–5), or depth effect (i =
depth strata 1–2: <100 and ≥100 m); Xij is the covariate (TL)
measured for observation Yij (δ15N or δ13C′); X̄i is the average
value of the covariate for treatment group i; βj is the coeffi-
cient (slope) for TL in each year or season; and εij is the error
term.

For walleye pollock, there was an observed inflection point
in our data between 50 and 60 cm; Kline (2008) observed a
similar steep increase in δ15N values between lengths of 50 and
60 cm. We elected to use a piecewise regression analysis with
a breakpoint at 52 cm to better represent walleye pollock feed-
ing patterns. It is possible that gape limitations (Kline 2008) or
predator avoidance may limit the prey available to the smaller
size-class of walleye pollock. We ran piecewise regression AN-
COVA models to detect possible variation in the relationship
between TL and either δ13C′ or δ15N among seasons, years, and
depths by letting either δ13C′ or δ15N covary with TL for walleye
pollock (Table 3).

Each candidate model was fitted to the data to determine
which model provided the best fit. The full ANCOVA model
(MP1 for walleye pollock, M1 for the other three species; Table
3) was compared with two simpler models: (1) an ANCOVA
model with a single fixed slope (βC) but a variable intercept
across years, seasons, or depths; and (2) a simple regression
model in which δ15N varied with TL only but with no sea-
son, year, or depth effect (Table 3). The model with the lowest
value of Akaike’s information criterion (AIC; Akaike 1974)
was selected as having the best fit. If there were multiple mod-
els for which AIC values differed by less than 2 (δAIC ≤ 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 be-

tween the averages for LE and bulk tissue samples (Figure 2). As
expected, δ13C values for LE tissues were significantly enriched
relative to the bulk tissue samples for each of the four species,
and values of �δ13C ranged between 0.66‰ and 1.57‰. While
the average difference between δ15N for LE samples and δ15N
for bulk tissue samples was only approximately 0.1 trophic po-
sition, the �δ15N (i.e., LE − bulk) was significant for three of
the four fish species—namely walleye pollock, Pacific halibut,
and arrowtooth flounder (Figure 2); however, while statistically
significant, the small difference is probably not ecologically
meaningful. In addition, a strong positive relationship between
�δ13C and the C:N ratio for each fish species was detected
(Figure 3), while δ13C′ values (i.e., lipid normalized) were not
positively correlated with the C:N ratio.

Baseline Correction and Trophic Position Comparison
For this study, we selected the eulachon as a lower-trophic-

position species for the baseline correction of δ15N values. No
differences in δ15N values were found between seasons (F3, 37 =
2.63, P = 0.065), years (F4, 36 = 0.451, P = 0.77), or season and
years combined (F14, 26 = 1.61, P = 0.14). Based on the absence
of variation among seasons and years, all eulachon samples were
pooled to calculate an average δ15N of 13.08‰ (Figure 4), and
this value was used to estimate the trophic position ranges for
walleye pollock, Pacific cod, arrowtooth flounder, and Pacific
halibut.

Ontogenetic Changes in Stable Isotope Ratios
Visual inspection of δ15N versus TL suggests an increase with

ontogeny for walleye pollock, Pacific cod, arrowtooth flounder,
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Walleye pollock

12

14

16

18

Pacific cod

12

14

16

18

Arrowtooth flounder

12

14

16

18

Pacific halibut

δ13C (‰)

-22 -20 -18 -16 -14

δ15
N

 (
‰

)

12

14

16

18

Bulk
LE

∆ δ15N = 0.36*
∆ δ13C = 1.22*

∆ δ15N = 0.23*
∆ δ13C = 0.88*

∆ δ15N = 0.28*
∆ δ13C = 1.57*

∆ δ15N = -0.08
∆ δ13C = 0.66*

* p < 0.001

FIGURE 2. Comparison of δ15N and δ13C values between all pairs of lipid-
extracted (LE) and bulk tissue samples for the four groundfish species sampled
near Kodiak Island. Differences (�) in δ15N and δ13C between bulk and LE
samples from each species are reported on each panel.

and Pacific halibut, whereas TL had no effect on δ13C′ except
for walleye pollock (Figure 5). The linear association between
δ15N and TL for each species was moderately strong and positive
(0.44 ≤ r2 ≤ 0.65; Table 4), while there was a very weak positive
linear relationship between δ13C′ and TL 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
TL (Table 4). Simple linear regressions for Pacific cod, arrow-
tooth flounder, and Pacific halibut and the piecewise regression
for walleye pollock yielded highly significant positive relation-
ships between TL and δ15N for all species (Table 5). One-way
ANOVA comparing δ13C′ among size-classes yielded a slightly
significant result for walleye pollock (Table 6). No other differ-
ences were detected in δ13C′ among size-classes (Table 6).

Seasonal Changes in Stable Isotope Ratios
The relative trophic positions of Pacific cod and walleye pol-

lock significantly changed with season. The best-fit model for

these two gadids allowed for a varying slope and intercept by
season (Table 7). 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 low-
est δ15N values during summer and fall (Figure 6). For arrow-
tooth flounder and Pacific halibut, there was no evidence of a sea-
sonal effect on the relationship between δ15N and TL (Table 7).

All species had seasonal differences in δ13C′ (Table 6). Wall-
eye 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 sig-
nificantly higher in winter than in spring. For walleye pollock,
arrowtooth flounder, and Pacific halibut, the highest δ13C′ oc-
curred in the fall (Figure 7a), which suggests a reduced pelagic
influence on their diet during this season.

Interannual Changes in Stable Isotope Ratios
The relative trophic position of each species significantly

changed with year. The best-fit model for walleye pollock al-
lowed for a varying slope and intercept by year (Table 8; Figure
8). 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 8). Specifically, for Pacific cod, the δ15N values
were significantly lower in 2003 than in 2000 and 2001; for ar-
rowtooth flounder, δ15N values were significantly lower in 2003
than in 2000 and 2002; and for Pacific halibut, δ15N values were
significantly lower in 2003 than in 2000 (Table 8).

All species had differences in δ13C′ values between years
(Table 6; Figure 7b). Typically, the average δ13C′ values for each
species and size-class were highest in 2001 followed by 2002,
and average values were lowest in 2003 and 2004 (Figure 7b).

Bottom Depth Variability in Stable Isotope Ratios
Of the four target species, only Pacific halibut displayed a

difference in δ15N with depth (Table 9). Values for δ15N were
approximately 0.3‰ higher when the bottom depth exceeded
100 m for halibut of the same length. While statistically signif-
icant, this difference represents less than one-tenth of a trophic
level. However, the �AIC between the selected model (M2) and
the alternative model (M1; Table 3) was less than 2, which in-
dicates that there was no substantial difference between the two
models. An ANOVA that examined δ13C′ in relation to depth
yielded a significant difference for walleye pollock (Table 6).
The mean δ13C′ was 0.3‰ less for walleye pollock collected in
areas with bottom depths of 100 m or greater than for walleye
pollock collected in areas with bottom depths less than 100 m;
this suggests a switch to a more pelagic diet source. No rela-
tionship between δ13C′ and depth was evident for the other fish
species (Table 6). However, proximity to shore can influence
δ13C′, specifically because of terrestrial inputs, but those factors
were not examined in this study.
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TROPHIC ROLE VARIABILITY IN FOUR GROUNDFISH SPECIES 475

FIGURE 3. Linear relationships between the difference (δ) in δ13C values between pairs of lipid-extracted (LE) samples and bulk tissue (NLE) samples versus
the average C:N ratio for the four groundfish species sampled near Kodiak Island. Linear regression equations and R2 values are reported on each panel.

Species Comparison of Stable Isotope Ratios
Significant differences were found between most species and

species–size-class combinations for δ15N and δ13C′ (Table 10).
There was no difference in δ13C′ between size-classes of the

Month - Year
1-00  7-00  1-01  7-01  1-02  7-02  1-03  7-03  1-04  7-04  1-05  

δ15
N

 (
‰

)

10

11

12

13

14

15

16

Mean δ 15N = 13.08‰

FIGURE 4. Mean ( ± SD) δ15N of the baseline organism, eulachon, for each
combination of season and sampling year (2000–2004). The horizontal line
represents the overall sample mean.

same species. Walleye pollock had the lowest δ13C′, followed
by arrowtooth flounder, Pacific halibut, and Pacific cod. No dif-
ference in δ13C′ was detected between Pacific cod and Pacific
halibut, even when compared among size-classes (Figure 9).
Walleye pollock also had the lowest δ15N, followed by arrow-
tooth flounder, Pacific halibut, and Pacific cod. While there was
no overall difference in δ15N between arrowtooth flounder and
Pacific halibut, juvenile arrowtooth flounder (i.e., those smaller
than the L50) and Pacific halibut larger than 50 cm TL differed
significantly (P < 0.001) in δ15N. Overall, adult Pacific cod
had the highest trophic position, walleye pollock had the lowest
trophic position and the most pelagic diet, and Pacific halibut
had the most benthic diet (Figure 9).

DISCUSSION

Ontogenetic Variation in Trophic Roles
Walleye pollock, Pacific cod, arrowtooth flounder, and Pa-

cific halibut all increased in trophic position with ontogeny,
which demonstrates that diet composition of these four ground-
fish species is a function of body size. This corresponds well
with diet studies previously conducted on these groundfish in the
GOA (Yang and Nelson 2000; Yang et al. 2006; Knoth and Foy

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
A

la
sk

a 
Fa

ir
ba

nk
s]

 a
t 1

5:
50

 2
8 

A
ug

us
t 2

01
4 



476 MARSH ET AL.

δ δ

Total length (cm)

y = 0.0332x + 13.79
R2 = 0.422

y = 0.0216x + 13.44
R2 = 0.194

y > 52; y = 0.0251x + 0.0483(x-52) + 12.21
y < 52; y = 0.0251x + 12.21
R2 = 0.354

y = 0.0212x + 13.42
R2 = 0.221

FIGURE 5. Plots of δ15N and lipid-normalized δ13C (δ13C′) versus total length (TL) for the four groundfish species sampled near Kodiak Island; values are
aggregated across all seasons, years, and depths. Regression lines are fitted to δ15N versus TL. Linear regression equations and R2 values are reported on each
panel.
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TROPHIC ROLE VARIABILITY IN FOUR GROUNDFISH SPECIES 477

TABLE 4. Test statistics for Pearson’s product-moment correlation coefficients (r) between total length (TL; cm) and either δ15N (‰) or lipid-normalized δ13C
(δ13C′; ‰) for the four target groundfish species (*P < 0.001).

TL vs. δ15N TL vs. δ13C′

Species df t P r t P r

Walleye pollock 226 10.51 <0.001 0.57* 2.90 0.004 0.19
Pacific cod 144 10.25 <0.001 0.65* 0.32 0.749 0.03
Arrowtooth flounder 98 4.85 <0.001 0.44* −1.01 0.316 −0.10
Pacific halibut 57 4.08 <0.001 0.48* 0.80 0.427 0.11

2008). For example, smaller arrowtooth flounder (20–39 cm)
consumed significantly more euphausiids, shrimp, and capelins
Mallotus villosus than did larger arrowtooth flounder (>40 cm),
which consumed not only more fish but also a wider diversity
and size range of fish (Knoth and Foy 2008). Yang et al. (2006)
found a similar increase in piscivory with length for walleye pol-
lock, 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 require-
ments of the predator. For fish species, trophic position often
increases with ontogeny (Polunin and Pinnegar 2000; Jennings
et al. 2002b; Sherwood and Rose 2005), although a few (mainly
pelagic) species show an opposite trend (Jennings et al. 2002a).
These findings clearly demonstrate variation in trophic position
over the life span of a fish and caution against the use of a sin-
gle trophic position for a given species in all analyses. Careful
consideration of ontogenetic shifts in the trophic position is war-
ranted, especially in a fisheries context, where size or age ranges
of fish may be the focus of the analysis and where the use of only
a single trophic position may lead to erroneous conclusions.

Seasonal Variation in Trophic Roles
Both walleye pollock and Pacific cod exhibited seasonal vari-

ations in trophic position. Smaller walleye pollock and Pacific
cod had higher TL values in winter relative to other seasons, but
for larger fish seasonal differences were less apparent. The sea-
sonal variations we observed in the trophic positions of walleye
pollock and Pacific cod corresponded well with the few sea-
sonal diet studies on gadids in the GOA (Albers and Anderson
1985; Adams et al. 2007, 2009). In the northern GOA, walleye
pollock consumed primarily euphausiids in May and August
2003, while in November their diet shifted to one that was more
dominated by decapods, mostly pandalid shrimp (Adams et al.
2007, 2009). In addition, a period of fasting can also result in in-
flated δ15N signatures (Hobson et al. 1993), and particularly for
smaller size-classes of walleye pollock and Pacific cod, fasting
is likely to occur in winter (Heintz and Vollenweider 2010). Ma-
ture walleye pollock also experience a cessation of feeding in the
winter months while spawning (Maeda et al. 1981). Likewise,
all ages of walleye pollock in the GOA were found to be primar-
ily 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, during May 1981; however, in September 1981, fish
(walleye pollock, capelin, and other species) dominated the diet
and pandalid shrimp were of lesser importance (Albers and An-
derson 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 win-
ter, which gives them access to benthic prey types in higher
trophic positions. Overall, both gadid species appear to either
consume a higher-trophic-position diet or experience starvation
in fall and winter and consume a lower-trophic-position diet in
spring and summer, as reflected in the δ15N signatures, at least
for the smaller size-classes.

In this study, no seasonal difference was detected in the
trophic positions of arrowtooth flounder and Pacific halibut. In
contrast, arrowtooth flounder consumed a significantly higher
proportion of capelins in August 2004 and more euphausiids
in May 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 fishes (e.g., capelin) were
assigned a trophic position of 3.5, while euphausiids were as-
signed 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 collect only eight
arrowtooth flounder in 2004 for subsequent SIA, and all of those
samples were from the summer; therefore, seasonal diet shifts
of arrowtooth flounder in 2004 could not be examined.

Only the gadids had differences in trophic position among
seasons, but all target fish species displayed seasonal differences
in diet sources. Pacific 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 seem to be reflected in the
δ13C′ signatures of these three groundfish species. Arrowtooth
flounder (Yang 1995), Pacific cod (Yang et al. 2006), and Pacific
halibut (Best and St-Pierre 1986) are considered opportunistic
predators and feed on the most abundant prey items. Therefore,
their diets are heavily influenced by seasonal shifts in prey avail-
ability and abundance. In the GOA, a peak zooplankton bloom
occurs annually in May (Coyle and Pinchuk 2003). Euphausiids
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478 MARSH ET AL.

TABLE 5. Results of analysis of covariance model fitting for δ15N (‰) based
on Akaike’s information criterion (AIC). Pacific cod and arrowtooth flounder
δ15N covaried with total length (cm) for each treatment (season, year, or depth);
walleye pollock and Pacific halibut loge(δ15N) covaried with total length for
each treatment. Asterisks indicate the best-fit model for each treatment. Model
codes are defined in Table 3.

Species 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

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

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 δ13C′ 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 and Goddard 1996) and Pacific halibut
(Loher and Seitz 2006) seasonally migrate offshore in the winter
to spawn, and they might be taking advantage of a very different
(benthic) prey field during that time.

Annual Variation in Trophic Roles
There were notable among-year differences in the trophic po-

sitions of the target groundfishes. Arrowtooth flounder, Pacific
cod, and Pacific halibut were feeding at their lowest trophic
positions in 2003, regardless of their length. Walleye pollock
also displayed interannual variation in trophic position; how-
ever, these changes in trophic position were influenced by TL
and therefore were difficult to interpret. Additionally, all tar-
get species had differences in diet-source δ13C′ values between
years. Typically, the average δ13C′ values for each species indi-
cated 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). Euphausiids (lower-trophic-position zoo-
plankton) comprised a larger proportion of the diet for the four
target groundfishes in 2003 than in 2001 (Yang et al. 2006;
M. S. Yang, National Oceanic and Atmospheric Administra-
tion [NOAA], Alaska Fisheries Science Center, personal com-
munication). Walleye pollock are more selective feeders than
the other three fish species and consume mainly euphausiids,
calanoid copepods, and shrimp in the GOA (Yang et al. 2006;
Aydin et al. 2007). In the northern GOA, walleye pollock exhib-
ited apparent selectivity for euphausiids over all other zooplank-
ton in 2003 (Adams et al. 2007). On the other hand, arrowtooth
flounder, Pacific cod, and Pacific halibut are considered to be op-
portunistic predators and feed on the most abundant prey items
(Yang and Livingston 1986; Yang et al. 2006; Knoth and Foy
2008). Therefore, their diets are heavily influenced by temporal
shifts in prey availability and abundance.

Potential Climate Influences on Trophic Role
Increased zooplankton abundance (Wang 2007) and cross-

shelf exchange in 2003 (Ladd et al. 2005, 2007) may be reflected
in both a more pelagic diet source and a lower-trophic-position
diet for the four target groundfish species examined in this study.
The Alaska Coastal Current was stronger and more organized in
2003 than in 2001 and 2002 (Stabeno 2005). An increase in the
complexity of the current flow may lead to a higher occurrence
of eddies, which in turn may 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
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TROPHIC ROLE VARIABILITY IN FOUR GROUNDFISH SPECIES 479

TABLE 6. Results of analysis of variance and Tukey’s pairwise comparisons of lipid-normalized δ13C (δ13C′) among size-classes (for Pacific halibut, size-class
1 represents <50 cm total length [TL], 2 represents >50 cm TL; for all other species, 1 represents <L50 [TL at 50% maturity], 2 represents >L50), seasons (1 =
winter; 2 = spring; 3 = summer; 4 = fall), years (2000–2004; i.e., 00–04), and depths (1 represents ≤100 m; 2 represents ≥100 m) for the four target groundfish
species (*P < 0.05, **P < 0.01, ***P < 0.001; MS = mean square).

δ13C′

Source of variation df MS F P Tukey’s post hoc test

Walleye pollock
Size-class 1 3.38 5.71 0.018* 1 < 2
Residuals 226 0.59
Season 3 1.88 3.19 0.024* 4 > 3, 1
Residuals 224 0.59
Year 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
Season 3 1.30 3.34 0.021* 3 < 2
Residuals 142 0.39
Year 4 5.56 21.12 <0.001*** 01 > 00, 02, 03, 04; 03 < 00, 02
Residuals 141 0.26
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
Season 3 1.55 3.77 0.013* 1 < 4
Residuals 96 0.41
Year 4 2.89 8.44 <0.001*** 01 > 00, 03, 04; 02 > 00, 03
Residuals 95 0.34
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
Season 3 2.30 6.28 <0.001*** 2 < 1, 4; 3 < 4
Residuals 55 0.37
Year 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

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 an oceanic eu-
phausiid, the North Pacific krill Euphausia pacifica, in the diets
of walleye pollock during August 2003 (Adams et al. 2007). Fur-
thermore, significantly higher temperatures and a lower salinity

in 2003 than in 2002 and 2004 might have led to increased
zooplankton abundance off the eastern side of Kodiak Island in
May 2003 (Wang 2007). It is likely that these annual climate
changes, which affected the strength and timing of the phyto-
plankton bloom, propagated up through the food web to influ-
ence the survival and prey selection of species at higher trophic
positions.
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480 MARSH ET AL.

TABLE 7. Coefficients and significance for the best-fit analysis of covariance models of δ15N (‰) by season (1 = winter; 2 = spring; 3 = summer; 4 = fall).
Piecewise regression models (MPx; see Table 3) with a breakpoint at 52 cm total length (TL) and with coefficients a, b, and b2 were fitted to walleye pollock data;
regression models (Mx) with coefficients a and b were fitted to Pacific cod, arrowtooth flounder, and Pacific halibut data. Pacific cod and arrowtooth flounder δ15N
covaried with TL (cm) for each season; walleye pollock and Pacific halibut loge(δ15N) covaried with TL for each season.

Species Best-fit model Season a b b2 r2 F 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 effect
Pacific halibut M3 No effect

Overall Trophic Roles
In this study, walleye pollock fed at the lowest trophic posi-

tion, followed by arrowtooth flounder, Pacific halibut, and Pa-

Walleye pollock
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FIGURE 6. Plots of δ15N (for Pacific cod) or loge(δ15N) (i.e., ln[δ15N]; for
walleye pollock) versus total length (cm) and predicted relationships by season
(based on parameters of the best-fit analysis of covariance models listed in Table
7).

cific cod. While there was no difference in δ15N between arrow-
tooth flounder and Pacific halibut, juvenile arrowtooth flounder
(<L50) and Pacific halibut greater than 50 cm differed signifi-
cantly in δ15N. An Ecopath model for the GOA in the mid-1990s
estimated that Pacific halibut fed at the highest trophic position,
followed by arrowtooth flounder, Pacific cod, and walleye pol-
lock (Aydin et al. 2007). Pacific halibut are the largest of these
fish and can reach a maximum length greater than 270 cm (IPHC
1998). However, we only had a limited length range of Pacific
halibut available, which may have led to an underestimation of
trophic position for this species. In addition, it should be noted
that the GOA Ecopath model was based on diet information from
the 1990s (Aydin et al. 2007), whereas Pacific halibut have been
observed to consume a declining proportion of walleye pollock
since the 1990s (Gaichas et al. 2010), which could have led to
a lower estimated trophic position as observed in this study.

The four target groundfishes also differed in the diet source;
specifically, walleye pollock had the most pelagic diet, followed
by arrowtooth flounder, Pacific halibut, and Pacific cod. No dif-
ference was found between Pacific cod and Pacific halibut. Gut
content analysis of arrowtooth flounder revealed mostly pelagic
prey items, which suggests that arrowtooth flounder were mainly
feeding in the water column and not on the bottom (Knoth and
Foy 2008). Food web models incorporating diet data confirm
that walleye pollock and arrowtooth flounder consume more
pelagic prey, while Pacific cod and Pacific halibut feed more in
benthic energy pathways (Aydin et al. 2007), thus supporting
the independently obtained SIA results presented here.

Limitations
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.
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FIGURE 7. Average lipid-normalized δ13C (δ13C′) values by (A) season and (B) year for the four groundfish species sampled near Kodiak Island. For a given
species, pairs of δ13C′ values with the same lowercase letter (a–x) are significantly different (P < 0.05) between seasons or between years.
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TABLE 8. Coefficients and significance for the best-fit analysis of covariance models of δ15N (‰) by year. See Tables 3 and 7 for a description of models.
Pacific cod and arrowtooth flounder δ15N covaried with total length (cm) for each year; walleye pollock and Pacific halibut loge(δ15N) covaried with length for
each year. Pairs of values with the same lowercase letter (z–v) are significantly different in δ15N or loge(δ15N) between years.

Species Best-fit model Year a b b2 r2 F 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 z 0.034 0.61 27.23 <0.001
2001 13.95 y
2002 13.62
2003 13.48 zy
2004 14.06

Arrowtooth flounder M2 2000 13.41 x 0.0288 0.34 9.62 <0.001
2001 13.54
2002 13.32 w
2003 12.75 xw
2004 13.39

Pacific halibut M2 2000 2.61 v 0.00148 0.33 9.14 <0.001
2001 2.62
2003 2.58 v

However, seasonal variability can be difficult to detect by using
muscle or whole body, both of 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). Fish
weighing more than 16 g may integrate any seasonal variation
of δ15N in their prey (Jennings et al. 2008); consequently, it is
not surprising that seasonal variations of trophic position were
detected only in the smaller-sized gadids. In the current study,
we used ground whole bodies that were assumed to be primarily
muscle tissue, which due to the longer turnover time may have
limits in resolving seasonal patterns in stable isotopes (Jennings
et al. 2008). Some other studies have suggested that liver tissue
may represent a more recent diet because of a shorter turnover

time (Perga and Gerdeaux 2005; Miller 2006), but these results
were not supported by Hesslein et al. (1993), who found no
significant difference in δ15N between liver and muscle tissue.
We found that muscle tissue was adequate to assess seasonal
variation, especially for walleye pollock and Pacific cod. In
the future, the use of additional tissues with different turnover
times (e.g., liver) may allow for a higher resolution in detecting
potential seasonal differences that might not have been apparent
in our study.

Accurate trophic position estimates are dependent on a
quality baseline organism (Cabana and Rasmussen 1996).
Short-lived primary producers (assumed trophic position of
1) exhibit temporal variation in δ15N (Cabana and Rasmussen
1996). Therefore, longer-lived, sessile primary consumers
(e.g., mollusks) that integrate δ15N over a longer timeframe

TABLE 9. Coefficients and significance for the best-fit analysis of covariance models of δ15N (‰) by bottom depth. See Tables 3 and 7 for a description of
models. Pacific cod and arrowtooth flounder δ15N (‰) covaried with total length (cm) for each depth; walleye pollock and Pacific halibut loge(δ15N) covaried with
length for each depth.

Species Best-fit model Depth a b b2 r2 F 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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FIGURE 8. Plots of δ15N (for Pacific cod and arrowtooth flounder) or loge(δ15N) (i.e., ln[δ15N]; for walleye pollock and Pacific halibut) versus total length (cm)
and the predicted relationships for each year (based on parameters of the best-fit analysis of covariance models listed in Table 8).

are the preferred organisms of choice (Cabana and Rasmussen
1996; Post 2002). We used the eulachon, a forage fish, as
our baseline organism because this species occupies a similar
habitat as the target taxa (they were collected simultaneously)
and was available during each sampling period. No other
sessile, lower-trophic-position organism was available for all or
even the majority of sampling periods. Although other studies

have used forage fish as baseline organisms (Estrada et al. 2003,
2005, 2006), fish are motile and may not share the same base
δ15N as the target species throughout the entire year. However,
this can also be a problem for sessile organisms when they are
used as a baseline for a more mobile target taxon. Additionally,
Aydin et al. (2007) based the eulachon’s diet on generalized
information from the literature rather than from direct sampling
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within the GOA ecosystem (90% euphausiids, 10% copepods),
so the eulachon’s trophic position is a result of that assumption.
Moreover, the baseline information has been collected for the
current climate state, and it is possible that the baseline would
shift under different climate conditions; thus, caution should be
taken when these trophic position estimates are used. Addition-
ally, the present results are indicative of trophic interactions for
groundfish around Kodiak Island. Further studies may reveal
the generality of these results to a larger area.

Implications for Trophic-Position-Based Ecosystem
Indicators

This study provides high-resolution baseline information on
the trophic roles 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. This study revealed a natural variation in trophic
position that was unrelated to fishing pressures. These length-
based ontogenetic diet shifts and temporal variations in diet are
important to account for when trophic position is used as an
ecosystem indicator of sustainability. Because of the relative
ease of sampling, SIA-based estimates (which integrate all prey
assimilated over a longer time scale) could be used to eval-
uate the sources of trophic position estimates before they are
used in a time series to evaluate the state of the ecosystem.
In addition, SIA estimates may in some situations replace diet
estimates in ecosystem indicator applications. Incorrect trophic
positions, however, can substantially alter observed trends in
trophic-position-based ecosystem indicators. For example, an
updated trophic position of the Peruvian anchoveta Engraulis
ringens from 2.2 to 2.7 on the internet database FishBase (Froese
and Pauly 2010) significantly altered the global trophic level of
catch trends (Branch et al. 2010) from the trophic level trend
previously described elsewhere by using the same catch data
(Pauly et al. 1998). This clearly highlights the sensitivity of
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FIGURE 9. Average ( ± SD) trophic position and lipid-normalized δ13C
(δ13C′) values for walleye pollock (size-class P1: <L50 [total length, TL, at
50% maturity]; P2: >L50), Pacific cod (C1: <L50; C2: >L50), arrowtooth floun-
der (A1: <L50; A2: >L50), Pacific halibut (H1: <50 cm TL; H2: >50 cm TL),
and eulachon (E). Eulachon δ13C values were corrected mathematically for
lipids by using the methods of McConnaughey and McRoy (1979).

the trophic level trends to uncertainty in trophic level estimates
(Branch et al. 2010).

Typically, trophic position variation in the ecosystem is
viewed as a fishing effect (Pauly et al. 1998; Essington et al.
2006). This study demonstrates that natural variation in trophic
position occurs at seasonal, annual, and ontogenetic scales.
While annual variations in stable isotope signatures were ob-
served, these differences were relatively small (<0.36 trophic
position) in comparison with length-based ontogenetic diet
shifts (up to 2 trophic positions). Seasonal variations were diffi-
cult to interpret because of varying turnover rates based on body
size and tissue type. To account for both annual and ontogenetic
variation, models that allow annually collected, SIA-derived

TABLE 10. Results of analysis of variance (MS = mean square) and pairwise comparisons of δ15N and lipid-normalized δ13C (δ13C′) between species and
between species separated into two size-classes (P = walleye pollock; C = Pacific cod; A = arrowtooth flounder; H = Pacific halibut). For Pacific halibut,
size-classes were (1) less than 50 cm total length (TL) or (2) greater than 50 cm TL; for all other species, size-classes were (1) less than the L50 (TL at 50%
maturity) or (2) greater than the L50.

Source of variation df MS F P Tukey’s post hoc test

All species
δ15N 3 129.11 146.57 <0.001 C > A = H > P
Residuals 532 0.88
δ13C′ 3 102.387 201.84 <0.001 H = C > A > P
Residuals 532 0.507

All species and size-classes
δ15N 7 70.37 102.24 <0.001
Residuals 528 0.69
δ13C′ 7 44.377 87.961 <0.001
Residuals 528 0.505
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trophic position estimates to vary with length by species could
be used to estimate a trophic position range for each species
based on either catch or survey length composition data. Actual
abundance data based on survey or stock assessment estimates
may yield a more accurate picture of what is occurring in the
ecosystem (Branch et al. 2010; Powers 2010). Each species’
trophic position could be weighted either by their catch abun-
dance or by their relative abundance in the ecosystem to estimate
an overall mean trophic position of the catch or the ecosystem.
These trophic position estimates based on SIA could poten-
tially be used to characterize expected variance in the mean
trophic position of the ecosystem and in the trends of individual
species contributing to ecosystem trends. Models that integrate
size composition data into trophic position estimates could fur-
ther improve the accuracy of the mean trophic position estimates
of catch as an ecosystem-based indicator for sustainability and
could improve on the sensitivity to changes in the trophic posi-
tion of the catch and ecosystem.
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