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Abstract. Predation can have substantial and long-term effects on the population dynam-
ics of ecologically important prey. Diverse predator assemblages, however, may produce stabi-
lizing (i.e., portfolio) effects on prey mortality when consumption varies asynchronously
among predators. We calculated spatiotemporal variation in predation on a dominant forage
species to quantify synchrony and portfolio effects in a food web context and better under-
stand diversity–stability relationships in a large marine ecosystem that has undergone consider-
able changes in community composition. We selected Walleye Pollock (Gadus chalcogrammus)
as our case study because they support some of the largest, most valuable commercial fisheries
in the world and serve as essential prey for an array of economically and culturally important
species. Thus, there are sufficient data for Pollock with which to test ecological theories in an
empirical setting. Spatially explicit predation indices accounted for annual variation in preda-
tor biomass, bioenergetics-based rations, and age-specific proportions of Pollock consumed by
a suite of groundfishes in the Gulf of Alaska (1990–2015). We found that Arrowtooth Floun-
der (Atheresthes stomias) was, by far, the dominant Pollock predator (proportional consump-
tion: 0.74 � 0.14). We also found synchronous trends in consumption among predator species,
indicating a lack of portfolio effects at the basin scale. This combination of a single dominant
predator and synchronous consumption dynamics suggests strong top-down control over Pol-
lock in the Gulf of Alaska, though the degree of synchrony was highly variable at all spatial
scales. Whereas synchrony generally increased in the western subregion, consumption in the
central Gulf of Alaska became less synchronous through time. This suggests diminished
trophic stability in one area and increased stability in another, thereby emphasizing the impor-
tance of spatiotemporal heterogeneity in maintaining food web structure and function. Finally,
total Pollock consumption was highly variable (ranging from 1.87 to 7.63 Tg) and often
exceeded assessment-based estimates of productivity. We assert that using our holistic and
empirically derived predation index as a modifier of assumed constant natural mortality would
provide a practical method for incorporating ecological information into single-species stock
assessments.

Key words: ecosystem-based fisheries management; food web ecology; groundfish; Gulf of Alaska; Pol-
lock; portfolio effects; predation index; predator–prey interactions; synchrony; trophic stability.

INTRODUCTION

Predation has been identified as an important source
of mortality for marine fishes, often resulting in far
greater losses than those due to fishing (Schoener 1983,
Bax 1991, Christensen and Pauly 1993). Although
intense predation can have substantial and long-term
effects (Polis et al. 1996, Link 2002, Hixon and Jones

2005), food webs composed of a wide array of consumers
may decrease predator control and promote stability in
the population dynamics of prey when compared to
those that are dominated by few predators. The stabiliz-
ing effects of diverse predator assemblages are made
possible by asynchronous predator dynamics (e.g.,
trends in abundance, metabolic rates, prey-specific con-
sumption), which lessen overall variability in prey mor-
tality (Polis and Strong 1996, Fu et al. 2017, Oken et al.
2018). This type of variance reduction is referred to as
the “portfolio effect” (Markowitz 1952, Schindler et al.
2015).
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Portfolio effects have been used as a way of under-
standing diversity–stability relationships in a variety of
ecological systems (Hooper et al. 2005). The basic pre-
mise is that community dynamics are less variable than
the dynamics of component species by way of statistical
averaging (Doak et al. 1998). The strength of portfolio
effects, therefore, depends on the degree of covariation
among individual species (Tilman 1999). Marginal or
negative covariation tends to decrease overall variance
and, thus, increase stability at the community level
(McNaughton 1977). Positive covariation, on the other
hand, increases the magnitude of community-level varia-
tion, thereby decreasing both the potential for portfolio
effects and ecosystem stability. The strength of portfolio
effects also depends upon the spatial and temporal scale
at which observations are made, as variation (e.g., in spe-
cies abundances or environmental conditions) tends to
increase from fine to coarse scales (Levin 1992, Hun-
sicker et al. 2011). From a food web perspective, asyn-
chronous consumption by a diverse assemblage of
consumers may decrease variability in the predation
pressure experienced by prey (Oken et al. 2018).
Depending upon the intensity of predation, this stabiliz-
ing condition may take place at relatively high or rela-
tively low prey abundance.
Considerable shifts in community composition have

generated questions about predation pressure and trophic
stability in the Gulf of Alaska (Anderson and Piatt 1999,
Litzow 2006). What was once a demersal fish community
dominated by Walleye Pollock (Gadus chalcogrammus;
i.e., Pollock), a species that supports some of the world’s
largest fisheries and serves as important prey for a variety
of other stocks (FAO 2014), is now comprised primarily
of upper trophic-level groundfish predators (Anderson
and Piatt 1999, Mueter and Norcross 2002). Although
this shift in community composition has been attributed,
at least in part, to warming temperatures (Anderson and
Piatt 1999, Bailey 2000), decreases in prey biomass and
concurrent increases in predator abundance (e.g., Litzow
and Ciannelli 2007, Dorn et al. 2017) signified a change
in complex ecological interactions. Additionally, a num-
ber of stock assessment and food web models (e.g., Hol-
lowed et al. 2000b, Aydin et al. 2007, Gaichas et al. 2010,
van Kirk et al. 2012, Dorn et al. 2017) have identified pre-
dation mortality as an important driver of Pollock bio-
mass within the region. Thus, we were interested in
quantifying spatiotemporal variation in predation to bet-
ter understand the population dynamics of groundfishes
in the Gulf of Alaska. We also used the concept of the
portfolio effect to quantify diversity–stability relation-
ships in a food web context.
We analyzed standardized survey data to quantify spa-

tial and temporal variation in consumption of Pollock by
major groundfish predators in the Gulf of Alaska (1990
to 2015). Time-varying and spatially explicit indices pro-
vide predator-specific and age-structured estimates of pre-
dation mortality for Walleye Pollock. As such, we assert
that these predation indices can provide a relatively

simple way of integrating ecological information into sin-
gle-species stock assessments (e.g., as a modifier of
assumed constant natural mortality; sensu Spencer et al.
2016). In addition to quantifying predation mortality, we
inferred diversity of the predator assemblage by compar-
ing species-specific contributions to overall Pollock con-
sumption. We then calculated synchrony (in terms of
predator-specific consumption) and portfolio effects as a
way of assessing food web stability within the groundfish
community. Most studies focusing on portfolio effects
have addressed temporal correlations among species, yet
asynchrony among locations has been identified as a
major contributor to ecosystem stability (Thorson et al.
2018). Thus, we calculated synchrony and portfolio effects
at four spatial scales: basin, the area encompassed by the
stock assessment for Gulf of Alaska Pollock (i.e., west of
140° W longitude), subregions, and statistical areas
defined by the International North Pacific Fisheries Com-
mission (INPFC). Spatially explicit metrics also illustrate
scale-dependent impacts on interpretations of predator
diversity, community stability, and the potential for top-
down control.

METHODS

Components of the predation index

We used stock assessment-based estimates of predator
biomass, relative predator densities modeled from fish-
ery-independent survey data, bioenergetics-based annual
rations, and proportional food habits information to cal-
culate consumption of Walleye Pollock by major
groundfishes in the Gulf of Alaska (Fig. 1). We calcu-
lated time-varying and spatially explicit indices of preda-
tion for young-of-the-year (YOY; 0 yr), juvenile (1 and
2 yr), and adult (3+ yr) Pollock (1990 to 2015; Eq. 1),
accounting for five predators: Arrowtooth Flounder
(Atheresthes stomias; ATF), Pacific Cod (Gadus
chalcogrammus; PC), Pacific Halibut (Hippoglossus ste-
nolepis; PH), Sablefish (Anoplopoma fimbria; SBL), and
Walleye Pollock (WEP) conspecifics. Cumulatively, pre-
dation by these species is thought to make up over 80%
of total mortality for Gulf of Alaska Pollock (Gaichas
et al. 2015, Dorn et al. 2017). Species-specific indices of
predation were summed across all predators (S) to quan-
tify total consumption of Pollock (P) age a in year i and
area j, as follows:

Pa;i;j ¼
XS
s¼1

Ps;a;i;j ; wherePs;a;i;j ¼ Bs;i � rDs;i;j

� Cs;i;j � ps;i;j � as;i:

(1)

Bs,i represents total biomass of predator s in survey
year i, as estimated in the most recent stock assessment
for that species. rDs,i,j is the relative density for predator s
in year i and area j, which was used to apportion total
predator biomass at finer spatial scales. Cs;i;j denotes the
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mean annual ration for predator s in year i and area j.
When scaled by the first two components of the index
(i.e., Bs,i and rDs,i,j), Cs;i;j identifies the energetic require-
ments for each predator species in a given time and place.
ps,i,j represents the mean proportion of Pollock observed
in the stomachs of predator s in year i and area j. Multi-
plying the first four terms of the index generates a preda-
tor-specific estimate of Pollock (Tg) consumed in each
area and year. Finally, as,i represents the gravimetric pro-
portion of Pollock age class a found in the diets of preda-
tor s in year i. This term allows for age-specific estimates
of Pollock consumed. We calculated time-varying indices
of predation in area j at the following spatial scales: basin
(i.e., entire Gulf of Alaska), the area encompassed by the
stock assessment for Gulf of Alaska Pollock (i.e., west of
140° W longitude), subregion (i.e., western, central, east-
ern Gulf of Alaska), and statistical area (i.e., Shumagin
[610], Chirikof [620], Kodiak [630], Yakutat [640], and
Southeastern [650]; Appendix S1: Fig. S1). Detailed
methods used to estimate each component of the index
are described below. All analyses were conducted using
the statistical programming environment R (RCore Team
2018). Data sources and script files can be found on Zen-
odo (see Data Availability).

Total predator biomass, Bs,i

We compiled estimates of total predator biomass (Bs,i)
from the most recent stock assessment for each species.
When combined with other components of the index,
total predator biomass scales from individual- to popu-
lation-level consumption. Stock assessment estimates of
Bs,i pertained to a subset of each stock (i.e., Arrowtooth
Flounder ≥ 19 cm, Pacific Cod ≥ 0 cm, Pacific Hal-
ibut ≥ 82 cm, Sablefish ≥ 45 cm, and Walleye Pol-
lock ≥ 37 cm), which are referred to as “assessed” fish
from here on. Stock assessments for Arrowtooth Floun-
der (Spies et al. 2017) and Pacific Cod (Barbeaux et al.
2017) encompassed the entire Gulf of Alaska. For Sable-
fish, we summed subregional estimates of Bs,i (i.e., west-
ern Gulf of Alaska, central Gulf of Alaska, west
Yakutat, and east Yakutat/Southeast) to account for the
entire basin (Hanselman et al. 2017). The assessment
model for Pacific Halibut was developed on a coast-wide
scale, combining the Gulf of Alaska, Eastern Bering
Sea, Aleutian Islands, British Columbia (Canada), and
U.S. West Coast (Stewart and Hicks 2017). We adjusted
Pacific Halibut Bs,i by multiplying coast-wide estimates
by the proportion of fish ≥32 in (82 cm) caught in

FIG. 1. Conceptual diagram of workflow (data sources and analytical methods) used to estimate predator-, year-, and area-
specific consumption of Walleye Pollock in the Gulf of Alaska (1990 to 2015). Sources: 1Sigler and Lunsford (accessed 2019);
2Clark and Hare (2006); 3von Szalay and Raring (2016); 4Livingston et al. (2017); 5Harvey (2009); 6Holsman and Aydin (2015);
7Holsman et al. 2019; 8Holsman et al. (unpublished data); 9Barbeaux et al. (2017); 10Dorn et al. (2017); 11Hanselman et al. (2017);
12Spies et al. (2017); 13Stewart and Hicks (2017); 14Kitchell et al. (1977); 15Deslauriers et al. (2017).
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International Pacific Halibut Commission (IPHC) regu-
latory areas 4A, 3B, 3A, and 2C (IPHC setline survey,
1998 to 2015). Additionally, the coast-wide assessment
did not estimate Pacific Halibut Bs,i prior to 1996. Thus,
we back-calculated Bs,i for 1990 and 1993 based on bio-
mass trends from the Alaska Fisheries Science Center
(AFSC) bottom trawl survey (methods described by
Barnes et al. 2018), which were highly correlated with
trends from the IPHC setline survey (Pearson; r = 0.905,
t7 = 5.622, P < 0.001). Walleye Pollock were assessed
separately for the areas west and east of 140° W, referred
to as the Gulf of Alaska and Southeast Alaska, respec-
tively (Dorn et al. 2017). We summed biomass estimates
from these two areas to approximate Bs,i for Walleye Pol-
lock at the basin scale. All Bs,i estimates were converted
to grams before being incorporated into predation
indices.

Relative predator densities, rDs,i,j

We used standardized survey data to estimate relative
predator densities throughout the Gulf of Alaska. Bot-
tom trawl survey data collected by the AFSC’s Resource
Assessment and Conservation Engineering (RACE)
Division were used to estimate relative predator densities
(rDs,i,j) for Arrowtooth Flounder, Pacific Cod, and Wal-
leye Pollock (Appendix S1: Fig. S1). We used setline and
longline survey data to estimate rDs,i,j for Pacific Halibut
and Sablefish (Appendix S1: Fig. S1) because these gear
types more effectively sample larger (i.e., older) individu-
als of these species. This was an important considera-
tion, given that Bs,i obtained from stock assessment
models correspond to 8+ yr (≥81 cm) Pacific Halibut
(Stewart and Hicks 2017) and 2+ yr (≥45 cm) Sablefish
(Hanselman et al. 2017). These size and age ranges are
also most likely to consume fish such as Walleye Pollock
(Yang 1995, Harvey 2009). Additional information
about survey designs and data collection can be found in
Supporting Information (Appendix S1).
To match the component of the population encom-

passed by Bs,i and that used to estimate rDs,i,j, we
adjusted haul- or station-specific catch per unit effort
(CPUE; kg.ha-1) to include only assessed fish (i.e.,
Arrowtooth Flounder ≥ 19 cm, Pacific Cod ≥ 0 cm,
Pacific Halibut ≥ 82 cm, Sablefish ≥ 45 cm, and Wal-
leye Pollock ≥ 37 cm). To adjust CPUE, we first esti-
mated the mass of each measured fish using known
length–mass relationships identified in the Arrowtooth
Flounder, Pacific Cod, and Sablefish stock assessments
(Appendix S1: Table S1). We used the bias-corrected
method described by Brodziak (2012) to quantify the
length–mass relationship for Walleye Pollock. There was
no need to calculate mass or adjust CPUE for Pacific
Halibut because station-specific estimates of ≥ 32 in
(82 cm) were provided by IPHC. For each species, we
calculated total mass (e.g., all Arrowtooth Flounder
sampled) and the mass of assessed individuals (e.g.,

Arrowtooth Flounder ≥ 19 cm) for each haul or station.
We then used the ratio of these two metrics as a multi-
plier of haul- or station-specific CPUE.
We used delta (i.e., hurdle) models to quantify species-

specific probability of occurrence and log-transformed
CPUE for positive catches (sensu Barnes et al. 2018).
Presence–absence and log-transformed CPUE were
modeled as a function of survey year and splines of loca-
tion (latitude and longitude) and depth. Bottom temper-
atures were available from bottom trawl surveys and
were included as an additional covariate for Arrowtooth
Flounder, Pacific Cod, and Walleye Pollock models.
Temperature data were only available during the latter
portions of the IPHC setline and AFSC longline surveys.
Thus, temperature was excluded from models pertaining
to Pacific Halibut and Sablefish. For computational effi-
ciency, we first ran generalized additive models (GAMs)
with all possible combinations of the component terms
(mgcv package, Wood 2011; MuMIn package, Barto�n
2017) and used DAIC to identify best-fit GAMs. We
then re-ran best-fit GAMs as generalized additive mixed
models (GAMMs) with and without a Gaussian spatial
autocorrelation structure for each survey year. Only
GAMMs with spatial autocorrelation that resulted in an
improved fit (based on the change in the Akaike infor-
mation criterion, DAIC) were selected over best-fit
GAMs.
We used best-fit models to quantify year-specific

probabilities of occurrence (PO) and predicted abun-
dances (PA) across a 50 9 50 km uniform grid spanning
the study area. We then multiplied POsi;g and PAsi;g for
species s in year i and grid cell g to estimate predator
density (Ds,i,g). We calculated relative predator densities
(rDs,i,g) by dividing Ds,i,g by the sum of all grid cells sam-
pled in year i: rDs;i;g ¼ Ds;i;g=

PG
g¼1Ds;i;g, where G is the

total number of grid cells g sampled in year i. The total
number of grid cells varied among species, but was con-
stant across years (GATFi = 195, GPCi = 195,
GPHi = 157, GSBLi = 72, and GWEPi = 195). We summed
rDs,i,g within each statistical area to quantify rDs,i,j at
intermediate spatial scales. For the subregion scale, we
recategorized the Shumagin statistical area (610) as the
western Gulf of Alaska, summed rDs,i,g estimates in the
Chirikof (620) and Kodiak (630) statistical areas to rep-
resent the central Gulf of Alaska, and summed rDs,i,g in
the Yakutat (640) and Southeastern (650) statistical
areas to represent the eastern Gulf of Alaska. These sub-
regions are consistent with definitions used by the AFSC
(e.g., Aydin et al. 2007, Dorn et al. 2017). Finally, we
summed rDs,i,g within the area encompassed by the stock
assessment for Gulf of Alaska Pollock (i.e., the area west
of 140° W longitude). There were no IPHC setline sur-
vey data prior to 1998. Thus, we assigned area-specific
mean densities for Pacific Halibut in 1990, 1993, and
1996 using the available time series (1998–2017). When
multiplied by Bs,i, rDs,i,j provides an estimate of predator
biomass in each year and area of interest.
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Mean annual rations, Cs;i;j

We used Wisconsin bioenergetics models (Kitchell
et al. 1977, Deslauriers et al. 2017) to calculate maxi-
mum daily consumption rates (Cmax; g�g�1�d�1) for
assessed fish. Cmax was estimated as a function of indi-
vidual predator mass (W) and haul-specific temperature
(Th; Hanson et al. 1997, Holsman and Aydin 2015) such
that

Cmax ¼ CA �W ðCBÞ � f ðThÞ; where (2)

f Thð Þ ¼ VX � eX 1�Vð Þ;

V ¼ TCM � Th

TCM � TC0

; X ¼
Z2 � 1þ 1þ 40

Y

� �0:5� �2

400
; and

Z ¼ logðCQÞ � ðTCM � TC0Þ;
Y ¼ logðCQÞ � ðTCM � TC0 þ 2Þ:

CA and CB are the intercept and slope for the allomet-
ric consumption equation based on predator mass (kg)
and are scaled by temperature f(Th). TCM represents the
temperature threshold above which consumption ceases,
TC0 is the temperature where consumption rates are
highest, and CQ approximates the rate of increase in
consumption at low temperatures. Bioenergetics model
parameters were sourced from Holsman and Aydin
(2015), Holsman et al. (2019), Holsman et al., unpub-
lished data, and Harvey (2009) (Table 1).
Individual masses were only measured for predators

subsampled for food habits. Additionally, temperature
data were unavailable for much of the IPHC setline and
AFSC longline time series. Thus, we calculated maxi-
mum daily consumption using data from the AFSC bot-
tom trawl survey. Temperature data were missing in the

Shumagin statistical area in 1990, so Cmax estimates were
assumed to be the same as those in Shumagin in 1993.
Additionally, we assumed area-specific mean Cmax for
Sablefish after 2011 because this species was not subsam-
pled for gut contents in 2013 or 2015. We multiplied
Cmax by the estimated number of foraging days per year
(Holsman and Aydin 2015; Holsman et al., unpublished
data; Holsman et al. 2019) to scale from maximum daily
consumption (g�g�1�d�1) to maximum annual consump-
tion (g�g�1�yr�1, Table 1). We then calculated mean
annual rations for species s in year i and area j (Cs;i;j) to
include in predation indices. Year- and area-specific
energetic requirements of each predator “population”
were estimated by multiplying Bs,i, rDs,i,j, and Cs;i;j .

Proportions of Pollock consumed, ps,i,j

We used food habits data collected by the AFSC’s
Resource Ecology and Ecosystem Modeling (REEM)
Program to quantify proportions of Pollock in the diets
of assessed predators. Food habits data were unavailable
from the IPHC setline and AFSC longline surveys due
to high rates of regurgitation that result from prolonged
fishing (I. Stewart, personal communication). Therefore,
dietary analyses were based solely on data from the
AFSC bottom trawl survey. Subsampling methods and
additional information about food habits data collection
can be found in Supporting Information (Appendix S1).
As a result of size-structured subsampling, fork

lengths of fish selected for stomach content analyses
were not representative of the overall catch. To correct
for this, we weighted food habits data according to the
length composition of predators caught. First, we
defined 10-cm fork length bins b for each predator spe-
cies s. We then calculated the proportion of fish caught
or sampled in length bin b during haul h. Proportions
were calculated for all fish caught during the bottom

TABLE 1. Parameters from bioenergetics models that were used to estimate maximum daily consumption (g�g�1�d�1) for each
Pollock predator (ATF, Arrowtooth Flounder; PC, Pacific Cod; PH, Pacific Halibut; SBL, Sablefish; WEP, Walleye Pollock). CA
and CB are the intercept and slope for the allometric consumption equation. CQ approximates the rate of increase in
consumption at low temperatures, TC0 is the temperature where consumption rates are highest, and TCM represents the
temperature threshold above which consumption ceases.

Parameter ATF† PC‡ PH§ SBL¶ WEP†

CA 0.1250 0.0350 0.0625 0.4200 0.1190
CB –0.1990 –0.1220 –0.1076 –0.3300 –0.4600
CQ 2.497 3.079 3.084 2.200 2.600
TC0 20.512 10.957 12.970 18.000 10.000
TCM 26.000 25.901 18.000 23.000 15.000
Djuveniile 346 (< 40 cm) 365 (< 55 cm) 365# (< 82 cm) 365# (< 45 cm) 365 (< 40 cm)
Dadult 306 (≥ 40 cm) 329 (≥ 5 cm) 365# (≥ 82 cm) 365# (≥ 45 cm) 365 (≥ 40 cm)

Notes: Mean estimated foraging days (Djuveniile or Dadult) are also listed, with size ranges used to categorize fish as juveniles or
adults (parentheses). Superscripts indicate sources of information.
†Holsman and Aydin (2015)
‡Holsman et al. (unpublished data)
§Holsman et al. (2019)
¶Harvey (2009)
#Assumed values
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trawl survey PTs;b;h ¼ NTs;b;h=
PB

b¼1 NTs;h

� �
and only those

fish subsampled for food habits
PFs;b;h ¼ NFs;b;h=

PB
b¼1 NFs;h

� �
. N denotes the total num-

ber of fish caught or subsampled for species s and B rep-
resents the total number of length bins observed in a
particular haul. We calculated length-based weighting
factors (WFL) as follows: WFLs;b;i;h ¼ PTs;b;h=PFs;b;h . By
multiplying raw food habits data and length-based
weighting factors, predators that were over-represented
in the food habits database (e.g., if the haul-specific pro-
portion of Sablefish measuring 45–54 cm was 0.35 for
subsamples, but only 0.27 from the overall catch) would
be down-weighted and predators that were under-repre-
sented in the food habits database (e.g., the haul-specific
proportion of Sablefish measuring 45–54 cm was 0.35
for subsamples, but 0.52 from the overall catch) would
be weighted more heavily.
In addition to size-structured subsampling, survey

effort was not proportional to predator biomass. Thus,
biomass weighting was necessary to scale up from indi-
vidual diets. We calculated biomass weighting factors
(WFB) by dividing the predicted density for species s in
year i and grid cell g (Ds,i,g; described in Relative preda-
tor densities, rDs,i,g) by the mean predicted density of
species s in year i (Ds;i: WFBs;i;g ¼ Ds;i;g=Ds;i). As with
length-based weighting factors, food habits data from
predators that were over-represented in the food habits
database (e.g., if the proportion of Sablefish subsampled
from grid cell g was 0.12, but only 0.08 of Sablefish bio-
mass was found in grid cell g that year) would be down-
weighted and vice versa. We then multiplied the mass of
each prey taxon q observed in predator stomach r (wq,r)
by fork length and biomass weighting factors:
wwq;r ¼ wq;r � WFL � WFB (species s, year i, and loca-
tion [haul h or grid cell g]; subscripts were removed for
simplicity). We used fork length- and biomass-weighted
prey masses (wwq;r ) to estimate the proportion of prey
consumed (pq) by predator species s in year i and area j:

pq ¼
PR

r¼1 wwq;rPR
r¼1

PQ
q¼1 wwq;r

; (3)

where Q represents the total number of prey taxa and R
is the total number of predator stomachs observed
(Chipps and Garvey 2007). Proportions of Pollock, ter-
med ps,i,j, were included in predation indices. We
assumed mean ps,i,j for Sablefish in 2013 and 2015, when
no diet data were collected.

Age compositions of Pollock as prey, as,i

The stock assessment for Gulf of Alaska Pollock
accounts for age-specific natural mortality (Dorn et al.
2017). Thus, we were interested in quantifying age-speci-
fic predation mortality. First, we used all available bot-
tom trawl survey data to quantify age–length (von
Bertalanffy 1938) and bias-corrected length–mass (Brod-
ziak 2012) relationships for Pollock in the Gulf of

Alaska. We then used parameters from these relation-
ships to estimate ages and masses of Pollock found in
predator stomachs. Due to variable stages of digestion,
only a subset of Pollock was measured (standard length,
mm). From these, we used multinomial logistic GAMs
(VGAM package in R; Yee 2015) to estimate mean pro-
portions of age-0, age-1, age-2, and age-3+ Pollock con-
sumed by species s in year i (as,i). Small sample sizes
precluded spatially explicit estimates of Pollock age.
Measurable Pollock were not observed in the diets of
Sablefish in 2005, 2013, or 2015, or in the diets of Wal-
leye Pollock in 2005, 2011, or 2015. For these species
and years, we assigned mean proportions across all other
years.

Predation indices, Pa,i,j, synchrony, and portfolio effects

We calculated age-specific consumption of Walleye
Pollock (Pa,s,i,j; Eq. 1) at the following spatial scales:
basin, the area encompassed by the stock assessment for
Gulf of Alaska Pollock, subregion, and statistical area.
We summed predator-specific indices to estimate “total”
consumption on Pollock in each survey year. Data limi-
tations precluded estimates in the eastern Gulf of Alaska
between 1996 and 2001, in the Yakutat statistical area
from 1996 to 2001, and in the Southeastern statistical
area prior to 2005. We quantified predator contributions
to Pollock predation mortality by dividing Pa,s,i,j by
Pa,i,j.
We also calculated variance ratios, a measure of corre-

lation among multivariate responses, to assess the degree
of synchrony in consumption among Pollock predators
(Loreau and de Mazancourt 2008, Gonzalez and Loreau
2009, Oken et al. 2018). Variance ratios (VRi,j) were
computed using a five-year moving window such that
the degree of synchrony in 1990 represented consump-
tion dynamics during the proceeding five survey years
(i.e., 1990, 1993, 1996, 1999, and 2001). The duration
and frequency of standardized bottom trawl surveys pre-
vented longer (e.g., 10-yr) moving windows and variance
ratios after 2007. VRi;j ¼ varðPPs;i;jÞ=

P
varðPs;i;jÞ,

where varðPPs;i;jÞ represents the variance of total Pol-
lock consumption (all predators combined) in window i
and area j and

P
varðPs;i;jÞ is the sum of predator-speci-

fic variances in consumption in window i and area j.
VRi,j is equal to one when consumption is, on average,
statistically independent among predators (i.e., overall
variance is equivalent to the sum of predator-specific
variances). VRi,j > 1 (i.e., the sum of predator-specific
variances is less than the variance of total consumption)
indicates synchronous trends in consumption among
species and VRi,j < 1 (i.e., the sum of predator-specific
variances is greater than the variance of total consump-
tion) indicates asynchronous predator dynamics.
The degree of portfolio effects (PEj) was estimated as

1 � VRi,j (sensu Thorson et al. 2018). We used PEi,j to
make inferences about trophic stability, specifically related
to the variation in predation pressure experienced by
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Walleye Pollock. Greater PEi,j reflected greater trophic
stability and lower PEi,j suggested lower trophic stability.
We computed Pearson’s correlation matrices to estimate
species-specific correlations in Pollock consumption. We
explored spatiotemporal anomalies in consumption by
dividing species-, subregion-, and year-specific consump-
tion by species-specific means for the entire Gulf of
Alaska and time series. To understand how predation
mortality compared to estimates of Pollock productivity,
we calculated year-specific ratios of age-3+ consumption
to total Pollock biomass within the area encompassed by
the stock assessment (Dorn et al. 2017).

RESULTS

Components of the predation index

Arrowtooth Flounder biomass (Bs,i) increased from
1990 to 2005 and decreased thereafter (Table 2). Walleye
Pollock showed an opposing trend, though with greater
interannual variability. Pacific Cod and Pacific Halibut
Bs,i declined throughout the time series. There was no
clear temporal trend in Sablefish Bs,i.
We found that full models best described the distribu-

tions and abundances of each predator species
(Appendix S1: Table S2; Appendix S1: Figs. S2, S3).
Accounting for spatial autocorrelation improved the fit of
all models except presence–absence for Walleye Pollock
and CPUE for Sablefish (Appendix S1: Tables S3 and S4).

GAMMs did not converge when modeling presence–ab-
sence of Pacific Halibut. Because Sablefish were observed
at nearly all stations encompassed within the AFSC long-
line survey, we did not separately model presence–absence
for this species. Relative predator densities (rDs,i,j) for
Arrowtooth Flounder, Pacific Cod, and Walleye Pollock
were highest in the western and central subregions, whereas
rDs,i,j for Pacific Halibut and Sablefish were more evenly
distributed throughout the study area (Appendix S1:
Fig. S4).
Sablefish and Pacific Halibut exhibited the highest

mean annual rations (Cs;i;j) of all predators examined
(5.7 � 0.32 and 4.9 � 0.36 [mean � SD], respectively)
(Fig. 2). Cs;i;j for Arrowtooth Flounder (3.7 � 0.28)
and Pacific Cod (3.7 � 0.27) were similar to one
another, and Walleye Pollock had the lowest Cs;i;j of any
species (1.5 � 0.09). Despite relative differences, tempo-
ral trends in Cs;i;j were similar among predators, with a
peak in 2003 and relatively little variation throughout
the remainder of the time series.
Food habits data showed that Arrowtooth Flounder

consumed the greatest proportions of Pollock (ps,i,j,
0.45 � 0.20), which were a mixture of adult and juvenile
fish (age-3+, 0.38 � 0.09; age-2, 0.26 � 0.11; age-1,
0.30 � 0.12; Fig. 2 and Fig. S5). Pollock also made up a
large proportion of Pacific Halibut diets (0.33 � 0.16).
The relatively large Pacific Halibut that we analyzed fed
primarily on adults (age-3+, 0.84 � 0.04). Pacific Cod
and Sablefish consumed proportionally less Pollock

TABLE 2. Total biomass estimates (Bs,i, Mg) from the most recent stock assessments for Arrowtooth Flounder (ATF), Pacific Cod
(PC), Pacific Halibut (PH), Sablefish (SBL), and Walleye Pollock (WEP) in the Gulf of Alaska (1990 to 2015).

Year
ATF†

1+ yr; ≥19 cm
PC‡

0+ yr; ≥0 cm
PH§

8+ yr; ≥82 cm
SBL¶

2+ yr; ≥45 cm

WEP#

3+ yr; ≥37 cm

GOA SE

1990 1,660,800 583,841 1993 9 0.706 251,000 1,479,000 26,101
1993 1,773,450 516,782 1996 9 1.045 261,000 1,748,000 12,337
1996 1,770,270 429,292 799,683 (0.782) 200,000 1,013,000 75,596
1999 1,835,310 320,235 726,201 (0.847) 183,000 737,000 31,836
2001 1,957,130 286,165 583,773 (0.798) 182,000 625,000 28,979
2003 2,035,310 292,752 528,888 (0.810) 202,000 1,021,000 26,658
2005 2,069,910 247,481 432,273 (0.853) 197,000 713,000 36,901
2007 2,054,040 246,629 406,418 (0.838) 183,000 580,000 41,075
2009 1,962,540 307,285 351,987 (0.730) 164,000 1,170,000 47,885
2011 1,826,620 345,269 319,782 (0.742) 181,000 1,330,000 66,969
2013 1,701,770 316,926 339,740 (0.742) 157,000 1,277,000 39,879
2015 1,571,460 312,414 301,639 (0.740) 140,000 1,771,000 26,173

Notes: Ages (yr) and lengths (cm) encompassed within total biomass estimates are also shown. Species-specific references are
indicated as superscripts. The stock assessment for Pacific Halibut was conducted on a coast-wide basis and included total biomass
estimates from 1996 onward. Thus, total halibut biomass was back-calculated for 1990 and 1993 using trends in predicted biomass
from the Alaska Fisheries Science Center bottom trawl survey. Numbers in parentheses denote biomass scalars for Pacific Halibut
(i.e., proportions ≥ 32 in or 82 cm caught in International Pacific Halibut Commission regulatory areas 4A, 3B, 3A, and 2C during
the IPHC setline survey). The stock assessment for Walleye Pollock was partitioned at 140° W longitude, with the Gulf of Alaska
(GOA) portion to the west and the Southeastern (SE) portion to the east.
†Spies et al. (2017)
‡Barbeaux et al. (2017)
§Stewart and Hicks (2017)
¶Hanselman et al. (2017)
#Dorn et al. (2017)
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overall (0.17 � 0.16 and 0.14 � 0.13, respectively).
Adults were most common in the diets of Pacific Cod
(0.58 � 0.21), whereas juveniles were more common in
Sablefish diets (0.74 � 0.20). We found that Walleye
Pollock consumed relatively few conspecifics
(0.04 � 0.06), which were either age-0 (0.62 � 0.23) or
age-1 (0.38 � 0.23) fish.

Predation indices, Pa,i,j, synchrony, and portfolio effects

Total Pollock consumption (Pa,i,j) ranged from 1.87 to
7.63 Tg in the Gulf of Alaska and generally declined
throughout the time series. Arrowtooth Flounder were
responsible for the vast majority of predation, followed by
Pacific Halibut, Pacific Cod, Sablefish, and Walleye Pol-
lock (Table 3; Fig. 3A). Most Pollock prey were age-3+
adults (0.386 � 0.089), followed by age-1 (0.272 � 0.048)
and age-2 (0.199 � 0.065) juveniles (Fig. 3B). Relatively
few (0.141 � 0.059) young-of-the-year Pollock were
observed. Pa,i,j was greatest in 1996 and 2003, with

subsequent peaks in 2007 and 2013 (Fig. 3). Each peak
was followed by a considerable decrease in Pa,i,j that coin-
cided with decreases in proportions of Pollock consumed
by Arrowtooth Flounder (Figs. 2, 3). Additionally, spa-
tiotemporal anomalies in Pollock predation closely resem-
bled anomalies in consumption by Arrowtooth Flounder
(Fig. 4). We found the greatest amount of Pollock con-
sumption in the central Gulf of Alaska, which was
approximately evenly distributed between the Chirikof
and Kodiak statistical areas (Fig. 5).
There was no correlation between assessment-based

estimates of Pollock biomass and age-3+ consumption
when analyzing the entire time series (1990 to 2015;
r10 = �0.074, P = 0.820) or when isolating the early
time period (1990 to 2003; r4 = 0.371, P = 0.469). A
negative correlation, however, was evident during the
later time period (2005 to 2015; r4 = �0.837, P = 0.038).
Consumption of age-3+ fish exceeded estimates of total
biomass between 1996 and 2007 (Fig. 6; Dorn et al.
2017). Consumption-to-biomass ratios (Pa,i,j:Bs,i) ranged

FIG. 2. Year- and age-specific proportions of Pollock consumed (ps,i,j; blue bars) and mean annual rations (Cs;i;j , g
�1�g�1�yr�1;

red lines) by predator and survey year (Gulf of Alaska, 1990–2015). Errors bars for mean annual rations have been excluded for
clarity.
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from 0.36 in 2015 to 3.15 in 2001. Pa,i,j was less than Pol-
lock Bs,i from 2009 to 2015.
Variance ratios generally indicated synchronous trends

in consumption among Pollock predators (VRi,j > 1)
and, thus, a lack of portfolio effects at all spatial scales
(Fig. 7). The primary exception was the eastern Gulf of
Alaska (i.e., Yakutat and Southeastern statistical areas),
which showed asynchronous or independent consump-
tion dynamics during the few survey years analyzed. At

the basin and Pollock assessment area scales, consump-
tion was independent (VRi,j � 1) or asynchronous
(VRi,j < 1) at start of the time series (i.e., 1990 and 1993),
but shifted to more synchronous (VRi,j > 1) dynamics
thereafter (Fig. 7). This trend toward greater synchrony
was most pronounced in the western subregion (i.e., Shu-
magin statistical area). Conversely, the degree of syn-
chrony decreased in the central subregion (i.e., Chirikof
and Kodiak statistical areas).

TABLE 3. Species-specific contributions to Pollock predation mortality in the Gulf of Alaska.

Spatial Scale and/or Location ATF PC PH SBL WEP

Basin 0.74 � 0.14 0.06 � 0.05 0.16 � 0.09 0.04 � 0.03 0.01 � 0.02
Pollock assessment area 0.76 � 0.14 0.06 � 0.06 0.14 � 0.08 0.03 � 0.03 0.01 � 0.02
Western subregion 0.59 � 0.32 0.16 � 0.16 0.21 � 0.23 0.03 � 0.04 0.01 � 0.03
Central subregion 0.79 � 0.14 0.03 � 0.03 0.14 � 0.09 0.03 � 0.03 0.01 � 0.02
Eastern subregion 0.77 � 0.29 0.02 � 0.04 0.21 � 0.28 0.00 � 0.01 0.00 � 0.00
Shumagin statistical area 0.59 � 0.32 0.16 � 0.16 0.22 � 0.23 0.03 � 0.04 0.01 � 0.03
Chirikof statistical area 0.69 � 0.20 0.04 � 0.03 0.22 � 0.14 0.05 � 0.06 0.01 � 0.02
Kodiak statistical area 0.81 � 0.15 0.02 � 0.03 0.12 � 0.11 0.03 � 0.02 0.02 � 0.04
Yakutat statistical area 0.71 � 0.39 0.01 � 0.03 0.28 � 0.39 0.00 � 0.01 0.00 � 0.00
Southeastern statistical area 0.66 � 0.38 0.03 � 0.07 0.31 � 0.41 0.00 � 0.00 0.00 � 0.00

Notes: Values indicate mean proportions � SD of total consumption for each predator species within a given area (1990 to
2015). The Yakutat and Southeastern statistical areas include survey years between 2005 and 2015 only.

FIG. 3. Total consumption of Walleye Pollock (Tg) in the Gulf of Alaska, by predator (top; Ps,i,j), survey year (1990–2015), and
Pollock age class (bottom; Pa,i,j). Predator-specific indices group all age classes of Pollock. Age-specific indices include consumption
by all groundfish predators combined.
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We found a positive correlation in Pollock consump-
tion between Arrowtooth Flounder and Sablefish in the
Kodiak statistical area and between Arrowtooth Floun-
der and Walleye Pollock in the Yakutat statistical area
(Table 4). There were no other correlations between
Arrowtooth Flounder and other predators at any other
spatial scale. Positive correlations were common among
predator species other than Arrowtooth Flounder, except
in the Shumagin (i.e., western subregion) and Southeast-
ern statistical areas, where no correlations were detected.

DISCUSSION

We found Arrowtooth Flounder to be the dominant
Pollock predator in the Gulf of Alaska, regardless of sur-
vey year or spatial scale. Although remaining groundfish
predators consumed much less Pollock, trends in preda-
tion were synchronous among them. The combination of

a single dominant predator and synchronous consump-
tion dynamics indicates potential for strong top-down
control over Pollock in the Gulf of Alaska. We also found
basin-scale shifts from asynchronous or independent
predator dynamics to more synchronized consumption,
suggesting diminished trophic stability through time.
Temporal trends in the degree of synchrony, however, var-
ied by scale and individual location. This reflects substan-
tial heterogeneity that may buffer against greater trophic
instability in the region. In particular, opposing trends in
synchrony between the western and central subregions
may have helped preserve food web structure and func-
tion throughout the Gulf of Alaska in recent years.

Variation in predation intensity

Although Walleye Pollock represents an important
prey source for many economically important species,

FIG. 4. Year-specific anomalies in Pollock consumption (relative to the Gulf of Alaska mean), by predator and subregion (W,
western; C, central; E, eastern Gulf of Alaska). Positive anomalies (Tg) are shown in red and negative anomalies (Tg) are shown in
blue. There were no estimates for Pollock predation in the eastern Gulf of Alaska between 1996 and 2001.
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we found that consumption was not uniformly dis-
tributed among groundfishes in the Gulf of Alaska.
Arrowtooth Flounder was the dominant Pollock

predator, representing 74% of total consumption (by the
five species examined). Food web models parameterized
using the same bottom trawl survey and food habits data

Arrowtooth Flounder

Pacific Cod
Pacific Halibut
Sablefish
Walleye Pollock

FIG. 5. Total consumption of Walleye Pollock (Ps,i,j, Tg) in the Gulf of Alaska, by survey year (1990–2015), predator, subregion
(left), and International North Pacific Fisheries Commission (INPFC) statistical area (right). There were no estimates for Pollock
predation in the eastern Gulf of Alaska between 1996 and 2001, in the Yakutat INPFC statistical from 1996 to 2001, or in the
Southeastern statistical area prior to 2005.

FIG. 6. Total consumption (Pi,j, Tg) of age-3+ Pollock (solid blue line) within the area encompassed by the Gulf of Alaska stock
assessment (i.e., Shumagin, Chirikof, Kodiak, and Yakutat statistical areas), 1990 to 2015. Estimates of total Pollock biomass from
the most recent stock assessment are also shown (Bs,i, Tg; diamonds and dashed line; Dorn et al. 2017). Numbers indicate the ratio
of consumption to biomass in a given survey year.
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estimated that 54.5% of Pollock predation mortality was
due to consumption by Arrowtooth Flounder, 12.1% by
Pacific Cod, 15.4% by Pacific Halibut, 4.2% by Sable-
fish, and 13.8% by Walleye Pollock (Aydin et al. 2007,
Gaichas et al. 2010). We attribute species-specific differ-
ences in predation mortality between our study and pre-
vious research to the different time periods analyzed.
The food webs models constructed by Aydin et al. (2007)
and Gaichas et al. (2010) relied on three survey years of
data (1990, 1993, and 1996), whereas we analyzed bot-
tom trawl survey and diet data from 1990 to 2015 (i.e.,
12 survey years of data). The latter portion of the time
series showed a decline in total Pollock consumption
that was more pronounced for Pacific Cod, Pacific Hal-
ibut, Sablefish, and Walleye Pollock, thereby increasing
the relative contributions of Arrowtooth Flounder to
Pollock predation mortality. When we calculated preda-
tion indices using only the first few years of the time ser-
ies (i.e., 1990, 1993, and 1996; the same survey years
used in regional food web models), predator-specific
contributions to Pollock mortality were more similar
(i.e., 59% Arrowtooth Flounder, 25% Pacific Halibut,
8% Pacific Cod, 6% Sablefish, and 2% Walleye Pollock).

However, absolute predation intensity was much greater
in our study. For example, Hollowed et al. (2000b) esti-
mated predation mortality by Arrowtooth Flounder to
be 3.0 9 105 Tg in 1997. Another study by van Kirk
et al. (2010) estimated consumption by Arrowtooth
Flounder to be 1.7 9 105 Tg that same year. Our esti-
mate for 1997 (a mean of consumption in 1996 and
1999) was considerably higher, at 3.8 9 106 Tg of Pol-
lock. Because of these disparities, we recommend that
predation indices be used to track relative changes rather
than infer absolute removals by groundfish predators.
Throughout much of the time series, consumption was

greater than assessment-based estimates of total Pollock
biomass. Food web models have also indicated periods
when predation mortality exceeded production (Dorn
et al. 2017). However, there are several potential reasons
why our estimates of predation intensity may have dif-
fered from those provided by other authors. First, our val-
ues for Cs;i;j were likely biased high because they were
calculated from bioenergetics models that assumed preda-
tors fed at their theoretical maximum consumption rates
(Cmax = 1). Although theoretical maximum consumption
may be appropriate for Arrowtooth Flounder

FIG. 7. Variance ratios (VRj), by area and survey year. Each point denotes a variance ratio calculated from five consecutive sur-
vey years of data, beginning with the corresponding year on the x-axis (e.g., the point aligned with 1990 illustrates a variance ratio
from consumption data in 1990, 1993, 1996, 1999, and 2001). Insufficient data (i.e., less than five consecutive survey years) pre-
cluded variance ratio calculations beyond 2007. VRj > 1 (dashed line) depicts synchrony in Pollock consumption among groundfish
predators., VRj � 1 (� 0.1) illustrates independent trends in consumption, and VRj < 1 reflects asynchronous predator dynamics.
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(C≥40 cm = 1.07), most fishes feed at rates less than half
their Cmax (i.e., median proportion of Cmax = 0.43 across
66 populations from 38 species; Armstrong and Schindler
2011). Relative foraging rates are available for all of our
focal species (Appendix S1: Table S5; Harvey 2009, Hols-
man and Aydin 2015) and could be used to modify Cmax

when calculating Cs;i;j (sensu Holsman and Aydin 2015,
Spencer et al. 2016). Additionally, we calculated Cmax

using bottom temperatures from summer surveys. Effec-
tive foraging days, which make use of the von Bertalanffy
growth function to integrate physical and trophodynamic
processes over the course of a year, allowed for scaling
from daily consumption to annual rations (Holsman and
Aydin 2015). However, we did not directly account for
cooler temperatures (and thus, decreased metabolic rates)
in fall, winter, or spring. We also relied upon empirical
data from European plaice (Pleuronectes platessa; Fonds
et al. 1992) to estimate bioenergetics parameters for
Arrowtooth Flounder (Holsman and Aydin 2015). This is
because laboratory experiments aimed at parameterizing
allometric consumption and temperature scaling func-
tions for Arrowtooth Flounder have been unsuccessful
due to a lack of foraging in captivity (K. Holsman, per-
sonal observation). With Arrowtooth Flounder being
identified as the dominant Pollock predator, species-speci-
fic bioenergetics parameters would improve predation
indices as well as enhance our understanding about
trophic stability in the Gulf of Alaska.
Another methodological explanation for differences

between our results and prior estimates of Pollock preda-
tion is that we weighted food habits data to correct for
sampling biases. Fork length and biomass weighting are
not consistently incorporated into dietary analyses for
groundfish predators in the Gulf of Alaska. Aydin et al.
(2007) and Gaichas et al. (2010) biomass-weighted food

habits data to account for spatial differences in multi-
species models. Given that diet data were obtained from a
size-structured sampling design, weighting by predator
fork length is also necessary to scale to population levels
(sensu Livingston et al. 2017). In most cases, we found that
weighting diet data by fork length did not drastically alter
ps,i,j (Appendix S1: Fig. S5). Predation indices were sensi-
tive to proportional diet data, however, with small varia-
tions being magnified by other components (e.g., Bs,i).
Finally, our predation index was designed to represent

consumption by assessed groundfish predators (i.e.,
Arrowtooth Flounder ≥ 19 cm, Pacific Cod ≥ 0 cm,
Pacific Halibut ≥ 82 cm, Sablefish ≥ 45 cm, andWalleye
Pollock ≥ 37 cm). In doing so, we emphasized the size
classes most likely to consume Pollock. Including smaller
size classes and other predators (e.g., Steller sea lions
[Eumetopias jubatus]) would increase absolute estimates
of Pollock predation, though spatiotemporal trends
should be robust because we have already accounted for
all major sources of Pollock predation (Dorn et al. 2017).

Predator dominance

Arrowtooth Flounder comprise the greatest biomass
of any tertiary consumer in the Gulf of Alaska (Spies
et al. 2017). They also maintain an extensive network of
food web connections (Gaichas and Francis 2008). As a
result, regional ecosystem models indicate that minor
changes in Arrowtooth Flounder abundance can have
considerable impacts on a variety of interacting species
(Aydin et al. 2007). We found that Arrowtooth Flounder
biomass (Bs,i) and their relative contributions to Pollock
predation mortality (Pa,i,j) followed the same general
trends, increasing from 1993 to 2007 and decreasing
thereafter. Although a recent multispecies model found
a small negative correlation between Arrowtooth Floun-
der and Walleye Pollock (Thorson et al. 2019), opposite
Bs,i trajectories and a predator assemblage that is domi-
nated by Arrowtooth Flounder support the hypothesis
for strong top-down control over Gulf of Alaska Pollock
(Hollowed et al. 2000b, Aydin et al. 2007, Gaichas et al.
2010, van Kirk et al. 2010, Holsman et al. 2016). Oken
et al. (2018) reached a similar conclusion regarding the
effects of Arrowtooth Flounder on Pacific herring (Clu-
pea pallasii), suggesting that their predatory control is
not limited to Pollock.

Synchrony and trophic stability

Asynchronous dynamics among species or locations
may generate portfolio effects (McNaughton 1977, Hoo-
per et al. 2005, Schindler et al. 2015) that help buffer
against strong predatory control. Variance ratios from
our study generally reflected synchronous trends in Pol-
lock consumption, a lack of portfolio effects, and poten-
tial trophic instability at the basin scale. These findings
support previous claims of low predictability and high
potential for predatory control in the “top heavy” Gulf

TABLE 4. Correlation coefficients for predator- and area-
specific consumption of Pollock in the Gulf of Alaska, 1990
to 2015.

ATF PC PH SBL WEP

ATF 0.56kod* 0.82yak*
PC 0.62b**

0.62a**
0.83c***
0.79chir**
0.93kod***

0.98e***
0.98yak***

0.82c**
0.81yak*

PH 0.63b**
0.63a**
0.59chir**

0.57c*

SBL
WEP

Notes: ATF, Arrowtooth Flounder; PC, Pacific Cod; PH,
Pacific Halibut; SBL, Sablefish; WEP, Walleye Pollock. Only
significant correlations (*p < 0.1, **p < 0.05, ***p < 0.001) are
shown for each area (b, basin; a, area encompassed by the stock
assessment for Gulf of Alaska Pollock; w, western Gulf of
Alaska [i.e., Shumagin statistical area]; c, central Gulf of
Alaska; e, eastern Gulf of Alaska; chir, Chirikof statistical area;
kod, Kodiak statistical area; yak, Yakutat statistical area; and
se, Southeastern statistical area).
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of Alaska food web (Gaichas et al. 2015). The central
subregion, however, showed a decrease in synchrony
through time, suggesting increased trophic stability
despite considerable predation pressure. Additionally,
asynchronous and/or independent consumption dynam-
ics were evident in the Yakutat and Southeastern statisti-
cal areas. The existence of different trajectories of two or
more adjacent areas, in terms of synchrony and portfolio
effects, supports the notion that spatial heterogeneity
promotes community stability (Schindler et al. 2010). In
fact, spatial asynchrony can generate greater portfolio
effects than asynchronous trends among species (Thor-
son et al. 2018). This is an important consideration in
the context of diversity–stability relationships in systems
comprised of few dominant predators (e.g., Baltic Sea
sprat, Eastern Scotian forage fishes, and Pacific herring
in the Gulf of Alaska; Oken et al. 2018).
Continued data collection, especially in the eastern

subregion, would strengthen our understanding about
trophodynamics in the Gulf of Alaska and portfolio
effects in a food web context. A longer time series would
also help identify bottom-up and/or top-down mecha-
nisms for trophic (in)stability in large marine ecosystems
that regularly undergo shifts in community composition.
Modeling predation intensity as a function of key envi-
ronmental variables (sensu Litzow and Ciannelli 2007)
would also contribute to our understanding about reor-
ganization within the demersal fish community, espe-
cially in response to rapid climate change.

Implications for fisheries management

We found that total Pollock consumption (Pa,i,j)
exceeded assessment-based estimates of Pollock biomass
(Bs,i) in over half of the study period. There was also
substantial variation in Pa,i,j at all spatial scales, includ-
ing the area encompassed by the stock assessment for
Gulf of Alaska Pollock. High consumption-to-biomass
ratios and considerable variation in predation intensity
suggest that time-varying estimates of natural mortality
may benefit the assessment for Gulf of Alaska Pollock.
Regional differences in predation intensity and commu-
nity stability also promote a spatially explicit approach
(e.g., Spencer et al. 2016). A plethora of case studies
(e.g., Magnusson 1995, Gislason 1999, Hollowed et al.
2000a, Jurado-Molina et al. 2005, Moustahfid et al.
2009, van Kirk et al. 2010, Tyrrell et al. 2011, Holsman
et al. 2016) have shown that including ecological param-
eters such as predation directly into stock assessment
models can impact the magnitude and uncertainty of
biological reference points. To date, estimates of Pollock
predation mortality in the Gulf of Alaska have relied on
highly complex multispecies models. A simpler approach
to operationalizing ecosystem-based fisheries manage-
ment would be to use changes in predation intensity as a
modifier of assumed constant natural mortality (e.g.,
Hollowed et al. 2000b, Livingston and Methot 1998,
A’mar et al. 2010, Spencer et al. 2016). We assert that

our empirically derived, time-varying, spatially explicit,
and age-structured predation index is well suited to
account for complex ecological processes in this way.
When direct incorporation into stock assessment models
is not feasible, predation mortality can be included as
part of an ecosystem and socioeconomic profile (ESP), a
standardized appendix that provides relevant indicators
to help inform stock status (e.g., Shotwell et al. 2019).
Although our results are most applicable to the species,
areas, and time periods included in this case study, our
analytical approach can be used to estimate predation
mortality and better understand trophic stability in large
marine ecosystems around the world.
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