
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 521: 217–235, 2015
doi: 10.3354/meps11102

Published February 17

INTRODUCTION

Climate change is expected to impact marine eco-
systems worldwide, with the largest changes antici-
pated for Arctic and sub-Arctic ecosystems (Delgado
et al. 2003, IPCC 2014). Potential effects include
changes to circulation and physical structuring pro-
cesses, altered phenology and environmental mis-
match with predator or prey resources, changes to
water temperature and thermally-driven distribution

and growth of juveniles and adults, and altered ener-
getic demand of consumers with concomitant im -
pacts on the food web (e.g. Rose et al. 2008, Hol-
lowed et al. 2009, Pinsky et al. 2013). Identifying
physical mechanisms underlying the distribution,
reproduction, and growth of individuals is para-
mount for predicting species’ responses to climate
change (Hollowed et al. 2009). In particular, one of
the preliminary steps in quantifying climate change
impacts on an ecosystem is to clarify the relationship
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between temperature and dynamic rates that struc-
ture trophic interactions (Kristiansen et al. 2007, Hol-
lowed et al. 2009, Rijnsdorp et al. 2009).

In Alaska, most modeling and diet analyses have
focused on estimating daily rations (i.e. grams of prey
consumed per predator) of major predators using
gastric evacuation models (Bajkov 1935, Elliott &
Persson 1978, Beaudreau & Essington 2009) that con-
vert instantaneous stomach content data into daily
rations (i.e. Dwyer et al. 1987, Yang & Livingston
1988, Livingston 1993). Bioenergetics models based
on laboratory-derived temperature- and weight-
 specific algorithms for consumption (e.g. Hanson et
al. 1997) have also been used to derive individual
daily rations for Alaska fish species (primarily wall-
eye pollock Gadus chalcogrammus; Buckley & Liv-
ingston 1994, 1996, Ciannelli et al. 1998, Mazur et al.
2007). Because they are temperature-dependent,
bioenergetics models can also be employed to evalu-
ate climate-driven changes in temperature on future
foraging rates (Rose et al. 2008). Food web models
have been used to predict population level produc-
tion and consumption rates (Aydin & Mueter 2007)
and when certain assumptions about assimilation
efficiencies are met, consumption rates can also be
estimated from population size at age data (Essing-
ton et al. 2001, Kinzey & Punt 2009).

The assorted approaches applied to diet data for
Alaska fish species have yielded divergent estimates
of daily rations of important consumers in the system
(Merati & Brodeur 1996, Brodeur et al. 2000), which
has in turn resulted in variable estimates of the
degree to which climate and bottom-up production
versus top-down predation (including cannibalism)
regulate population dynamics (Dwyer et al. 1987, Liv-
ingston 1993, Ressler et al. 2014). Moreover, ration
estimates highly influence the outcome of multi-spe-
cies models (Livingston & Jurado-Molina 2000,
Jurado-Molina et al. 2005, Kinzey & Punt 2009, Van
Kirk et al. 2010) or food web models (Aydin et al.
2007) that are used as ecosystem-based management
tools in regional National Oceanic and Atmospheric
Administration (NOAA) fisheries management plans
and NOAA Integrated Ecosystem Assessments (Le -
vin et al. 2014). To the best of our knowledge, no
study to date has specifically compared rations esti-
mated from these various methods; of particular
interest is how daily rations calculated from diges-
tion-corrected stomach samples compare to bioener-
getics-based estimates of consumption, as the latter
can be used for projections of future rations under cli-
mate change scenarios. Although there are inherent
assumptions that might bias each approach and

affect precision of field-based foraging rates, using a
regional comparative approach can identify agree-
ment between methods (e.g. Megrey et al. 2009,
Murawski et al. 2010) and validate estimates of daily
rations used in multi-species and food web models.

Three Alaskan groundfish species in particular,
walleye pollock (hereafter ‘pollock’), Pacific cod Ga -
dus macrocephalus, and arrowtooth flounder Ather-
esthes stomias (hereafter ‘arrowtooth’), have often
been the focus of studies exploring the role of cli-
mate- and fishery-induced changes on marine eco-
systems (see review in Livingston et al. 2011). With
mean annual exploitable biomass of around 5 million
metric tons yr−1 (Ianelli et al. 2011), pollock are one of
the most abundant and economically important mar-
ine predators in the north Pacific (Aydin & Mueter
2007). Daily rations for the species have been esti-
mated at 1.4 to 2.5% body weight (BW) d−1 for fish
from frontal regions of the Bering Sea (Brodeur et al.
2000) to 7.4−8.5% BW d−1 for slightly larger pollock
from the Gulf of Alaska (GOA) (Merati & Brodeur
1996). Most prey consists of euphausiids and cope-
pods, but larger pollock are cannibalistic on smaller
conspecifics (Dwyer et al. 1987, Bailey 1989, Boldt et
al. 2012). Cannibalism has received particular atten-
tion as a major source of juvenile mortality (Dwyer et
al. 1987, Livingston 1993, Aydin & Mueter 2007,
Boldt et al. 2012). Pollock are also an important prey
resource for endangered species (e.g. Steller sea
lions Eumetopias jubatus; Livingston 1993), as well
as commercially important predators including Pacific
cod (Livingston 1993, Aydin & Mueter 2007).

Although Pacific cod are abundant in the Bering
Sea, population declines relative to abundances in
the late 1980s have highlighted the potential impor-
tance of climate- and fishery-induced changes to
prey and predator resources on Pacific cod produc-
tivity. In contrast, arrowtooth, which share mutual
prey species (such as pollock) with Pacific cod, are
abundant and have been increasing in the GOA and
the eastern Bering Sea (EBS; Hunt et al. 2002,
Spencer 2008, Spies et al. 2011, Zador et al. 2011).
Despite their relatively minor economic importance,
there has been growing management interest in the
predatory impacts of arrowtooth on commercially
important juvenile fish that are also prey resources
for endangered species like western Aleutian Steller
sea lions (Kinzey & Punt 2009, Van Kirk et al. 2010,
Livingston et al. 2011).

Here, we compare the daily rations (or consump-
tion rates; g g−1d−1) of pollock, Pacific cod, and arrow-
tooth estimated using 5 different methods based on
observations of growth, laboratory consumption, or
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instantaneous field-based stomach observations.
These include (1) corrected field observations of prey
consumption using the mean weight of each prey
item, prey condition indices, and temperature- specific
hourly evacuation rates (sensu Beaudreau & Essing-
ton 2009); (2) corrected observations of prey consump-
tion based on the total weight of prey in predator
stomachs and a temperature-specific gastric evacua-
tion rate (sensu Elliott & Persson 1978); (3) bioener-
getic estimates of temperature- and weight-specific
maximum consumption rates (g g−1d−1) from inde-
pendent laboratory experiments; and estimates of
weight-specific consumption rates (g g−1yr−1) from (4)
generalized and (5) specialized von Bertalanffy
growth curves fit to otolith-based weight at age data
(sensu Essington et al. 2001). We use these methods
to contrast climate effects on the temporal, regional,
and ontogenetic patterns in foraging rates of each of
the 3 predator species in the EBS, GOA, and Aleutian
Islands (AI) regions from 1981 to 2011.

MATERIALS AND METHODS

Diet data

Stomach samples from juvenile and adult pollock
(6 to 90 cm), Pacific cod (7 to 118 cm), and arrowtooth
(5 to 131 cm) used in our analysis were collected
annually throughout the EBS, GOA, or AI from June
to September 1981 through 2011 by US fishery

observers aboard commercial fishing
vessels and US NOAA fisheries scien-
tists aboard research vessels partici-
pating in bottom-trawl surveys of the
region (Fig. 1). Additional data from
October to May (primarily from oppor-
tunistic projects and observer data)
were used to estimate seasonal mean
stomach fullness for each species in
each region. In each bottom-trawl sur-
vey sample, fish or invertebrates were
identified to the lowest taxonomic
level possible, and total length or
weight was collected. Stomachs from
each predator were further sorted,
stomach fullness was rec orded (as an
index value of 1 to 7, 7 being full), and
individual prey items were identified
to the lowest taxonomic level possible,
weighed and enumerated. Sea surface
and bottom temperatures, salinity,
and depth data, were also collected at

each survey station. Our analysis included 69000,
39000, and 16000 pollock, Pacific cod, and arrow-
tooth stomachs, respectively. Predator length (L; cm)
was converted to wet weight (W; kg) using length to
weight regressions fit to a subset of the survey data
where fish of each species were additionally weighed
and aged using otoliths, such that:

W = α Lβ · eε,   ε~N(0, σ2) (1)

and α = 0.00595, 0.00448, 0.00459 and β = 3.04, 3.22,
3.18 for pollock, Pacific cod, and arrowtooth, respec-
tively (see Fig. S1 in the Supplement at www.int-
res.com/articles/suppl/m521p217_supp.pdf). Diet data
were then used to calculate total stomach content
weight (Ś; g g−1) as a proportion of the whole body
weight (w; g) of each predator, such that:

(2)

where Si is the observed weight (g) of each prey
item, i, in the stomach of each predator.

Field-based consumption estimates from 
prey condition

Daily specific consumption rates (C*d; g g−1 d−1)
were determined from initial (undigested) weights
of each prey item in the stomach of each predator
(S0,i; g) using the method of Bajkov (1935) for estimat-
ing daily ration (Beaudreau & Essington 2009):

´ = ∑
S

S
w

i
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Fig. 1. Survey sampling locations in the Eastern Bering Sea (EBS), Aleutian 
Islands (AI), and Gulf of Alaska (GOA) regions 
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(3)

where C1
d is the daily consumption from field obser-

vations corrected for prey condition, t99% is the num-
ber of hours until the contents of a full stomach are
empty (i.e. 99% di gested) and is calculated by re -
arranging the temperature-dependent exponential
digestion equation (Elliott & Persson 1978) to solve
for tvi such that:

(4)

where vi is the proportion of the digested to initial
(undigested) weight of each prey item, i (e.g. vi =
 Sdigested /S0 = 0.99), and yi is the exponential, temper-
ature-dependent evacuation rate (Durbin et al. 1983,
Dwyer et al. 1987):

(5)

where Tj is the gear temperature (°C) recorded at the
time of each fish capture at station j.

In their analysis of lingcod Ophiodon elongatus
diets in Washington (USA), Beaudreau & Essington
(2009) found approximately uniform distributions for
the probability of percent prey digested within each
prey condition (PC) category. Thus, we modified
their methods for calculating initial prey weight from
observed prey weight and condition assuming that
prey condition reflected the true degree of digestion.
We used PC indices from the Alaska Fisheries Sci-
ence Center (NOAA) food-habits database (Table 1)
for the subset of stomach samples where digestion
was observed (n = 372645) to calculate S0,i in the
stomach of each predator as:

(6)

where (vi |PCi) is the conditional digestion value of
each prey item, i, in the stomach.

Field-based consumption estimates using 
digestion correction

We compared estimates of daily consumption from
field observations corrected for prey condition (C1

d)
to specific consumption estimates from the widely
applied Elliott & Persson (1978) approach (C2

d) that
assumes continuous feeding over a daily interval
(24 h) at a constant rate equivalent to the exponen-
tial, temperature-dependent evacuation rate (see
Eq. 5) such that:

(7)

where (S̄p) is the mean total stomach weight of all
samples (Śm,p) for a predator, p, in m = 1 intervals d−1

(S̄p = ΣŚm,p/m).

Consumption from Wisconsin bioenergetics models

Field-based daily consumption estimates (C1
d and

C2
d) were compared to daily rations estimated from

laboratory derived bioenergetics relationships be -
tween specific consumption, water temperature, and
predator weight. In particular, we used the Wisconsin
bioenergetics model (Hanson et al. 1997) to calculate
the maximum daily specific consumption rate (C 3

d) of
each predator as a function of the water temperature
of the survey gear and the weight of the predator,
such that:

(8)

where CA and CB are the intercept and slope of the
allometric consumption equation and ƒ(T) is the tem-
perature scaling function of consumption:

(9)

where ,

, and

TC0 is the temperature where laboratory consump-
tion rates are highest, TCM is the maximum water
temperature above which consumption ceases and
CQ approximates the Q10 or the rate at which the
function increases over relatively low water tempera-
tures. Analogous to the ‘p-value’ reported in previ-
ously published bioenergetics models, we defined
relative daily foraging rate (RFR) as the ratio of field-
based rations (C1

d) from summer months (Jun to Aug)
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PC Code  Description                                       vi          tvi

1                Empty stomach (99% digested)    0.99     228.1
2                Trace amount of prey                    0.95     148.4
                 (95% digested)
3                75% digested                                 0.75     68.7
4                50% digested                                 0.50     34.3
5                25% digested                                 0.25     14.2
6                Fresh prey                                      0.00     0.00

Table 1. NOAA food-habits database digestion codes
(PC code) and corresponding values of proportion digested
(vi) and hours since prey were consumed (tvi

) given at a 
temperature of 3°C
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to bioenergetics-based maximum consumption (C 3
d;

i.e. RFR = C 1
d/C 3

d). We selected C 1
d for use in RFR cal-

culations because RFR should reflect behaviorally-
and ecologically-mediated differences in re alized
foraging patterns (as compared to theoretical maxi-
mum consumption, C 3

d, in absence of in situ pro-
cesses); C 1

d corrects samples for variation in degree of
digestion, whereas C 2

d does not specifically account
for digestion condition of the prey and therefore may
overestimate consumption and underestimate RFR.
CA, CB, and ƒ(T) parameters were fit to independent
data from laboratory weight- and temperature-spe-
cific consumption experiments. Previous values of CA

and CB for pollock (Buckley & Livingston 1994, 1996,
Ciannelli et al. 1998) yielded estimates of daily con-
sumption by adult fish that differed markedly from
daily rations estimated from the other methods (e.g.
Merati & Brodeur 1996). Thus, we refit CA and CB to
observations of consumption (Cobs) digitized from
Smith et al. (1986, their Fig. 1) and Smith et al. (1988,
their Fig. 3) in order to derive more realistic values
for daily consumption of juvenile and adult pollock.
Since Smith et al. (1986, 1988) conducted their exper-
iments at 5.5 and 5.0°C, respectively, we adjusted
the consumption rates from their studies to obtain
temperature-corrected estimates of consumption (CT)
using ƒ(T) for pollock based on parameters reported
in Ciannelli et al. (1998) and estimated CA and CB

using maximum likelihood, such that:

(10)

No previous bioenergetics models have been pub-
lished for Pacific cod or arrowtooth so we derived
consumption parameters for both species using pub-
lished information on consumption for each of these
or similar species. Paul et al. (1990) conducted allo-
metric consumption experiments for juvenile and
adult Pacific cod at 4.5 and 6.5°C. We fit CA and CB

to data digitized from Paul et al. (1990, their Fig. 3)
and corrected consumption to obtain CT using ƒ(T)
parameters borrowed from an existing bioenergetics
model for a related species, Atlantic cod Gadus
morhua (Mateo 2007), which has similar metabolic
and consumption rates as Pacific cod (Paul et al.
1990).

We were unable to obtain laboratory estimates of
consumption rates for arrowtooth, thus consumption
parameters were based on published consumption
rates reported for a similar flatfish species, European
plaice Pleuronectes platessa (Fonds et al. 1992). We
first derived the ƒ(T) curve for plaice by setting TCM

to 26°C and fitting TC0 and CQ via maximum likeli-
hood (assuming normally distributed residuals around

the mean response) to temperature-specific consump-
tion values (scaled to the maximum reported con-
sumption rate) from Fonds et al. (1992) (Table S1 in
the Supplement). Our CA and CB values for maximum
consumption were then calculated as the numerically
weighted means of the temperature-corrected CA

and CB values. All data used to derive CA and CB for
each species can be found in Table S1; see Table 2 for
parameter results.

Consumption derived from von Bertalanffy 
growth rates

Using the methods outlined in Essington et al.
(2001), we additionally compared field- and bio -
energetics-based consumption estimates (C1

d, C 2
d,

and C 3
d, respectively) to daily consumption derived

from fitting generalized (C 4
d) and specialized (C 5

d) von
Bertalanffy growth functions (VBGF) to length at
age data from the age and growth database at the
Alaska Fisheries Science Center (NOAA). This
approach calculates the daily ration of an individual
predator as:

(11)

where
, and 

A is prey assimilation efficiency set to 0.65, d is the
allometric slope of consumption, H is assimilation
intercept, k is the energy loss constant, and W∞ is the
asymptotic fish mass where dW/dt = 0. In the gener-
alized VBGF equation (Pauly 1981, Temming 1994)
d, H, and k are fit through maximum likelihood esti-
mation based on observations of weight at age; in the
specialized von Bertalanffy equation (Ursin 1967,
Pauly 1981, Beverton & Holt 1957), d = 2/3 and the
remaining parameters (Hspec and kspec) are estimated
by maximum likelihood as:

(12)

where Ŵp is the estimated weight of the predator, ap

is the observed age of the individual predator, p, and
a0 is the estimated age where Ŵp = 0.

GAM analysis of temperature and fish weight
effects on foraging rates

We anticipated a non-linear effect of temperature
and weight on foraging rates and RFR because

1
365d

4,5 ( 1)( )= ⋅ ⋅ −C
H
A

W d

(1 )= ⋅∞
−H W kd

1
(1 )( )=∞

−W
H
k
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221



Mar Ecol Prog Ser 521: 217–235, 2015

changes in temperature in Alaskan marine ecosys-
tems are often associated with abrupt ecological
shifts in circulation, dominant taxa, and trophic inter-
actions (Aydin & Mueter 2007, Stabeno et al. 2012).
As such, we used generalized additive models (GAMs)
to evaluate the effect of changes in temperature and
fish size on ration (C1

d; g g−1 d−1) and RFR (i.e. C1
d/C 3

d)
in each region (excluding empty stomachs). GAMs
allow for non-linear relationships be tween the re -
sponse variable and multiple explanatory covariates
and are more appropriate than generalized linear
models (GLMs) when non-linear relationships are
expected (Zuur et al. 2009). We considered an indi-
vidual fish i as the sampling unit and used GAMs
with cross-validation to determine the optimal amount
of smoothing (i.e. gam() function in the ‘mgcv’ pack-
age in R with a limit on the maximum number of
nodes of 4; R Development Core Team 2012) to eval-
uate the regional (r) effect of fish weight (Wi) and bot-
tom temperature at the sampling location (Ti) on indi-
vidual (i) estimates of C 1

d or RFR (i.e. C1
d/C 3

d) such
that:

(13)

where ln(ŷi,r,k) is the estimated individual response
variable (i.e. log-transformed ration or RFR), αr,k is
the species- (k) and region- (r; EBS, AI, or GOA) spe-
cific intercept, βs,r,k is the main effect of regional sub-
strata (s) on the intercept αr,k, ƒ(Wi)r,k and ƒ(Ti)r,k are
penalized regression splines defining the main non-
linear effects of fish weight and temperature on the
response variable, ƒ(Wi ,Ti)r,k is a penalized regres-
sion spline defining the interacting effects of weight
and temperature on the response variable, and εi,r,k

is an independent and normally distributed random
variable, i.e. εi,r,k~N(0,σ2

r,k). Regional sub-strata (s)
were based on regional delineations from Aydin et
al. (2007), and included 6 sub-regions for the EBS
(‘Outer NW’, ‘Middle NW’, ‘Inner NW’, ‘Outer SE’,
‘Middle SE’, and ‘ Inner SE’), 9 sub-regions for the
GOA (‘Central shelf’, ‘Central gully’, ‘Central slope’,
‘West shelf’, ‘West gully’, ‘West slope’, ‘East slope’,
‘East gully’, and ‘East shelf’), and 9 sub-regions for
the AI (‘West Shallow’, ‘West Middle’, ‘West Deep’,
‘Central Shallow’, ‘Central Middle’, ‘Central Deep’,
‘East Shallow’, ‘East Middle’, ‘East Deep’). Lastly, we
used model estimates of temperature and weight
coefficients to calculate change in rations and RFR
under a 2°C increase in regional mean sea surface
temperatures that might accompany future climate
change in Alaska (Hollowed et al. 2009).

Similarly, we determined the Wi, k, and r-specific
number of foraging days per year (Dr,k,j) for juvenile
or adult fish ( j) using model estimates from penalized
(k = 6) GAMs fit to individual fish, i, values of the
ratio of rations from generalized VBGF (C 4

d) and
digestion corrected field-based methods (C1

d) as:

(14)

where yi,r,k,j = (C 4
d /C1

d)i and Dr,k,j = 365 · min(ŷi,r,k,1).

RESULTS

Wisconsin consumption model parameterization

Temperature-corrected allometric model fits to lab-
oratory consumption data for all 3 groundfish species
resulted in allometric slopes of consumption (CB) sim-
ilar to those estimated using generalized VBGF
methods (i.e. d = 1 + CB); specific consumption rates
(i.e. g g−1 d−1) for all 3 species scaled with body size to
the −0.16 to −0.57 power (Fig. 2; Table 2). We used
previously published temperature scaling functions
for consumption for pollock (Ciannelli et al. 1998),
published temperature functions for a congener of
Pacific cod (i.e. Atlantic cod; Mateo 2007), and fit
consumption curves to data available for plaice
(Fonds et al. 1992). This resulted in slightly divergent
thermal consumption optima for each species, with
consumption peaking at 10.0, 13.7, and 20.5°C for
pollock, Pacific cod, and arrowtooth, respectively
(Fig. 3). Changes in weight at length were most vari-
able for pollock and highest for Pacific cod (as re flected
in the slope of the weight to length relationship),
potentially reflecting annual and spatial differences
in specific growth rates (Fig. S1 in the Supplement)
or size-dependent mortality.

Comparative ration estimates

Differences between field-based and model-based
ration estimating methods were species- and region-
dependent, and resulted from regional discrepancies
between theoretical allometric consumption rates
(based on physiological demand under constant food
availability) and realized foraging patterns that re -
flect variability in environmental conditions and tro -
pho dynamic processes. Model-based estimates of an-
nual ration (i.e. C 3

d, C 4
d, and C 5

d) increased in a
concave-down fashion with size, whereas some field-
based estimates of annual ration (C 1

d and C 2
d) exhib-

ln ˆ ƒ

ƒ ƒ ,

, , , , , ,

,

y W

T W T

i r k r k s r k i r k

i r k i

( ) = + + ( )
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ited linear, or even concave-up, increases with size
(as in the case of EBS pollock). The digestion index
based (C 1

d) and standard digestion correction (C 2
d)

methods resulted in similar estimates of EBS Pacific
cod and arrowtooth annual rations (Fig. 4). Yet for the
other species and regions, the standard digestion cor-
rection (C 2

d) yielded higher ration estimates than
those estimated using digestion indices (C 1

d). Model
estimated rations based on generalized VBGF growth
functions (C 4

d) differed from those estimated from the
specialized VBGF (C 5

d) except for GOA arrowtooth
(Fig. 4).

Across the range of methods used to calculate daily
ration, we found that juvenile fish foraged at similar
daily rates (i.e. 0.3 to 1.2% BW d−1) but exhibited
higher annual specific foraging rates than that of
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Walleye Pacific Arrowtooth 
pollock cod flounder

α 0.006 0.004 0.005
β 3.04 3.22 3.175
CA 0.119 0.041 0.125
CB −0.46 −0.122 −0.199
CQ 2.6 2.41 2.497
TCo

10 13.7 20.512
TCM

15 21 26

RFRjuv

EBS 0.41 0.68 0.83
AI 0.24 0.48 0.52
GOA 0.49 0.41 0.79

RFRadult

EBS 0.79 1.57 1.29
AI 0.72 0.68 1.22
GOA 0.56 0.47 1.07

H
EBS 11.798 8.691 4.651
AI 28.816 8.691 3.443
GOA 9.008 17.628 5.397

k
EBS 0.375 0.511 1.235
AI 0.422 0.511 0.531
GOA 2.036 0.133 0.355

a0

EBS 0.357 −0.259 −1.495
AI 0.486 −0.259 −2
GOA −0.445 0.115 −0.618

d
EBS 0.548 0.715 0.835
AI 0.428 0.715 0.776
GOA 0.796 0.544 0.673

Hspec

EBS 8.214 10.176 6.392
AI 11.869 12.468 4.583
GOA 11.669 10.613 5.502

kspec

EBS 0.672 0.33 0.405
AI 1.05 0.42 0.269
GOA 1.001 0.414 0.341

a0spec

EBS 0.025 −0.06 −0.049
AI −0.018 −0.029 −0.84
GOA 0.078 −0.275 −0.577

Table 2. Model parameters for bioenergetics-based methods
of estimating daily ration for each species from the eastern
Bering Sea (EBS), Aleutian Islands (AI), and Gulf of Alaska
(GOA). Von Bertalanffy coefficients for Pacific cod and
arrowtooth flounder from the AI region are set to those from
EBS due to limited size at age data for AI populations of
Pacific cod and arrowtooth flounder: juv = juvenile, spec =
specialized von Bertalanffy; for other parameter abbrevia-

tions see ‘Materials and methods’

Fig. 2. Specific consumption rates (g g−1d−1) as a function of
fish body weight (g) for walleye pollock, Pacific cod, and
arrowtooth flounder. Laboratory observations of consump-
tion corrected for temperature (points) were used to derive
the slope (CB) and intercept (CA) of the allometric relation-
ship for maximum consumption at the thermal optimum
(Cmax; dashed line). Shading represents 95% CI around the
Cmax estimate; error bars represent the standard deviation
around observed consumption rates. Note the log scale on
the x-axis (see Table S1 in the Supplement at www.int-

res.com/articles/suppl/m521p217_supp.pdf for data)

http://www.int-res.com/articles/suppl/m521p217_supp.pdf
http://www.int-res.com/articles/suppl/m521p217_supp.pdf
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Fig. 3. (a) Temperature scaling functions, ƒ(T), for maximum consumption, Cmax = CA · WCB · ƒ(T) of three Alaskan ground fish 
species, and (b) Cmax (g g−1d−1) of a 1 kg fish of each species

Fig. 4. Annual individual ration estimates (kg yr−1) as a function of fish weight (kg) from various methods for walleye pollock,
Pacific cod, and arrowtooth flounder in the eastern Bering Sea (EBS), Aleutian Islands (AI), and Gulf of Alaska (GOA). Mean
stomach content weight is shown by light gray shading. Field-based (C1

d and C2
d; medium and dark gray shading, respectively)

and Wisconsin bioenergetics ration estimates (C3
d; line and point) were multiplied by estimated foraging days needed to match

C1
d to generalized von Bertalanffy growth function (VBGF) based estimates of consumption (C4

d; solid line). Note that bioener-
getics based rations (C3

d) represent maximum consumption rates. C5
d (dashed line) represents the specialized VBGF-based 

estimate of annual ration. The vertical dashed line indicates the approximate juvenile breakpoint for each species



Holsman & Aydin: Climate-driven changes to groundfish foraging

adult conspecifics. From field-based ration estimates
(i.e. C 1

d), we found that juvenile pollock (<40 cm;
<0.44 kg), Pacific cod (<55 cm; <1.80 kg), and arrow-
tooth (<40 cm; <0.56 kg) ate on average 1.15 to 3.94
times their BW yr−1 in Alaska, whereas adults con-
sumed between 0.84 and 3.13 times their BW yr−1

(Table 3). Annual foraging rates were the result of
daily foraging events, the necessity for which ap -
peared to decline ontogenetically for Pacific cod and
arrowtooth flounder (Fig. 5). Minimally, juvenile and
adult pollock would need to forage continuously for
field-based ration estimates (i.e. C 1

d) to approach
annual rations estimated from generalized VBGF
(C 4

d; Fig. 4, Table 3), as would juvenile Pacific cod
from each region, and arrowtooth from EBS and AI
regions. In contrast, adult Pacific cod from each
region and arrowtooth in the GOA exhibited expo-
nential declines in foraging days with size, decreas-
ing from daily foraging rates to once every 5 d for the
largest Pacific cod and once every 6 d for large GOA
arrowtooth (Fig. 5, Table 3).

Despite higher specific consumption rates, we
found that juvenile fish were not foraging as inten-
sively relative to their maximum physiological rate
as adult conspecifics. The daily RFR from summer
months (Jun to Aug) was slightly lower for juvenile
than adult fish of each species (Fig. 6). Juvenile pol-
lock exhibited higher specific daily rations (i.e. C 1

d)
than adult conspecifics, but were only foraging at 24
to 49% of their maximum consumption rate (Fig. 6).
In general, adult Pacific cod from the EBS and adult
arrowtooth from all 3 regions had the highest specific
foraging rates.

Regional and species-specific variability in daily
rations and RFR was also reflected in observations of
stomach fullness for each species, with the highest
mean fullness indices (across individuals and years)
observed for Pacific cod and the lowest mean fullness
indices observed for arrowtooth (Table 4). Pacific cod
stomach fullness also showed little variability be -
tween seasons in each region, in contrast to pollock,
where stomach fullness was greatest in summer and
spring and lowest in winter (Table 4).

Observed daily summer rations (C 1
d) varied annu-

ally and were highest for arrowtooth flounder and
Pacific cod and lowest for pollock from the EBS
(Fig. 7). Across years in the EBS, mean daily rations
(C 1

d) and RFR (i.e. C 1
d /C 3

d) were slightly more vari-
able for pollock (mean annual coefficients of varia-
tion, CVs, of 2.74 and 2.11, respectively) as compared
to Pacific cod (mean annual CVs of 2.49 and 1.65,
respectively) and arrowtooth rates (mean CVs of 2.47
and 1.67, respectively). Annual mean RFR values
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C1
d C2

d C3
d C4

d C5
d

Eastern Bering Sea
Walleye pollock
<40 cm, 365 d 1.78 2.45 5.25 3.69 3.73

(0.04) (0.02) (0.03) (0.02) (0.01)
≥40 cm, 365 d 0.84 1.30 1.14 0.80 1.26

(0.01) (0.01) (0.00) (0.00) (0.00)
Pacific cod
<55 cm, 365 d 2.32 2.84 3.53 2.61 2.35

(0.03) (0.02) (0.01) (0.01) (0.01)
≥55 cm, 237 d 2.55 2.98 1.79 1.33 1.06

(0.03) (0.03) (0.01) (0.00) (0.00)
Arrowtooth flounder
<40 cm, 365 d 3.16 3.52 4.00 3.11 1.87

(0.08) (0.07) (0.02) (0.01) (0.01)
≥40 cm, 365 d 3.09 4.14 2.53 2.26 0.97

(0.07) (0.09) (0.01) (0.00) (0.00)

Aleutian Islands
Walleye pollock
<40 cm, 365 d 1.15 1.66 4.76 4.33 4.52

(0.06) (0.06) (0.08) (0.08) (0.05)
≥40 cm, 365 d 0.86 1.30 1.32 0.86 1.82

(0.04) (0.05) (0.01) (0.00) (0.01)
Pacific cod
<55 cm, 365 d 1.86 2.33 3.73 2.22 2.38

(0.15) (0.08) (0.02) (0.02) (0.03)
≥55 cm, 353 d 1.95 2.92 2.94 1.29 1.25

(0.06) (0.10) (0.01) (0.00) (0.01)
Arrowtooth flounder
<40 cm, 365 d 2.32 3.24 4.38 1.69 1.30

(0.13) (0.19) (0.04) (0.01) (0.01)
≥40 cm, 348 d 3.13 5.20 2.64 1.05 0.64

(0.18) (0.27) (0.02) (0.01) (0.00)

Gulf of Alaska
Walleye pollock
<40 cm, 365 d 2.08 3.25 4.86 5.48 4.05

(0.06) (0.08) (0.05) (0.03) (0.03)
≥40 cm, 365 d 0.86 1.47 1.53 3.44 1.85

(0.02) (0.03) (0.01) (0.00) (0.00)
Pacific cod
<55 cm, 365 d 1.82 2.62 4.36 1.62 2.01

(0.07) (0.07) (0.02) (0.03) (0.02)
≥55 cm, 329 d 1.41 2.21 3.19 0.72 1.15

(0.04) (0.06) (0.01) (0.00) (0.00)
Arrowtooth flounder
<40 cm, 346 d 3.94 5.53 4.96 1.64 1.62

(0.11) (0.15) (0.02) (0.01) (0.01)
≥40 cm, 306 d 2.87 4.88 2.96 0.83 0.81

(0.08) (0.13) (0.02) (0.00) (0.00)

Table 3. Annual region-specific rations (g g−1 yr−1) estimated
from field-based (C1

d and C2
d) and model-based (C3

d, C4
d, C5

d)
methods for calculating consumption for adult and juvenile
fish. Mean estimated foraging days are shown in italics; val-
ues in parentheses are standard errors of the mean. Diges-
tion corrected observed rations with and without prey condi-
tion (C1

d and C2
d, respectively); bioenergetic-based model

estimates of maximum consumption (C3
d); generalized and

specialized VBGF based estimates of consumption (C4
d and 

C5
d, respectively)
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were relatively constant across years and were less
than 1 for small pollock and Pacific cod (i.e. < 2 kg),
but ranged between 0.5 and 3 for adult fish from EBS
(Fig. 7).

GAM analysis of ration and RFR

Akaike’s information criterion (AIC) selection crite-
ria found strong support for GAM models that
included both the main and interacting effects of
temperature and fish weight on daily specific rations

(C 1
d) or RFR (i.e. they were the top

selected models for each species;
Table S3 in the Supplement). In par-
ticular, our GAMs predict that daily
rations and RFR will increase allomet-
rically and exhibit a non-linear rela-
tionship with fish weight for EBS
Pacific cod and arrowtooth from the
EBS and GOA regions (but not AI;
Fig. 8, Table S2). Daily specific ra -
tions (C 1

d) and RFR of all 3 species also
increased significantly with tempera-
ture in the GOA (p < 0.001; Fig. 9),
but ex hibited more complex species-
specific non-linear changes with tem-
perature for the other regions. In par-
ticular, daily rations of pollock showed
only slight changes with temperature
or fish weight in the EBS and AI
regions (Figs. 8 & 9, Table S2).

A 2°C increase in mean temperatures is within (al-
beit at the upper limit of) the range of observed tem-
peratures in all 3 regions. Thus, if historical patterns
are indicative of future mean responses, our GAM
models estimate that a 2°C increase in mean summer
temperatures (approximate 50 yr projection of climate
effects; Hollowed et al. 2009) could cause a 25.7, 14.2,
and −36.5% change in summer daily rations (C 1

d) of a
1 kg pollock, Pacific cod, and arrowtooth from EBS,
respectively, and −41.1, −2.7%, and 31.4% change in
AI rations for each species, respectively. Our GAMs
predict marked increases in summer daily rations
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Fig. 6. Daily specific ration
estimates (C1

d; g g−1d−1) for
walleye pollock, Pacific cod,
and arrowtooth flounder,
from summer (Jun to Aug)
field-based diet ob servations
from the eastern Bering Sea
(EBS), Gulf of Alaska (GOA),
and Aleutian Islands (AI) re -
gions. Relative foraging rates
(RFR) represent the ratio of
observed daily foraging rates
(C1

d) to bioenergetics-based 
daily rations (C3

d)

Fig. 5. Estimated species- and region-specific allometric foraging days needed
for observed daily rations (C1

d) to match to generalized von Bertalanffy growth
function (VBGF) based consumption estimates (C4

d) for walleye pollock, Pacific
cod, and arrowtooth flounder. EBS: Eastern Bering Sea; AI: Aleutian Islands; 

GOA: Gulf of Alaska
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(C 1
d) of all 3 species in the GOA (69.7, 33.7, and 64.9%

increases for pollock, Pacific cod, and arrowtooth, re-
spectively) associated with a 2°C increase in mean

temperatures. Given observed patterns between fish
foraging rate and temperature, our models also esti-
mate that a 2°C increase in water temperature would
likely have little effect on EBS pollock RFR but might
result in a 8.3 and 53.9% decline in RFR for EBS
 Pacific cod and arrowtooth, respectively. The same
change in temperature is associated with a 66.2, 11.2,
and 35.4% change in RFR for GOA and a −43.8,
−16.4, and 7.0% change in RFR for AI populations of
pollock, Pacific cod, and arrowtooth, respectively
(Fig. 9).

DISCUSSION

Considered jointly, our results indicate that climate
effects on foraging rate are profound and disparate
between regions and species. Thermally structured
biophysical conditions (beyond temperature-driven
changes in metabolic demand) likely dictate each
species’ foraging ecology. We found that size-specific
daily rations (C 1

d) and RFRs (C 1
d /C 3

d) were non-
 linearly correlated with bottom temperatures at sam-
pling locations and exhibited size- and species-
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EBS AI GOA

Walleye pollock
Winter 2.98 2.23 2.40
Spring 3.38 3.08 2.83
Summer 3.75 3.69 3.78
Autumn 3.64 3.43 3.58

Pacific cod
Winter 4.16 NA 3.72
Spring 4.13 3.93 3.90
Summer 4.05 4.06 3.99
Autumn 4.79 NA 4.15

Arrowtooth flounder
Winter 3.01 3.47 2.72
Spring 2.78 1.98 2.66
Summer 3.02 2.85 3.10
Autumn 3.49 3.25 3.51

Table 4. Seasonal mean stomach fullness index (1 = empty,
7 = full) of adult predators from the eastern Bering Sea 
(EBS), Aleutian Islands (AI), and Gulf of Alaska (GOA). NA: 

not available

Fig. 7. Individual daily ration (C1
d; g d−1) and relative foraging rate (RFR) for small (<2.0 kg) and large (2 to 4 kg) walleye pol-

lock, Pacific cod, and arrowtooth flounder from the eastern Bering Sea, Alaska (Jun to Aug only). Shaded areas indicate the
95% CI around annual mean values. RFR values represent C1

d as compared to bioenergetic-based daily C3
d rations. Horizontal 

lines represent RFR = 1.0
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 specific differences that varied considerably between
years and regions. In contrast, we found expected
basal metabolic demands to be relatively consistent
between years, since water temperatures were with -
in a low thermal envelope where metabolic-driven
changes in consumption demand with temperature
are small. As such, bioenergetics-based consumption
demands (i.e. C 3

d) for pollock, Pacific cod and arrow-
tooth from the EBS exhibited CVs of 0.57, 0.98 and
0.78, respectively, while daily rations (C 1

d) varied
considerably more over the years we analyzed (CVs
of 2.47 to 2.74). We interpret these results as suggest-
ing that thermally structured ecological processes

such as prey availability and quality and species
inter actions (i.e. competition, predator avoidance)
likely drive regional and annual variability in forag-
ing patterns more than thermally induced changes in
metabolic demands, especially in the EBS, where an-
nual variation in sea ice is known to influence multi-
ple trophodynamic processes (Aydin & Mueter 2007).

RFR reflects the ability for biologically simple
bioenergetics models (C 3

d) alone to capture climate-
and allometric-driven changes in observed foraging
patterns (i.e. C 1

d). If RFR is consistent (i.e. flat) across
sizes and temperatures, then observed foraging pat-
terns scale proportionally with metabolically-based
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Fig. 8. Generalized additive model estimates of individual walleye pollock, Pacific cod, and arrowtooth flounder daily ration
(C1

d; g fish−1 d−1) and relative foraging rate (RFR) as a function of fish weight at mean summer (Jun to Aug) bottom temperatures
(values in parentheses) in the eastern Bering Sea (EBS), Aleutian Islands (AI), and Gulf of Alaska (GOA). RFR values represent
C1

d as compared to bioenergetic-based daily C3
d rations. Shaded regions represent 95% CI around model estimates. Relative 

sampling frequency is represented by the vertical lines at the bottom of each panel
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bioenergetics modeled rations, i.e. bioenergetics
models reasonably predict temperature- and allo-
metric-driven changes to annual rations. This be -
comes important for projecting changes in ration
 under future climate conditions, as climate-driven
changes to trophodynamic processes are difficult to
predict. Climate-driven bioenergetics model (C 3

d)
projections of foraging demand are generally accept-
able for all 3 regions (i.e. RFR is relatively flat across
temperatures) but may overestimate changes in ra-
tion for pollock from the AI and arrowtooth in the
EBS, and underestimate pollock and arrowtooth fu-

ture rations in the GOA. Our results suggest that pre-
dicting trophodynamic responses to climate change
may require region- and species-specific investiga-
tions, especially for the aforementioned cases where
bioenergetic models should be combined with addi-
tional ecological information in order to fully capture
climate-driven changes to predator demand.

Prey availability and quality are tightly coupled to
climate-driven changes in Alaskan marine eco -
systems and vary considerably between thermal
regimes (Coyle et al. 2011, Mueter et al. 2011, Siddon
et al. 2013). At the same time, consumption demand

229

Fig. 9. Generalized additive model estimates of daily ration (C1
d; g fish−1d−1) and relative foraging rate (RFR) of walleye pollock,

Pacific cod, and arrowtooth flounder as a function of summer (Jun to Aug) bottom temperature at time of capture (‘Tempera-
ture’) for a 1 kg fish from the eastern Bering Sea (EBS), Aleutian Islands (AI), and Gulf of Alaska (GOA). Vertical lines repre-
sent mean 1981 to 2011 bottom temperatures (solid) and projected mean temperatures under climate change (i.e. +2°C;
dashed). RFR values represent C1

d as compared to bioenergetic-based daily C3
d rations. Shaded regions represent 95% CI 

around model estimates. Relative sampling frequency is represented by the vertical lines at the bottom of each panel



Mar Ecol Prog Ser 521: 217–235, 2015

accelerates rapidly as temperatures approach ther-
mal optima, thus projected increases in water tem-
peratures under future climate change could alter
trophodynamic interactions. Our GAM models esti-
mate that an increase in water temperatures of 2°C
associated with climate change (Hollowed et al.
2009) could cause pronounced, disparate changes in
the daily ration (C 1

d) of each species, including
notable increases in demand of all 3 species in the
GOA, marginal increases in Pacific cod and pollock
prey demand in the EBS and declines in daily rations
of arrowtooth in the EBS. In contrast, rations of pol-
lock and Pacific cod in the AI may decline, whereas
arrowtooth rations may increase. 

Generally, most fish meet metabolic demands
before allocating assimilated energy towards somatic
or gonadal tissue growth and exhibit metabolic
rates that increase rapidly with water temperature
(Hewett & Johnson 1992). As prey quality increases
(e.g. increased lipid content), less prey biomass
should be required to meet basal metabolic demands,
and predators should respond by either reducing
daily rations or increasing growth (Hewett & Johnson
1992). The inverse is also true; when prey quality
declines, fish must exhibit compensatory feeding to
maintain growth rates. Thus, if prey availability is
constant, variability in foraging rates (C 1

d) may in part
reflect climate-driven changes in prey quality.
Recent analyses have shown that lipid and energy
content of capelin Mallotus villosus and herring Clu-
pea pallasii can vary as much as 35 to 80% and 23 to
52% (for lipid and energy content, respectively) in
response to annual changes in oceanographic condi-
tions (Abookire & Piatt 2005, Vollenweider et al.
2011). Buckley & Livingston (1996) and Wilson et al.
(2011) similarly found seasonal variability in stomach
content weight and prey composition of pollock, and
postulated high summer and low  winter growth rates
resulting from variation in prey quality and RFR. Sid-
don et al. (2013) found that the feeding ecology and
growth of juvenile pollock vary with climate-driven
changes in prey distribution and quality that create
growth ‘hot spots’ in the EBS. In our study, changes
in prey quality (either due to the condition of prey or
prey switching) could partially account for the
decline in EBS arrowtooth RFR associated with
warmer temperatures.

Variation in foraging rates and resultant growth
are also the integrated outcomes of species interac-
tions that influence foraging success and scale with
size (Barnes et al. 2010). Realized foraging patterns
(C 1

d) reflect seasonal and size-dependent tradeoffs in
somatic growth rates and lipid composition, prey

quality and availability, and predation risk (or other
size-dependent mortality risks). For example, Heintz
& Vollenweider (2010) found that pollock overwinter
survival depends on acquiring sufficient energetic
reserves and the ability to reach a critical size thresh-
old during summer growing seasons, in order to
reduce starvation and predation morality risk during
lean winter months. Further, Heintz & Vollenweider
(2010) found that the critical summer size threshold
was strongest for the smallest fish in their study,
which presumably experience intensified winter pre-
dation and starvation risk compared with larger con-
specifics (Beamish & Mahnken 2001, Hurst 2007,
Heintz & Vollenweider 2010). Given this, small fish in
particular should forage at the highest rate possible
during the summer months (when our RFR was cal-
culated) in order to increase growth, regardless of
prey quality; the exception might be during periods
of intense predation when fish may attenuate con-
sumption rates to reduce predation risk during for-
ays. Indeed, similar to Wilson et al. (2011), we found
the highest stomach fullness for pollock in summer
months, and we estimated daily foraging for juve-
niles of each species (i.e. foraging days = 365).

We observed ontogenetic patterns in RFR (i.e.
increasing RFR with weight) that reflect disparate
estimates of rations from model-based methods (i.e.
C 3

d, C 4
d, and C 5

d) and field-based observations of diets
(i.e. C 1

d and C 2
d, corrected for temperature effects of

digestion). These differences can provide insight into
the relative role of environmentally-driven changes
to foraging rates versus the influence of trophody-
namic processes on foraging behavior. In particular,
C 1

d and C 2
d are based on observations of diets that

integrate in situ effects of each species’ ecology on
foraging rates (as well as potential sampling biases).
For example, smaller fish could have lower consump-
tion rates than those predicted by model-based
methods (i.e. low RFR) due to predator avoidance
behaviors (likely a stronger issue for smaller, more
vulnerable fish), competition for food resources (which
may be intensified for younger, more abundant age
classes), temporal or spatial patterns in prey switch-
ing (between lower or higher quality prey), and size-
specific sampling bias (if there are spatial or temporal
patterns in foraging that change with age and survey
selectivity). Predation on juvenile pollock by ground-
fish including Pacific cod, arrowtooth, and larger
conspecifics has been an increasingly important
source of mortality for Alaskan populations, espe-
cially in the EBS (Jurado-Molina et al. 2005, Kinzey &
Punt 2009, Van Kirk et al. 2010). Predation pressure
and predator avoidance behaviors have been shown
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to affect foraging rates, and resultant growth rates,
and are generally greater for smaller, more vulnera-
ble fish (Sih 1992, Schmitz et al. 2004). Foraging
behavior is also impacted by seasonal and annual
changes in competition for prey resources, reduced
prey abundance, and increased search and handling
time of prey. For example, juvenile pollock from the
EBS preferentially consume lower trophic level prey
that is patchily distributed and strongly associated
with climate conditions or oceanographic fronts
(Brodeur et al. 2000). Seasonal changes in the abun-
dance and distribution of prey potentially intensify
intra- and inter-specific competition through aggre-
gation of pollock and their competitors on mutual
prey fields (Sturdevant et al. 2001). Annual variation
in climate-driven changes in species’ abundances
also influences trophic interactions with predators;
predation on juvenile pollock in the EBS is thought to
intensify during warm conditions when mutual pred-
ators switch from alternative prey to pollock (Hunt &
Sabeno 2002, Heintz & Vollenweider 2010, Mueter et
al. 2011, Coyle et al. 2011, Boldt et al. 2012), and pre-
dation on juvenile pollock is strongly influenced by
oceanographic fronts in the areas surrounding the
Pribilof Islands (Lang et al. 2000).

Ontogenetic patterns in RFR can also arise if the
allometric slope parameter (CB) is too low, causing
the model to underestimate maximum consumption
for larger fish (leading to increasing RFR with size).
This is more likely to occur when the size range of
individuals used to parameterize the allometric con-
sumption function is relatively small and lacks infor-
mation for larger fish, which is the case for our study.
Yet, allometric bias does not entirely explain non-
 linearity in the relationship of RFR with fish weight
nor variation in the shape of the allometric pattern in
RFR across regions. Underestimating the slope
parameter would manifest as an exponential in -
crease in RFR with size and is only seen, to varying
degrees, in EBS pollock and arrowtooth from the EBS
and AI. Results of ongoing consumption experiments
for pollock and Pacific cod (R. Heintz pers. comm.)
can validate our models for those species and help
determine the degree of allometric bias, if any, in our
bioenergetics-based consumption estimates.

We calculated RFR as the ratio of field-based
rations (C 1

d) to bioenergetic-based rates (C 3
d), which

could result in higher RFR values for fish that feed
episodically rather than continuously (Essington et
al. 2000). Laboratory consumption experiments used
to parameterize bioenergetics models frequently cal-
culate daily foraging rates as the average weight of
food consumed by multiple fish over multiple days. In

contrast, field-based stomach samples are synoptic
and may capture a feeding event that in reality may
occur less frequently. Because the methods used to
convert stomach samples to daily rations assume con-
tinuous feeding, systematic bias in sampling effort
during periods when predators tend to forage (e.g.
daytime or morning sampling) could easily cause
field-based approaches to overestimate daily ration
and RFR. There is some evidence that this is the case
in our study, particularly for larger Pacific cod from
the EBS that expressed the highest RFR values. Con-
versely, low RFR values could also reflect sampling
bias against fish with full stomachs. The NOAA
Alaska Fisheries Science Center stomach collection
protocol for observers and survey researchers speci-
fies that fish exhibiting evidence of regurgitation be
discarded and replaced with fish that have non-
empty stomachs (K. K. Holsman pers. obs.). Conceiv-
ably, if within-net disturbance or on-deck handling of
fish causes multiple regurgitation events, then this
protocol could lead to sampling bias towards par-
tially full or empty stomachs. This could easily be the
case for arrowtooth, and to a lesser degree pollock,
whose morphology makes them prone to regurgita-
tion when stomachs are full (K. K. Holsman pers.
obs.). Alternatively, patterns in RFR for arrowtooth
could also reflect differences between observed
ration (C 1

d) and the bioenergetics-based estimates of
ration (C 3

d) from the arrowtooth models that were fit
to generic Pleuronectes spp. data (i.e. European
plaice).

Although all methods predict increasing consump-
tion rates with size, agreement between field-based
and bioenergetics-based methods was highly influ-
enced by species, ontogeny, and region. For exam-
ple, pollock observed rations (C 1

d) were markedly
lower than rations estimated from bioenergetics
approaches (C 3

d, C 4
d, and C 5

d), especially for smaller
pollock. Thus, selecting a method for use in future
studies or other species will depend largely on avail-
able data and foraging patterns of the predator. That
said, our results are consistent with previously
reported foraging rates. Across methods, we found
that juvenile pollock exhibited foraging rates of 0.61
to 1.21% BW d−1 , which is similar to rates reported
for similar sized pollock by Brodeur et al. (2000) and
Dwyer et al. (1987) from the EBS (1.4 to 2.5 and 0.3%
BW d−1, respectively), but less than estimates for pol-
lock from the GOA (7.4 to 8.5% BW d−1; Merati &
Brodeur 1996). Using the Elliott & Persson (1978)
method (i.e. C 2

d) for estimating daily rations from diet
data, and an earlier subset of our data, Livingston et
al. (1986) found foraging rates for Pacific cod and
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arrowtooth that match those we observed here (0.4 to
1.5% BW d−1), and are only slightly lower than the
range (2.1 to 2.3% BW d−1) reported for 1.7 kg GOA
Pacific cod (Albers & Anderson 1985). Additionally,
Hurst et al. (2010) found that growth of juvenile
Pacific cod in a laboratory experiment roughly dou-
bled (i.e. 2.2 times) between 3 and 11°C, which is
similar to the 1.9 fold increase in predicted maximum
consumption projected from our bioenergetics model
(C 3

d) for the same temperature range.
We suggest that the field-based approach (C 1

d) of
Beaudreau & Essington (2009), which incorporates
a prey condition index correction, is the preferred
field-based method for estimating daily rations, espe-
cially for species like adult Pacific cod that violate the
continuous foraging assumption of the more widely
used Elliott & Persson (1978) method (C 2

d). The mean
estimates from both field-based methods were simi-
lar for continuous feeding fish, but the C 2

d estimated
daily rations that were 61% higher than C 1

d on av -
erage for Pacific cod. Both field-based approaches
could be improved by including specific digestion
rates for each prey type, especially for predators that
consume prey species with distinct lipid content or
indigestible components that might influence diges-
tion rate (e.g. crustacean versus fish prey). Addition-
ally, field samples are snapshots that may reflect
long-term average foraging patterns but can also
exhibit high spatial and temporal variability from
seasonal and diel changes in species aggregation,
habitat-specific or size-specific gear efficiencies,
spawning and reproductive phenology, and individ-
ual fish behavior. Thus, sampling over multiple sea-
sons, areas, size ranges of fish and years is needed to
derive a clear picture of foraging rates. Ideally, field
rations should also be compared to bioenergetics-
based estimates of maximum consumption. In this,
we prefer the C 3

d approach for estimating consump-
tion, which has advantage over VBGF methods (C 4

d

and C 5
d) in that it is temperature- and weight-specific

and can therefore be used to project changes in
 foraging rate and predation pressure from climate-
driven changes in growth and metabolism.

Scaling daily consumption rates to annual rations
requires estimates of effective foraging days (with a
maximum of 365 d yr−1); here, we estimated the num-
ber of foraging days by comparing consumption from
VBGF (C 4

d) to daily rations from field-based ap -
proaches (C 1

d). Since VBGF consumption estimates
are based on annual incremental growth, they inte-
grate the effects of physical and trophodynamic pro-
cesses on the foraging ecology of each species. Using
this approach, we found that fish in our study with

the lowest RFR values were also the same fish that
must forage daily for field-based rations (C 1

d) to meet
annual consumption rates from generalized VBGF
(C 4

d). In contrast, we estimated that adult Pacific
cod only need to forage once every 1 to 5 d to meet
annual consumption rates predicted from VBGF
methods, which is consistent with multi-day gastric
evacuation rates observed for the species (Paul et al.
1990) and high RFR values observed in this study.

SUMMARY

Taken together, our results indicate that species-
specific foraging strategies mediated by regional bio-
physical conditions may limit prey consumption by
juvenile pollock, Pacific cod, and arrowtooth and
adult pollock, but not necessarily adult Pacific cod
and arrowtooth. High RFR values and evidence of
episodic foraging by adult Pacific cod suggest that
although they forage at their daily maximum physio-
logical rate, they may compensate for patchy or
sparse prey distributions by increasing the frequency
of foraging events. We suggest that warming condi-
tions associated with future climate change may
increase predator demand and top-down processes
on the food web in the GOA, where foraging rates of
all 3 predators increased predictably with tempera-
ture. Non-linearity in the relationship between for -
aging rates and temperature in the EBS (and to a
lesser extent AI) reflects known trophodynamic shifts
that accompany changes in sea-ice extent (and sub-
sequent vestigial summer ‘cold-pool’ bottom temper-
atures), and suggests that warming temperatures in
that region may produce counterintuitive shifts in
foraging rates and predator impacts on the food web.
It is important to note that we only investigated the
relative correlation between rations (and RFR) and
temperature and fish size, and as such our GAMs
have low predictive power (R2 values below 0.2).
Inclusion of additional environmental covariates could
improve GAM fits and help identify additional poten-
tial mechanisms structuring trophodynamic process
in each region. Disentangling the myriad mecha-
nisms driving changes in foraging rates is beyond the
scope of this study, but is an essential step in under-
standing and refining projected chan ges to foraging
rates under future climate change.

As major consumers in Alaskan marine eco -
systems, groundfish species shape regional tropho-
dynamic interactions (Aydin & Mueter 2007, Aydin
et al. 2007, Baker & Hollowed 2014) and as such,
even slight changes in daily rations or RFR can have
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widespread impacts on Alaska marine food webs.
For example, in southeast Alaska, cannibalism is
highest on Age 0+ pollock during autumn, and
Dwyer et al. (1987) estimates around 400 billion
aged 0+ are consumed annually; the 69.7% increase
in consumption demand we predict for GOA pollock
could result in as much as 278 billion additional Age
0+ pollock consumed by older conspecifics annually.
Climate and fishing further modulate or amplify
groundfish predation impacts on the food web
through multiple biophysical, energetic, and tropho-
dynamic processes. The first step in quantifying cli-
mate change impacts on ecosystem interactions is to
clarify the relationship between temperature and
vital rates (Kristiansen et al. 2007, Hollowed et al.
2009, Rijnsdorp et al. 2009). RFR provides a stan-
dardized metric for comparing foraging patterns
among various thermal conditions and predator sizes,
daily rations (C 1

d) provide synoptic observations of
realized foraging patterns, VBGF methods (C 4

d) can
scale daily rations to annual rates, and bioenergetics
models (C 3

d) help quantify temperature effects on
foraging demand. Collectively, these methods com-
prise a powerful ecosystem based management
toolset for managers tasked with assessing trophic
impacts of fisheries harvest and future climate
change on marine ecosystems.
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