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Walleye pollock (Gadus chalcogrammus) supports one of the largest commercial fisheries
in the world. Juvenile pollock are important forage fish in the EBS ecosystem, often
representing the largest fraction in the diets of major Bering Sea piscivores. Large
variability in the eastern Bering Sea (EBS) pollock stock biomass in recent years has been
attributed primarily to fluctuations in recruitment. It has been hypothesized that predation
rates ongforage fishes increase when the cold pool (a body of cold water < 2°C) is extensive
and covers much of the middle continental shelf, which tends to concentrate larger
predatoryufishes in the outer shelf and slope regions. In contrast, young pollock appear to
tolerate colder temperatures than older fish and can stay in the cold pool, thereby reducing
predation. We used a multispecies modeling approach to examine the effects of the cold
pool size on predation of juvenile pollock. We found that predation on age-1 pollock by
age-3+ pollock decreased, and predation on age-1 and age-2 pollock by arrowtooth
flounderinereased with increasing bottom temperature, which was used as a proxy for the
cold poal size: These results suggest that the cold pool creates spatial separation between
juvenile pollock and arrowtooth flounder, but not between adult and juvenile pollock. The
model developed in this study could be used to examine effects of other covariates on
interspeeifie-nteractions, help explain observed changes in fish communities, and

understand implications of climate change on ecosystems and their productivity.

Keywords: ' Multispecies model, Bering Sea, biomass dynamics model, predator-prey

interaction, ocean temperature

Introduction

Walleye pollock (Gadus chalcogrammus) is the most abundant and commercially important
groundfish species in the Bering Sea. Pollock represent 56% of exploitable groundfish
biomass'in the Bering Sea and Aleutian Islands fisheries management area (NPFMC,
2015), and commercial catches of pollock averaged 75% of the total groundfish catch by
weight from this area over 1990 to 2016 (NPFMC, 2016). Commercial fisheries for pollock

represent over 40% of the global whitefish production. However, the eastern Bering Sea

This article is protected by copyright. All rights reserved



86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114

Bering Sea Multispecies Biomass Models

(EBS) pollock stock declined more than 60% from a high of 12.2 million t in 2003 (age 3+
biomass) to a low of 4.6 million t in 2008, before increasing again in recent years through
2016 (lanelli.et al., 2016). This decrease in biomass was also reflected in reduced harvests.
In 2009 @and 2010, annual EBS pollock catch dropped to 0.81 million tons, roughly a 40%
reduction from'the average catch (1.28 million tons) over the previous 9 years (Ianelli et al.,
2009). Changes in stock biomass are primarily due to the effect of year-class variability and
the sharp.decline after 2003 has been attributed to poor recruitment between 2001 and 2005
(Coyle etal.;2011; Ianelli et al., 2009). The recent rebound was associated with strong year
classes in 2008 and 2012 (Ianelli et al. 2016). Mechanisms controlling pollock recruitment
are complex and poorly understood, but likely involve both physical and biological factors,
as well as interactions among them (Duffy-Anderson et al., 2016; Hunt et al., 2011; Jurado-

Molina andIZivingston, 2002a; Mueter et al., 2006; Sigler et al., 2016) .

Juvenile polloek are important forage fish in the EBS ecosystem, often representing the
largest fraction in the diets of major Bering Sea piscivores, including arrowtooth flounder
(Atheresthessstomias), flathead sole (Hippoglossoides elassodon), and adult walleye
pollock:(Aydin et al., 2007; Coyle et al., 2011). Cannibalism by adult pollock has been
estimated to cause 40% of juvenile pollock mortality (Aydin et al., 2007) and plays an
importantroletin determining pollock year-class strength (Wespestad and Quinn, 1996).
Arrowtooth flounder are a major predator of both juvenile and adult pollock, raising
concerns about the effects of a nearly four-fold increase in total biomass of arrowtooth
flounderiover 1976-2009 in the eastern Bering Sea (Spies et al., 2016) on future pollock

recruitments

In addition to the direct effects of currents on the transport of eggs and larvae and of water
temperature on individual growth and development, physical oceanographic conditions also
affect pollock'recruitment indirectly via trophic interactions. These include effects on food
production (bottom-up) and on predation intensity (top-down), the latter of which is in part

regulated by the degree of spatial overlap between predators and prey (Yamamura, 2004). It
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has been hypothesized that warm spring conditions and early sea ice retreat on the EBS
shelf reduces the availability of large zooplankton prey for age-0 pollock, resulting in weak
age-1 recruitmient in the following year (Coyle et al., 2011; Hunt et al., 2011). Low
abundance of'large zooplankton in warm years may reduce pollock recruitment further as
fish predators shift to age-0 pollock as an alternative prey (Coyle et al., 2011; Moss et al.,
2009). On the other hand, stronger northward advection during warm years transports
juvenile polleck inshore and away from adults (Smart et al., 2012). For example, large-
scale surveysising a midwater rope trawl in late summer and early autumn found age-0
walleyepollock to be abundant and widely distributed from Bristol Bay to offshore and
northern areas during warm years (2004-2005) and less abundant with a distribution that
was more restricted to the southeastern Bering Sea in cool years (2006-2007. See Figure 1
in Mossetal:;2009). The resulting spatial separation between juveniles and adults may
reduce cannibalism and enhance recruitment the following year (Mueter et al., 2006;

Wespestad et al., 2000).

The presencesof the so-called “cold pool” is one of the important physical features of the
EBS shelf:xThe cold pool is a body of cold bottom water generally < 2°C, which persists on
the middle shelf at depths of 50 to 100 m throughout summer. The cold pool forms when
sea ice freezes'in the winter, and the size of the cold pool in summer depends on the extent
of sea ice during the previous winter. Many subarctic fish species avoid the cold pool (
Mueter and Litzow, 2008; Zador et al., 2011) and are therefore excluded from much of the
shelf when the cold pool is extensive, concentrating fish in the outer shelf and slope regions
(Spencert;:2008; Figure 1a). It has been hypothesized that an extensive cold pool increases
encounter rates between prey and predators and results in higher predation rates on forage
fishes (Hunsicker et al., 2013; Wespestad et al., 2000; Wyllie-Echeverria and Ohtani,
1999)#0n the other hand, there is some evidence that young pollock, in particular age-1
fish, can tolerate cold temperatures better than older fish and thus are able to seek refuge in
the cold pool to avoid predation (Bailey, 1989; Francis and Bailey, 1983; Sogard and Olla,
1993; Wyllie-Echeverria and Wooster, 1998). If that were the case, then predation on
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juvenile pollock is expected to be lower in cold years with an extensive cold pool (Figure
1b). Either way, these studies suggest that the extent of the cold pool can affect recruitment
of pollo€k.by.imodulating interactions between juvenile pollock and its predators on the

Bering Sea shelf.

In this study we use a multispecies modeling approach to examine the effects of variability
in the cold peol on predation of juvenile pollock. Our objectives are to quantify 1) the
magnitude.of predation among six EBS groundfish species using a multispecies biomass
dynamics model fitted to survey biomass data and 2) the effect of changing bottom
temperature on the predation rates on juvenile pollock by their fish predators. In particular,
we are interested in finding out which predatory interactions (prey-predator combinations)
involvingjuvenile pollock are more strongly affected by changes in bottom temperatures

associated'with a variable cold pool.

Methods

Overview

We quantifiedspredation on juvenile pollock by modeling the biomass dynamics of six EBS
groundfish species — walleye pollock, arrowtooth flounder, Pacific cod (Gadus
macrocephalus), yellowfin sole (Limanda aspera), northern rock sole (Lepidopsetta
polyxystra), and flathead sole — and predatory interactions among them (Figure 2). We
aggregated all flatfish species except arrowtooth flounder into a ‘small-mouth flatfish’
group because of similar decadal trends in stock biomass (Figure 3) and similar trophic
roles in.the.ecosystem. Walleye pollock was divided into four age classes (age 0, 1, 2, and
3+) to explicitly model cannibalism of juveniles (age 0, 1, and 2) by adult and subadult
pollock (age 3+, referred to as “adult pollock™ hereafter for simplicity). As a result, seven
species=age groups were modeled (arrowtooth flounder, Pacific cod, small-mouth flatfish,
and four age groups of pollock). Model details are provided in Uchiyama et al. (2016) and
Appendix 1.
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To test for the effects of variability in the cold pool on predation, in this study we modified
the model of Uchiyama et al. (2016) to include temperature-dependent predation rates as
described.below. The model was fit to survey biomass data and estimated prey biomass
consumed by predators. We used mean bottom water temperature in the model as a proxy
for the coldpoolextent. Multiple alternative models, including different combinations of
temperature-dependence for one or more predator-prey interactions, were considered to
identify predator-prey interactions that show strong temperature dependence, and to

quantify the effect of bottom temperature on predation rates.

Data

Survey biomass estimates of the study species, commercial catch statistics, and estimated
biomassdostto predation used in this study are summarized in Appendix 2 and described in
detail in"Uchiyama et al. (2016). In addition, an annual index of summer bottom
temperature (7) was used as an environmental factor that affects the predator-prey
interactions in the model (see the descriptions in “Models” section below). The index was
estimated byafitting a spatial Generalized Additive Model (GAM) to observed bottom
températuressduring the EBS summer trawl survey. Bottom temperature data were obtained
from NOAA (https://www.afsc.noaa.gov/RACE/groundfish/ebs.htm) and were modeled
using a spatial'smoother (thin-plate regression spline, Wood, 2017), while including year
and smooth functions of depth and day of sampling as covariates in the model to account
for differences in mean temperature conditions among years, as well as for differences in
sample locations and in the timing of the survey among years. Predicted temperatures along
the 70.m depth contour on July 1% of each year were used to index interannual temperature

variability on'the middle shelf.

Apportionment of pollock predation into age classes

Estimated biomass lost to predation reported in the Alaska Fisheries Science Center’s
groundfish food habits reports (Lang et al., 2005; Lang et al., 2003, 1991; Livingston and
DeReynier, 1996; Livingston et al., 1993) represent aggregated biomass of all prey age
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classes. To estimate predation on pollock by age class from available diet data, Uchiyama
et al. (2016) apportioned pollock prey biomass into age classes (ages 0, 1, 2, and 3+)
according to.their proportion in the estimated total pollock biomass, assuming constant
predation mortality across all age classes for simplicity. To more accurately estimate
predation on‘each age class, in this study we reapportioned reported predation estimates to

pollock age classes 0 through 3+ based on the body lengths of pollock prey.

The length. distribution of pollock prey consumed by their predators was obtained from the
Alaska Fisheries Science Center (Kerim Aydin, NMFS, personal communication) and data
were subdivided into four sampling quarters (January — March, April — June, July —
September, October — December). Based on visual examination of the prey body length
distributions(Figure 4), we assumed that pollock prey in each quarter consisted of four
groups of individuals with varying body lengths, and that the body lengths of individual
prey in each group followed a Gaussian distribution. We assumed the group with the
smallest mean body length in the first sampling quarter consisted of age-1 fish because the
mean bodylength of this group was larger than that of the smallest group in the second
quartéryandsbecause pollock spawning peaks in early April in the EBS (Wespestad et al.,
2000). For the second, third, and forth sampling quarters, we assumed the smallest group
was age=0rThe means of the length frequency distributions of these groups approximately
corresponded to the body lengths of Bering Sea walleye pollock at age (47, 156, 246, and
320 mm for age 0, 1, 2, and 3, respectively) calculated from the life history parameters

reportediin Kooka (2012).

The meanbody length of each age class and its variance were estimated using the R
package™“mixtools’ (Benaglia et al., 2009). Based on the quarter-specific age class body
lengthedistributions, the probability that prey of a given size in a given quarter belongs to a
particular age'class was calculated. Individual pollock prey were then assigned to one of
four age classes (0, 1, 2, and 3+) by their body length, based on the probability calculated
above. Body weights of individual prey were estimated from their body length and the
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length-weight relationship for the Bering Sea shelf stock of walleye pollock reported in
Kooka (2012). Individual prey weights were summed by prey age class, predator, and
sampling year! The proportion by weight of each prey age class in the diet of a particular
predatorswas ¢alculated for each sampling year by dividing the total weight of the prey in
each age classfor a particular predator and sampling year by the total weight of prey in all
age classes. The biomass of each pollock age class lost to predation was then calculated by
multiplying tetal pollock biomass lost to predation by the age class proportions calculated

above.

Models

Previously, we developed two alternative multispecies models for focal EBS groundfish
species #a'biomass dynamics model and a delay difference model (Uchiyama et al. 2016).
Althougheach model has advantages and disadvantages, we selected the multispecies
biomass dynamics model as the preferred model, because it produces more stable and
realistic predictions in simulations than the multispecies delay difference model. Therefore,
in this studypbiomass dynamics of adult walleye pollock (age 3+), arrowtooth flounder (age
1+), Pacifiesecod (age 1+), and a small-mouth flatfish group (age 1+) were modeled using
the multispecies biomass dynamics model described in Uchiyama et al. (2016), modified to
include temperature-dependent predation rates, as well as new estimates of the age
composition of pollock prey as described above. Biomass of juvenile pollock (ages 0, 1, 2)
was modeled with age structure to account for the effect of predation on recruitment

through multiple juvenile age classes as described in Uchiyama et al. (2016).

The size of the cold pool is negatively proportional to mean bottom temperature, hence
mean bottom temperature provides a measure of habitable space for the prey and predator
species’on the EBS shelf. To examine the effects of bottom temperature on juvenile pollock
predation we modeled predation rates (see Appendix 1) in the biomass dynamics model as a
linear function of the GAM-estimated summer bottom temperature anomalies (7,):

dmz = amz + eszB,y (1)
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where d,,, is the predation rate for predator z and prey juvenile age class m = {P0, P1l, P2},
d,.- is the mean predation rate at T = 0, and e, is the slope parameter for the linear
relationship,.bétween predation rate and temperature for predator z and prey juvenile age
class m = {P0OyP1, P2}. A linear relationship was assumed between predation rate and
bottom temperature because we expect the overlap of prey and predator distributions, based
on the areas occupied, to change linearly with the area of suitable habitat (Spencer et al.
2016). Thusthe per-capita predation rate of predator z on juvenile age class @ increases
with bottem.témperature if e,,. > 0 and decreases if e,,. < 0. Parameters d,,. for juvenile
pollock @and d,,; for all other species groups were constrained to be positive in estimation.
To assess our assumption of a linear response of predation rates to temperature variability,
we modified the best approximating model selected in this study to allow for curvilinear
(quadratic)responses to bottom temperature by adding an extra parameter in each of the
predation functions found to be affected by bottom temperature, re-fitted the model, and

compared the fit to the linear model. Model parameters were estimated by maximizing the

likelihood function described in Appendix 1.

Model selection

To identify the predator-prey interactions that are most strongly affected by bottom
temperatureywe fit a series of nested models with different numbers and combinations of
the slope parameters e,,., ranging from the ‘null’ model without temperature-dependent
predation to the full model with temperature-dependent rates for all 12 predation terms on
juvenile pollock (total of 4096 models). The nested models were then ranked by the Akaike
InformatiensCriterion corrected for small sample size (AIC() following Burnham and
Anderson (2002):

AlCe= ~21n(L)+ 2k + _ik_(’; t 11) ’ o
where L = likelihood, £ = number of parameters (52 to 64, depending on the model. See

Appendix 2), and » = number of observations (577, number of data points used to fit the

model.). The model with the smallest AIC value was considered to be the “best”
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approximating model describing the data. However, for drawing inferences and estimating
parameters we considered a broader set of models to account for model uncertainty. To
incorporate.model selection uncertainty, we first selected a subset of models that had good
support ift theidata. The candidate models were chosen based on differences in AIC¢ values
(AAIC), calculated by subtracting the AIC value of the best model from that of each of
the othet. models. All models with AAIC: < 4 were considered to have good support
(Burnhanr and, Anderson, 2002) and were included in further analyses.

To weightmodels based on their relative support, Akaike weights (w;) were calculated for

each model i using the following equation:

1
xXp| ——A;
» | p( 21’j , ©
;exp(—zAij

where Ay=AIC:,; — AICc minimum, and

w.

1

R=mnumber of models compared.
The relative importance of each slope parameter (i.e., the importance of the temperature
effect on"@ given predator-prey interaction) was computed as the sum of the Akaike weights
over only those candidate models that included the respective slope parameter. To reduce
bias related to model selection uncertainty, parameter estimates were averaged over the

candidate'models following Burnham and Anderson (2002):

Lo
Il
.Mk’

>

wé @)

1

where éj = model-averaged estimate of j# parameter, and

NP

.+ = estimator of the j” parameter in model i.

Model-averaged predictions for biomass and biomass lost to predation were computed
similarly:
N R
B, =
=1

i

wB,, )
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where §y = model-averaged prediction of biomass or biomass lost to predation in year y,
and

B gan the model-averaged estimated biomass or biomass lost to predation in year y

for model i.
To illustrate the effects of bottom temperature on biomasses and predator-prey interactions
among the species studied, biomass estimates of all species were projected forward from
the predicted biomass in 2009 to the next year at various bottom temperatures between 1.1
and 3.8°C. The range of bottom temperatures for the projection encompasses the lowest and
the highest index of the GAM-estimated bottom temperatures used in model fitting (1.13
and 3.72 °C, respectively). Biomass lost to predation was predicted under different bottom
temperatures-for comparison. To illustrate the effect of changing the amount of predation
on future'biemass levels, we further projected biomasses of all species for three more years
to allow/all juvenile pollock age classes to enter the adult population under a constant
bottom temperature of 2.24 °C, which is the average temperature between 1982 and 2009.
Projected'biomass estimates were subjected to fishing mortality rates fixed at the average
valueetween 1982 and 2009 for each species. Projections were made with all candidate
models with their respective maximum likelihood parameters, and the results were
averagediacecording to eq. (5). For comparison, projections were also made with the model

that assumes no temperature effect on predation.

Results

We found strong support for the importance of temperature-dependent interactions between
several predator-prey pairs. A total of 17 models were retained for multi-model inference
based onvAkaike weights. Variation in biomass predictions among the 17 models was small
(Figures5). Among the 17 models retained, the best and second best models had nearly
identical AICg values (5180.78 and 5180.92, respectively). The third and subsequent
models had much less support, as indicated by much lower Akaike weights (Table 1). The

best model included the slope parameters ep;p, ep;4, and ep,4, Which represent the
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temperature effects on the predation of age-1 pollock by adult pollock and by arrowtooth
flounder, and of age-2 pollock by arrowtooth flounder. Two of the slope parameters, ep;p
and ep;4 weredlso included in the second best model, while the third best model only
includedfep; .\The parameter ep;, was included in all of the 17 candidate models, and was
the most'important parameter based on the sum of the Akaike weights. Estimates of the ep;4
parameter were consistently positive for all 17 models, but varied substantially in
magnitude. The parameter ep;p was the second most important parameter (relative
importanee.=0.69), was included in 9 of the 17 models, and was consistently estimated to
be negative. The third most important parameter (ep,4, relative importance = 0.35) was
included in only 6 out of 17 models and was consistently positive. The model-averaged
parameter estimates for ep;p, ep;4, and ep,4 were -2.11, 26.62, and 0.33, respectively,
indicatingthat'predation on age-1 pollock by adult pollock decreases with increasing
bottom temperature, while predation on age-1 and age-2 pollock by arrowtooth flounder
increases with temperature. The model with a quadratic function on these three predation
terms fitted the biomass data only slightly better than the model with linear predation terms,
and the additien of extra parameters resulted in an increase in the AICc value by 5.59,

whichiis.greater than those of all 17 selected models.

Due to substantial model selection uncertainty, five other slope parameters (epgp, €por, €pic,
epir, epic) were also retained by some of the candidate models, but were of marginal
importance in explaining the data. Two parameters, (epyr, ep;r) Were consistently estimated
to be positive, and one parameter (ep;c) was consistently negative, but the importance of
these parameters was relatively low (between 0.10 and 0.21). The two remaining
parameters (epyp, epsc) had even lower importance (0.09 and 0.08, respectively), and their
estimates were neither consistently positive nor negative. Four slope parameters (epg4, €poc,

epop, epar) did not occur in any of the 17 candidate models.

Model-averaged predictions suggest that large portions of the age-0 and age-1 pollock
biomass were lost to predation between 1982 and 2009, but predation by any of the
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predators in the model was relatively small for age-2 pollock, adult pollock, arrowtooth
flounder, Pacific cod, and small-mouth flatfishes (Table 2). Adult pollock was the largest
source.of predation mortality for age-0 and age-1 pollock with 53.5% and 48.2%,
respectively, of the estimated biomass lost to predation on average. Arrowtooth flounder
was the largest'source of predation mortality for age-2 pollock (1.94% on average), and

also consumed a large portion (8.86%) of age-1 pollock biomass on average.

Model-averaged biomass projections simulated under a range of possible bottom
temperatures showed little variation in the amount of predation on age-0 pollock (Figure
6a). In contrast, bottom temperatures had much larger effects on age-1 pollock predation.
The predicted proportion of age-1 pollock biomass consumed by all predators combined
increasedfrom 34.3% at 1.1 °C to 84.8% at 3.8 °C. This increase was due to a large
increase"in‘predation by arrowtooth flounder with increasing bottom temperatures, even
though predation by adult pollock decreased slightly with temperature (Figure 6b).
Predation on age-2 pollock was also predicted to increase with bottom temperature, from
8.8% at [.1"€.to 12.1% at 3.8 °C, and was similarly due to an increase in predation by

arrowtoeth.flounder (Figure 6¢).

The modelwithout the effects of bottom temperature predicted higher predation on age-0
pollock @and lower predation on age-2 pollock at all temperatures compared to the model-
averaged projections from the 17 best models (Figure 6a, 6¢). The model-averaged
prediction of total age-1 pollock predation was lower than the prediction from the model
without temperature effects below 2.0 °C and was higher than predicted at higher
temperatures (Figure 6b).

Afteraone-time temperature anomaly in predicting temperature-dependent predation,
biomass estimates were projected for three more years at the average bottom temperature.
As a result of increased predation on juvenile pollock with increasing temperature in the

first year of the projection, the projected pollock biomass estimate (juvenile and adult
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combined) after three years was 45.6% lower with a bottom temperature of 3.8 °C in the
first year compared to that projected with a bottom temperature of 1.1 °C (Figure 7).
Predicted. biomiass of all other species also decreased with bottom temperature, but not as
much asgpolloek. In comparison to the biomass projection by the model without
temperature effects (Figure 7), the model-averaged biomass projections were lower at all
temperatures for all species. The difference between the model-averaged projections with
temperature effects and the projection with no temperature effect was particularly large for
pollock biemass. The model-averaged projected pollock biomass was largest at 1.1 °C at
13.5 million tons, while the projection by the model without a temperature effect was 20.4

million tons.

Discussion

In this stady;"We quantified the magnitude of predation among six EBS groundfish species
using a multispecies biomass dynamics model. We also quantified the effect of changing
bottom temperatures on the predation rates on three juvenile pollock age classes by their
major fish predators. We identified three predator-prey interactions involving juvenile
pollo¢ck that.are strongly affected by changes in bottom temperature. The model without an
effect of bottom temperature on predation resulted in higher estimates of predation on age-0
pollock,buttended to result in lower estimates of predation on age-1 and age-2 pollock
compared to the model with temperature effects. The net result was that biomasses of all
species were predicted to be higher in the model that lacks bottom-temperature effects on

predation.

Our results suggest that changes in the extent of the cold pool on the EBS shelf affect
predator-prey interactions among commercially important fishes. In particular, warmer
temperatures are associated with enhanced predation by arrowtooth flounder on age-1
pollock and, t6 a lesser extent, on age-2 pollock. These results are consistent with the
hypothesis that an extensive cold pool provides a refuge for juvenile pollock from their

predators (Figure 1b). Arrowtooth flounder have been shown to avoid the cold pool
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(Mueter and Litzow, 2008; Spencer, 2008; Zador et al., 2011), while age-1 pollock can
tolerate a wider range of water temperatures and are often found within the cold pool
(Bailey, 1989;/Duffy-Anderson et al., 2003; Hollowed et al., 2012). The overlap between
the distribution of juvenile pollock and arrowtooth flounder increases in warm years, when
arrowtooth*flounder are more widely distributed on the shelf (Ciannelli et al., 2012;
Spencery 2008), and may explain the estimated increase in predation on age-1 pollock and,
to some extent, age-2 pollock by arrowtooth flounder at higher bottom temperatures. This
increase in.predation, in turn, provides a mechanism explaining the negative correlation
between pollock recruitment and the magnitude of the spatial overlap between arrowtooth

flounder and juvenile pollock (Hunsicker et al., 2013).

Our results‘also suggest that warmer temperatures are associated with reduced predation on
age-1 pollock'by adult pollock, consistent with the hypothesis that both predator (adult
pollock) and prey (age-1 pollock) are excluded from the cold pool (Figure 1a). This result
appears to contradict the finding above, which indicates that age-1 pollock are not excluded
from the coldspool. The apparent negative effect of bottom temperature on age-1 predation
by adult-pelleck may be explained by several factors: the response of adult pollock to
temperature, competitive interactions between adult pollock and arrowtooth flounder, and
differeneesiinwertical distribution between cold and warm years. First, the different
responsgs to water temperature by the two predators may be attributed to differences in
their tolerance to cold temperature. While arrowtooth flounder generally avoid
temperatures <2 °C and are excluded from much of the shelf when the cold pool is
extensivegadult walleye pollock seem to have a higher tolerance for cold water and are
often found in temperatures as low as 0 °C (Kotwicki et al., 2005; Swartzman et al., 1995).
If this is'the case, predation on juveniles by adult pollock may not be affected much by cold
temperatures, as the distributions of both the prey and the predator are not strongly affected
by the presenée of the cold pool. Second, although changes in temperature alone may not
have noticeable effects on age-1 predation by adult pollock, increasing arrowtooth flounder

predation on juvenile pollock at higher temperatures may be associated with reduced
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predation by adult pollock through competition with arrowtooth flounder for juvenile
pollock prey. Finally, changes in vertical stratification with temperature may result in a
reducedvertical overlap between juvenile and older pollock at warmer temperatures,

potentially reducing cannibalism (e.g., Bailey, 1989).

Our results imply that increasing abundances of arrowtooth flounder, in combination with
anticipated decreases in ice extent and duration, will reduce pollock recruitment in the
future threugh both bottom-up and top-down processes. Decreases in ice extent and
enhanced stmmer temperatures reduce the overwinter survival and subsequent recruitment
of young-of-year pollock due to reduced prey availability (Heintz et al., 2013; Hunt et al.,
2011). Yasumiishi et al. (2015) also found that ocean conditions associated with increased
summer sea surface temperature negatively affect recruitment of age-0 pollock to age 1.
This study*suggests that recruitment may be further reduced in years following a warm year
because of increased predation mortality on age-1 and age-2 pollock. Therefore, anticipated
declines in the future recruitment and abundance of walleye pollock in a warming climate
may be evenmore pronounced than previously predicted (Mueter et al., 2011). While
Mueteretala(2011) included scenarios with increasing arrowtooth flounder abundances in
projections, the effect of increasing temperatures on predation was not considered. Spencer
et al. (2016)extended the model used by Mueter et al. (2011) and Ianelli et al. (2011) to
include both the effect of sea surface temperature (SST) on pollock recruitment and
spatially-resolved predation mortality by arrowtooth flounder. They projected EBS pollock
biomass through 2050 using SST and cold pool area projections from nine global climate
models.and.prédicted that pollock biomass decreases largely due to the effect of an
increasing trend in SST on pollock recruitment. They predicted a further decrease in
pollock biomass under a scenario in which the arrowtooth flounder distribution in the EBS
shiftsggowards the northwest middle shelf, where high densities of juvenile pollock are
found, by simulating the distribution of arrowtooth flounder under smaller cold pool sizes.
Their findings offer a possible mechanism for the increased arrowtooth flounder predation

on juvenile pollock with increasing bottom temperatures found in this study. By comparing
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biomass projections with and without bottom temperature effects on predation, the current
study shows that not taking into account the effect of temperature on predator-prey
interactions.may lead to underestimating predation mortality of young pollock in the EBS,
which infturnileads to overestimation of future biomasses. This finding is in agreement with

Spencertetal. (2016).

We identified. some caveats in our approach. Although our results suggest that bottom
temperature. affects predator-prey interactions among the EBS groundfish species, many of
the estimated effects were highly uncertain and weak, hence it is possible that these may
not be ecologically important relationships. A large number (17) of models had some
support based on Akaike weights, indicating substantial model selection uncertainty.
However;the'three most important parameters ep;p, €p;4, and ep,4, appeared in many of the
candidate'models, and were consistently estimated to be negative, positive, and positive,
respectively. The models ranked first and second had Akaike weights nearly twice as large
as that of the third model, indicating that these models are almost twice as likely to be the
best approximating model describing the available biomass data compared to the third
model. Bothsthe first and second models contained the parameters ep;p and ep; 4, while the
third model only contained ep;4. A simplification in our approach was that estimated
temperaturereffects on predation rates were assumed to be linear. We hypothesized that the
cold pool size affects the size of the available habitat on the EBS shelf for both predators
and prey, but the effects differ among species because of different thermal preferences.
Therefore, changes in the cold pool modify the spatial overlap and the encounter rates
between predators and their prey. However, temperature may also affect predation rates
through fishes’ physiological responses. In the laboratory, food consumption by juvenile
pollock increases with temperature from 2 to 12°C, but decreases at 16°C (Kooka et al.,
2007)«df prey availability is not limiting and temperature has a similar effect on older
pollock, predation rates by pollock are expected to increase to some optimal temperature
and then decease. Quadratic relationships were also found between feed conversion ratio

(feed intake divided by weight gain) and temperature in immature Atlantic cod (Gadus
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morhua; Bjornsson et al., 2001), which decreased with temperature up to 12°C and 8°C for
smaller and larger cod, respectively, indicating that less feed is required to attain the same
amount.0f growth at higher temperatures. Although temperature may induce non-linear
physiological'tesponses that affect predation rates, in this study we used bottom
temperatureé-asaproxy for the cold pool size, i.e., as an indicator of habitat size, rather than
an indicator of the fishes’ thermal environment. We assumed that fish can move relatively
freely to.avoid or minimize adverse physiological effects of unfavorable thermal
conditions, based on the observations that many of the EBS groundfish species change their
distributions with changing water temperature (e.g., Mueter and Litzow, 2008). The overall
effect of water temperature on predation rates is likely a combination of both physiological
and distributional changes, hence the actual forms of the functional responses of predation
rates to temperature are unknown and may vary among predator-prey combinations. In this
study, inelasion of quadratic functions in predation terms resulted in an AIC. value greater
than all of the|l 7 selected models with linear functions in predation terms, indicating that
the available data do not support a more complex functional form than a linear relationship
between prédation rates and temperature. It is also worth noting that, in the aforementioned
feeding.studies, the observed inflection points for physiological responses occurred at much
higher temperatures (8°C - 12°C ) than the range of bottom temperature used for biomass
projectionsiincthis study (1.1°C — 3.8°C). This suggests that the use of a linear relationship
was reasonable over the observed range of temperatures in the EBS during the study period
(1.13 °C —3.72 °C). Nonetheless, the linear relationships estimated in this study may not
hold outside the observed range of bottom temperature, and our simulation results at the
extreme ends.0f the temperature range should be interpreted with caution. Regardless of the
exact functional form of predator response to temperature, the direction of the effect of
bottom temperature on pollock cannibalism found in this study was the opposite of the
physielogical effect of temperature on predation rate; i.e., the rate of cannibalism decreased
with increasing bottom temperature. The positive effect of warmer temperature on
predation rate expected by the positive relationship below 12 °C would have been offset by

the negative effect of the cold pool.
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Increasing awareness of long-term cumulative impacts of fishing and climate-driven
changes'on.marine ecosystems have led to calls for more holistic approaches to fishery
management (Link, 2002; Marasco et al., 2007; Myers and Worm, 2003; Pauly et al., 2002;
Pikitch etal; 2004). Fisheries in the EBS within the U.S. Exclusive Economic Zone are
managed under the auspices of the North Pacific Fishery Management Council, whose
policy for.greundfish fisheries calls for the adoption of ecosystem-based fishery
managementprinciples. Accordingly, a number of multispecies models have been
developed for this region to work towards incorporating trophic interactions into
management decisions (e.g., Livingston and Jurado-Molina, 2000; Jurado-Molina and
Livingston, 2002b; Jurado-Molina et al., 2005; Holsman et al., 2016). The model in this
study was'developed as a simpler alternative to a fully age-structured, multispecies model,

such as the*CEATTLE model (Holsman et al., 2016).

Results from the current study are complementary to, and broadly agree with, those from
the CEATTEE model. Holsman et al. (2016) incorporated temperature-dependent von
Bertalanffy(VB) weight-at-age functions and temperature-specific bioenergetics-based
predation interactions in a multispecies statistical catch-at-age model of walleye pollock,
Pacific codyand arrowtooth flounder. They observed that the temperature-dependent VB
growth function causes moderate changes (5 — 15%) in predicted spawning, survey, and
total biomass of the three species, while variations in predation mortality from temperature-
dependent changes in predator rations were relatively small (1 — 7%). This is in contrast to
our finding.that water temperature has strong effects on juvenile pollock predation,
particularly by arrowtooth flounder. While the statistical catch-at-age model of Holsman et
al. (2016)is'in many respects more realistic compared to our biomass dynamics model
(e.g.,age structure, VB growth function, physiology-based predator rations, etc.), predator
rations were predicted deterministically and not calibrated with observed diet data.
Although predator rations are temperature-dependent in their model, these rations are

determined by the energetic requirement of the predators and not by the availability of the
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prey to the predators, which may also be influenced by variability in the environment as
suggested by our findings. By fitting our models to observed diet data, we were able to test
hypotheSes.about factors affecting predation on juvenile pollock. The CEATTLE model is
currently’being extended to include possible bottom-up effects on age-0 mortality,
presumablylinked to availability of suitable zooplankton prey (K. Holsman, NOAA,
Seattle, pers. comm.). However, a multispecies model that includes effects of temperature
on zooplankten prey, growth, predator ration, and predator-prey overlap for multiple life
stages has,yet'to be developed and the combined effects of these processes remain
uncertainn. Continuing efforts on integrating temperature, and possibly other environmental
variables, in multispecies models and collecting diet data to test the modeled predator-prey

relationships are necessary in reducing the uncertainty in predictions.

The modeldeveloped in this study expands the current portfolio of multispecies modeling
options and specifically can be used to examine the effects of environmental or other
covariates on predator-prey interactions. The model helps explain observed changes in the
EBS fish community and broadly agrees with other studies suggesting that warmer
temperaturesson the EBS shelf are associated with increased predation by arrowtooth
flounder on juvenile walleye pollock, although the effects on cannibalism were minimal.
The modelean be used to improve our understanding of the implications of climate change
on the EBS ecosystem and its productivity and we are currently extending the model to
project future changes in the biomass of these groundfish species under different future

climate change scenarios.
Data Availability Statement
The data'that support the findings of this study are available from the corresponding author

upon reasonable request.
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791 Tables

792  Table 1. Estimated model parameters, differences in the Akaike Information Criterion from
793  the bestmodel (AAIC(), and Akaike weights (w;) of 17 candidate models with good support
794  (AAICc[< 4). The parameter e, represents the effect of bottom temperature on the

795  predation of prey juvenile age class m = {P0, P1, P2} by predator z.

Rank epop epor  epip €piy epic epiF  €pay eprc AAIC. w;
1 0 0 -548 5744 0 0 1.29 0 0.00 0.1661
2 0 0 -1.09 2598 0 0 0 0 0.14 0.1552
3 0 0 0 6.06 0 0 0 0 1.24 0.0893
4 0 289.01 -3.96 32.55 0 0 0 0 1.76  0.0690
5 0 0 -2.87 8.59 0 179.63 0 0 1.76  0.0690
6 0 0 -1.31 23.06 0 159.41 0.51 0 2.18 0.0559
7 0 0 -445 19.12 -2.48 0 0 0 230 0.0526
8 -0.35 0 -0.79 50.69 0 0 0 0 2.40 0.0500
9 0 0 -1.32 6295 0 0 142 0.02 2.43 0.0492
10 4.94 0 0 4.12 0 0 0 0 2.68 0.0436
11 0 0 0 2.65 0 119.72 0.12 0 3.26 0.0326
12 0 13546 0 5.14 0 0 0 0 3.30 0.0320
13 0 0 0 6.86 0 79.34 0 0 3.30 0.0320
14 0 0 0 1.70 -25.51 0 0 0 3.46 0.0295
15 0 0 0 17.17 0 0 0 -3.05 3.68 0.0264
16 0 0 0 252 -82.80 0 0.11 0 3.88 0.0239
17 0 0 -6.19 22.12 -2048 179.16 0.49 0 3.90 0.0237
Model-

averaged 020 2428 -2.11 26.62 -3.34 32.00 0.33 -0.079
Relative

importance  0.09 0.10 0.69 1 0.13 0.21 0.35 0.08

796
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Table 2. Model-averaged percentage of prey biomass consumed by each predator averaged

over 1982 —2009.

Predator
Pollock  Arrowtooth Cod Flatfish Total
Age-0 pollock 53.52% 0.04% 0.01% 0.07% 53.64%
Age-1 pollock 48.21% 8.86% 0.74% 5.77% 63.69%
Age-2 pollock 0.76% 1.94% 0.34% 0.00% 3.04%
Prey Adult pollock 0.14% 1.08% 1.22%
Arrowtooth 0.00% 0.08% 0.08%
Cod 0.02% 0.02%
Flatfish 0.01% 0.21% 0.32% 0.54%

Figure legends

Figure 1. Séhematic diagrams showing alternative hypotheses on how the cold pool may
affect’predation on juvenile pollock. The cold pool (a) excludes young pollock from the
shelf, exposing them to predators on the slope; or (b) protects young pollock from predators

if they can'tolerate the cold temperature.

Figure 2. Predator-prey relationships among EBS fish species modeled in this study.

Arrows represent the directions of predator prey.

Figure 3. Composition of small-mouth flatfish species as absolute biomass (1000 tons) and

as proportion of total biomass.

Figure 4. Body length distributions of walleye pollock prey from the stomachs of eastern

Bering Sea walleye pollock, Pacific cod, arrowtooth flounder, and yellowfin sole (1981 —
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2012). The superimposed lines show the Gaussian probability density functions estimated

from the data.

Figure 5¢Predicted biomass from 17 candidate models (dotted lines) and model-averaged
predictions*(solid lines) for (a) age-1 pollock, (b) age-2 pollock, (c) age 3+ pollock, (d)
arrowtoeth flounder, (e) Pacific cod, and (f) small-mouth flatfish. Open circles and asterisk
(only for.pollock) are biomass estimates from bottom trawl and EIT surveys, respectively,
to which'models were fitted. For pollock, the survey estimates were divided by the
catchability estimates of each respective survey for presentation. For other species,

catchability was assumed to be 1.

Figure 6#Predicted proportion of prey biomass consumed by a given predator for (a) age-0,
(b) age-1,"and"(c) age-2 pollock at different bottom temperatures. The predictions of
predation were calculated from the biomass estimates of prey and predators in 2009 for
each of the 17 candidate models, then averaged over the models. The vertical bar on the
right side of'each panel shows the prediction from the model which includes no temperature
effectonpredation. Panel (d) shows the 95% prediction interval for the predicted
proportion of age-1 pollock biomass consumed by arrowtooth flounder, based on

unconditional{(model-averaged) standard errors of the predicted values.

Figure 7. The 4™ year biomass projections vs. bottom temperature in the first year, showing
the effects of a one-time bottom temperature anomaly on biomass levels. Biomasses were
projected-from the 2009 estimates by varying bottom temperature in year 1 of the
projection (2010) and keeping the bottom temperature constant at the average (=2.24 °C) in
three subsequent years (year 2 to 4). Biomasses were projected to the 4™ year, in which the
year lecohort becomes part of the adult pollock biomass to predict an effect of temperature
on future biomass. The vertical bar on the right side shows the prediction from the model

that includes no temperature effect on predation.
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