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INTRODUCTION

Walleye pollock Theragra chalcogramma (here-
after ‘pollock’) is a benthopelagic gadid species dis-
tributed throughout the subarctic North Pacific
Ocean, extending from Korean waters to the north-
western coast of the USA (Bailey et al. 1999). In addi-
tion to being a target of one of the world’s largest
fisheries (FAO 2009), pollock plays an important role
as a forage fish and as an intermediate predator
in marine ecosystems due to its widespread distribu-
tion and high abundance. Besides being an impor-
tant prey for demersal fishes and marine mammals

(Springer 1992, Tamura et al. 1998, Yamamura &
Nobetsu 2012), its feeding impact has the potential to
deplete local prey abundances (Ciannelli et al. 2004,
Wilson et al. 2009). Numerous studies have examined
the food habits of pollock throughout its range,
describing geographical, ontogenetic and seasonal
variations in diet (Dwyer et al. 1987, Gorbatenko &
Dolganova 1989, Yamamura et al. 2002, Wilson et al.
2011). These studies show that pollock feed almost
exclusively on pelagic prey, and that the main prey
items shift, with growth, from mesozooplankton to
forage fishes, including mesopelagic fishes and juve-
nile pollock (cannibalism). Feeding is largely oppor-
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myctophid Diaphus theta) was observed in stomach contents 3 yr after the 1997/1998 climate
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and anchovy Engraulis japonica compensated for the disappearance of mesopelagic fishes from
the diet. During autumn and winter, a similar shift from micronekton (mainly D. theta and firefly
squid Watasenia scintillans) to euphausiids (exclusively Euphausia pacifica) and cannibalism was
found between 2000 and 2001. Although diet changes lagged the onset of the warm period, con-
dition factor increased immediately after the regime shift. This inconsistency may be attributable
to the bioenergetic response of juvenile pollock, which attain better growth at warmer tempera-
tures. Thus, in the Doto area, the effect of climate variation on the survival of pollock seemed to be
 limited, due to their flexible feeding behaviors.
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tunistic, thus variation in diet may be used as a proxy
for the prey field in the environment.

The Oyashio is a western boundary current of the
subarctic circulation flowing southwest along the
Kurile Archipelago and the southern coast of Hok -
kaido Island. The Oyashio area, characterized by
cold temperatures and nutrient-rich water, supports
one of the most productive fisheries in the world
(Taniguchi 1999, Sakurai 2007). Similar to other
areas in the subarctic North Pacific Ocean, this area
has been subject to changes in the physical environ-
ment resulting in variations in production at the
lower trophic levels (Chiba et al. 2008, Tadokoro et
al. 2009). In addition to 2 major regime shifts that
occurred in the last 50 yr (1976−1977 and 1988−
1989; Hare & Mantua 2000), a minor shift has been
de tected in 1997−1998 (Overland et al. 2008). The
1997−1998 shift resulted in warmer temperatures in
the surface layer of the Oyashio area for a  relatively
short period of 5 yr (Ishizaki 2007, Kasai & Ono
2007), during which above-average primary pro-
duction was observed every year except 2000
(Okamoto et al. 2010). Sea surface temperatures in
the Oyashio area then shifted to a short cold period
from 2003 to 2006, followed by years of instability in
the physical status (Ishizaki 2011). Such variability
may impact higher trophic levels via bottom-up
 controls. In particular, the population dynamics of
pollock could be severely affected because of their
prominent cannibalistic behavior (Yamamura 2004,
Mueter et al. 2006), making juveniles more vul -
nerable to predation during years of reduced prey
supply. On the Eastern Bering Sea shelf, the abun-
dance of large zooplankton (Cala nus marshallae
and euphausiids) declined abruptly during a period
of warm temperatures (2002–2005). This decline
caused dietary shifts in juvenile and adult pollock to
small copepods and cannibalism, respectively, and
resulted in poor recruitments of pollock due to high
overwintering mortality (bottom-up control) and
predation (top-down control) (Coyle et al. 2011,
Hunt et al. 2011). We expect similar effects of cli-
mate variation to occur in pollock in the Oyashio
area. Therefore, we analyzed diets and body condi-
tion of pollock over 21 yr off the southeastern coast
of Hokkaido Island (Doto area) to support the devel-
opment of a conceptual model relating  pollock pop-
ulation dynamics to environmental variability. Data
from the first half of this study were previously used
to describe general diets of pollock in this area
(Yamamura et al. 2002). Here, we compare pollock
diets from different periods in relation to environ-
mental variability.

MATERIALS AND METHODS

Sample collection

Pollock were collected in the Doto area from 1989 to
1992, and from 1995 to 2011 (Fig. 1). Whereas ‘sum-
mer’ samples (see ‘Materials and methods: Data analy-
sis’ for definition) were available throughout both col-
lection periods, ‘winter’ samples were only available
from 1995 to 2007. Of the 15 482 fish examined, the
vast majority were sampled by bottom (9527; 61.5%)
and midwater (4864; 31.4%) trawls during acoustic
surveys on research vessels (Table 1). In addition, 684
(4.4%) and 295 (1.9%) specimens were sampled
from commercial fishing vessels by bottom trawl and
gillnet, respectively, and 112 (0.7%) specimens were
sampled from research  vessels by hook and line fish-
ing. Although fishing depths (measured as the
position of the head rope for mid water trawls, and as
bottom depth for other gears) ranged from 25 to 507
m, the greatest portion (74.8%) of the sample was
captured within the 100 to 250 m depth zone. The tar-
get depth for midwater trawls was  generally deter-
mined by  monitoring the echosounder to sample the
densest section of the scattering layer. Water temper-
atures at fishing depths were re corded using con -
ductivity-temperature-depth probes (CTDs),  salinity-
temperature-depth recor ders (M-STDs), bathy thermo -
graphs (BTs), expendable bathy thermographs (XBTs)
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or expendable CTDs. Fish were measured and
weighed either on board or in the  laboratory to the
nearest 1 mm and 1 g, respectively. They were then
dissected, and their stomachs were removed and
fixed in a 10% formalin seawater  solution.

Diet analysis

In the laboratory, stomachs were cut open in a Petri
dish filled with water, and the contents were removed
from the stomach and pylorus. The stomach contents
were placed on filter paper, and the excess water was
removed by suction. The contents were then sorted
and identified to the lowest taxon possible, under a
stereoscopic microscope. Each item of stomach con-
tents was dried separately in a drying oven at 52°C
for 24 h and in a desiccator for 36 to 48 h, and then
weighed to the nearest 1 mg. Fish diets were assessed
based on dry weight composition (% DW).

Fish condition

To explore the interannual difference in the nutri-
tional condition of pollock, condition factors were
calculated using lengths and weights for 26 098 mar-

ket specimens measured be -
tween 1990 and 2009. In the
Doto area, the body condition
of pollock de creases through-
out winter, and then recovers
abruptly  during May (Yama-
mura et al. 2002), whereas
 maturation be gins in Novem-
ber (Tsuji 1990). Therefore, we
used data for market pollock
landed between June and Oc -
tober to calculate the condition
factor (CF) for each 100 mm
body size class (i.e. 201–300,
301–400, 401–500 mm) and
year as CF = BW / SL3 × 106,
where BW and SL are body
weight (g) and standard length
(mm), respectively.

Data analysis

Data were divided into sub-
samples based on year, season
and body size class. Based on

sampling date and length, spe cimens were divided
into 2 seasonal groups: spring and summer (from
March to August, hereafter ‘summer’), and autumn
and winter (from September to February, hereafter
‘winter’) and 3 body size classes (BSC): small
(≤300 mm SL), intermediate (301− 400 mm SL) and
large (>400 mm SL). Dietary composition was calcu-
lated for each combination of year, season and BSC,
hereafter referred to as ‘subsamples’. A total of 4 sub-
samples (55 individuals), each of which comprised
<20 individuals, was removed from the analysis due
to the limited sample sizes. For the description of
diets, prey items were grouped into 11 categories,
which were further divided into 23  taxonomic/
ecological groups for numerical analyses (Table 2).

To compare fish diets among different subsamples,
we calculated percent similarity (PS): PS = 1 –
0.5Σ |pi – qi |, where pi and qi are the DW contribution
of the i th prey category in subsamples p and q,
respectively (Schoener 1970). Using the PS matrices,
subsamples were classified by hierarchical cluster
analysis with complete linkage algorithm to deter-
mine the level of variation among different years and
BSCs. The cluster analysis was run separately for
subsamples from summer (N = 62) and winter (N =
33). The PS matrix was also used to test for differ-
ences in diets by BSC, season and climate period.
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Summer Winter
RBT RMT LHF CBT GN RBT RMT LHF CBT GN

1989 107 − − − − − − − − −
1990 159 − − − − − − − − −
1991 171 − − − − − − − − −
1992 184 − − − − − − − − −
1995 − 128 22 − − − 266 − 40 −
1996 20 447 33 69 − 70 218 − − −
1997 397 167 98 − 420 253 14 336 −
1998 267 119 29 30 − 193 323 − 85 30
1999 185 16 − − 66 779 51 − 26 199
2000 343 − 14 − − 753 − − − −
2001 323 185 − − − − − − − −
2002 326 86 − − − 500 − − − −
2003 255 130 − − − 488 85 − − −
2004 542 286 − − − 372 148 − − −
2005 269 277 − − − 31 − − − −
2006 842 175 − − − 258 − − − −
2007 409 134 − − − − 155 − − −
2008 392 422 − − − − − − − −
2009 165 322 − − − − − − − −
2010 121 232 − − − − − − − −
2011 186 239 − − − − − − − −

Table 1. Theragra chalcogramma. Number of specimens whose stomachs were
analyzed in the present study sampled during spring and summer (March−August) and
during autumn and winter (September−February) by different types of gear: RBT = bot-
tom trawls operated by research vessels, RMT = midwater trawls operated by  research
vessels, LHF = line and hook fishing operated by research vessels, CBT = bottom
trawl operated by commercial vessels, and GN = gillnet operated by commercial vessels
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A 3-factor permutational multivariate analysis of vari-
ance (PERMANOVA) was performed using the ADO-
NIS function available in the ‘vegan’ package for R
(Oksanen et al. 2011). PS was also calculated for
specimens sampled by the dif ferent trawl net towing
methods (bottom and mid water), BSCs, seasons and
year periods to account for the biases due to the tow-
ing methods. To obtain sufficient number of speci-
mens for the comparison, data from 1989 to 2000 and
from 2001 to 2011 were pooled. However, PS was not
calculated for large BSC fish sampled during winter
because the number of fish sampled by midwater
trawl was limited (62 and 82 indi viduals for the
1989−2000 and 2001−2011 periods, respectively).

Redundancy analysis (RDA) was applied to diets
aggregated by subsample. RDA is an ordination
technique extending principal component analysis to
explain the variation in a set of response variables
(diet composition) using another matrix of environ-
mental parameters (ter Braak 1995). The environ-
mental parameters included in the RDA were fishing
depth, water temperature at the fishing depth, year
and date. Sampling dates were expressed as days
since March 1, the starting date of the summer period
in the present study. The significance of the ordina-
tion axis was tested by Monte Carlo permutation
based on 199 iterations. These analyses were per-
formed using the ‘vegan’ community ecology pack-
age for R (Oksanen et al. 2011).

RESULTS

The climate regime shifts in the Oyashio area have
been more apparent in the southern (Tohoku) region
(Ishizaki 2007), but some signs of climate variation
were detected in the bottom layer of the northern
region of the Oyashio area (Fig. 2). Winter (January)
temperatures in the bottom layer of the A1 monitor-
ing station off the southeastern coast of Hokkaido
Island (bottom depth = 91 m; Fig. 1) showed a declin-
ing trend rather than discontinuous shifts (Tempera-
ture = −0.077 × year + 156.3, R2 = −0.305, p = 0.014).
During spring (May), elevated temperatures were ob -
served in 1999 and 2000 at the A1 station, resulting in
high average temperature for the 1998 to 2002 period
(2.33°C). The other 3 years showed near or below
average temperatures (0.2 to 1.78°C).

Interannual variation in diets

Increasing trends (i.e. progessively later in the sea-
son) were found in the average sampling date for the
summer BSCs over time. The differences in average
sampling date between the first (1989) and last (2011)
years of the study period were calculated by linear re-
gressions to be 33, 43 and 39 days for small, intermedi-
ate and large BSCs, respectively (Fig. 3a). The an nual
average depth of summer samples showed a trend to-
ward shallow depths over time (Fig. 3b). The average
water temperature at the sampling depths generally
ranged from 1.5 to 4.0°C (Fig. 3c). In spite of the later
sampling date and shallower sampling depth in recent
years, there was no trend in water temperature.
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Category for general      Group for numerical 
description                       analysis

Copepods                         Copepods

Euphausiids                     Euphausiids

Hyperiids                          Hyperiids

Appendicularia                Appendicularia

Other zooplankton          Chaetognath, fish larvae,
decapod larvae, pelagic
annelids, pelagic gastropods

Mesopelagic squids         Watasenia scintillans, gonatiids

Mesopelagic fishes          Myctophids, other mesopelagic
fishes

Pollock                              Pollock

Anchovy                           Anchovy

Small benthos                  Gammarids, Cumacea, crango-
niids, other decapod crus-
taceans, other small benthos

Others                               Mesopelagic shrimps, Colorabis
saira, scavenged leftovers of
squid prey items

Table 2. Theragra chalcogramma. Groupings of prey cate-
gories for general description and numerical analysis
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The small BSC pollock fed mainly on cope-
pods, euphausiids and appendicularians (larva -
ceans) (Fig. 4). Neocalanus cristatus was the
most important copepod, accounting for 46.1%
of identifiable copepod DW in this BSC, fol-
lowed by N. plumchrus/flemingeri and Me -
tridia spp. (35.6 and 18.3% DW, respectively).
This species composition was different from
that observed in the 1990s (Yamamura et al.
2002), when N. cristatus accounted for 92.4%
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of the identifiable copepods in the diet of the
small BSC. Euphausia pacifica was the most im -
portant euphausiid prey, accounting for 66.4% DW of
identifiable euphausiids, followed by Thysanoessa
longipes/ inspinata (22.6%) and T. inermis (11.1%).
Copepods and euphausiids combined made up
>85% DW of diets throughout the study period,
except in 1996, when cannibalism accounted for
21.6% DW of the diet. The most prominent interan-
nual change in the diet of small pollock was an
increase in consumption of appendicularians, which
became important in 1999 and contributed on aver-
age 22.1% of total DW in the diets between 1999
and 2011, contributing >15% DW during 10 out of 13
summers.

Although copepods and euphausiids also domi-
nated diets of the intermediate BSC, the impor-
tance of small-sized copepod species (Neocalanus
plumchurus/flemingeri and Metridia spp.) was
substantially lower (2.4 and 0.4% DW, respectively)
than in the small BSC (Fig. 4). Either meso -
pelagic fishes or cannibalism were also im portant
by 2000, but were replaced with appendicularians
after 2000. In the largest BSC, mesopelagic fishes
were the most important prey between 1998 and
2000, whereas cannibalism was important during
1992 and 1996 (similar to the intermediate BSC),
and again during 2003 and 2007. Appendicularians
became important in 2001 (19.8% DW), when
mesopelagic fishes almost disappeared from the
diet.

During winter, all 3 BSCs showed apparent inter-
annual changes in diets (Fig. 4). In the small BSC,
mesopelagic fishes (mainly Diaphus theta with body
sizes ≤60 mm SL) and squids (mainly firefly squid
Watasenia scintillans) were important between 1995
and 1997, whereas euphausiids dominated during
other years. Euphausia pacifica dominated diets dur-
ing autumn and winter, accounting for 96.8% DW of
identifiable euphausiids. Like small BSC pollock, the
intermediate BSC mainly consumed mesopelagic
fishes and squids in the first 3 years (1995 through
1997), but shifted to euphausiids as the most impor-
tant prey in the next 3 years (1998 through 2000).
After 2001, euphausiids and cannibalism became
equally important. The large BSC pollock consumed
mainly mesopelagic fishes during the first 5 years
(1995 through 2000) except during 1998, when can-
nibalism was most important (42.1% DW). Hyperiid
amphipod Themisto japonica was also an important
prey during 1999 and 2000 (>20% DW). After 2001,
pollock were the most important prey items for the
large BSC (i.e. cannibalism) in 4 out of 6 years.

Body condition of fish

The CF of the small and intermediate BSCs was
notably higher during the warm 1998–2002 period
compared to the 2 ‘cool’ periods of 1990–1997
and 2003–2009 (Fig. 5). This  tendency was more
apparent in the small BSC (2-way ANOVA, Table 3).
The large BSC showed no significant difference in
CF between the first and second climate periods
(1-way ANOVA; F = 1.94, df = 11), but showed a
significantly declining trend over the 2 decades
(CF = −0.055 × year + 9.233, R2 = 0.499, p < 0.001).
The relationship between CF and temperature in
the bottom layer of the coastal Doto area was
explored using the data from the A1 station during
January and May (Table 4). Condition was not sig-
nificantly related to bottom temperatures during
January for any size class, but CFs of the small
BSC showed a weak but significant positive rela-
tionship with temperature during May (R2 = 0.254,
p < 0.05).
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Factor df SS F p

Period 2 11.962 74.297 <0.001
BSC 2 0.149 0.925 0.4031
Period × BSC 4 1.990 6.181 <0.001

Table 3. Theragra chalcogramma. Two-way analysis of vari-
ance (ANOVA) comparing body condition factor (CF) of
walleye pollock among different climate periods and body 

size classes (BSC)
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Dietary similarity

In the cluster analysis of summer diets, subsamples
were separated into 2 clusters at the 4% level of PS,
each of which were characterized by ingestion of eu-
phausiids (Cluster A) and copepods (Cluster B) (Fig.
6). These clusters further branched into 4 and 3
trophic subclusters at the 30% level of PS, respec-
tively. Pollock, appendicularians, mesopelagic fishes
and copepods were characteristic prey in addition to
euphausiids for the dietary subclusters in Cluster A
(subclusters i–iv, Table 5). A subsample in Cluster B
(92L), whose diet was almost exclusively cannibalistic,

was unclassified with other subsamples. The 2 sum-
mer subclusters in Cluster B fed mainly on euphausi-
ids (vi) and euphausiids and appendicularians (vii) in
addition to copepods. Of the 7 subclusters, (i), (v) and
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Month BSC (mm) a b N R2 p

January 201−300 −0.298 9.22 20 0.126 0.125
301−400 −0.180 9.03 20 0.079 0.230
401−500 0.094 8.48 19 0.022 0.545

May 201−300 0.256 8.25 20 0.254 0.024
301−400 0.142 8.46 20 0.135 0.111
401−500 0.073 8.52 19 0.046 0.378

Table 4. Theragra chalcogramma. Linear regression analysis
between condition factor (CF) and water temperature in the
bottom layer at the A1 monitoring station (Fig. 2) according 

to body size class (BSC)
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Dietary Period Typical 
subcluster I II III prey

Summer
(i) 2 − 3 Eu, Po
(ii) − 2 6 Ap, Eu
(iii) 3 4 1 MF, Eu
(iv) 6 5 9 Eu, Co
(v) 1 − − Po
(vi) 7 − − Co, Eu
(vii) 2 3 8 Co, Eu, Ap

Winter
(1) 2 4 4 Eu
(2) − 4 1 Eu MF
(3) − 5 3 Po, Eu
(4) 4 − − MS, MF
(5) 3 2 − MF, Eu

Table 5. Theragra chalcogramma. Summary of dietary sub-
clusters (see Fig. 6) determined at a 30% level of percent
similarity (PS) in the cluster analysis. Number of subsamples
from each climate period and typical prey are given. Ap =
appendicularians, Co = copepods, Eu = euphausiids, MF =
mesopelagic fishes, MS = mesopelagic squids, Po = walleye 

pollock
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(vi) did not contain subsamples from the warm second
climate period. These subclusters were characterized
by pollock and copepods in their diets. Subclusters (ii)
and (vii), whose diets were characterized by appen-
dicularians, comprised subsamples from the second
and third climate periods. Winter subsamples sepa-
rated into 3 clusters at the 4% level of PS, each of
which fed mainly on euphausiids, pollock and micro-
nekton (mesopelagic squids and fishes). At the 30%
similarity level, 5 winter feeding subclusters were de-
termined. Subcluster (1) comprised subsamples from
all 3 climate periods, which had ingested mainly eu -
phausiids. Mesopelagic fishes and euphausiids were
characteristic prey in subcluster (2), while subcluster

(3) was characterized by pollock in its diet. These
latter 2 subclusters comprised subsamples mainly
from the second climate period (3 out of 4, and 5 out of
8, respectively) with all the rest coming from the third
climate period. Subcluster (4) comprised subsamples
from the first climate period, whose diets were charac-
terized by mesopelagic squids; mesopelagic fishes
were a characteristic prey in subcluster (5).

Dietary difference by towing method

The similarity in diets between pollock sampled by
bottom trawl and midwater trawl was calculated for
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Size class Trawl Cope- Euphausiids Hyperiids Appendi- Other Meso- Meso- Pollock Anchovy Small PS
Period pods cularia zoo- pelagic pelagic benthos

plankton fishes squids

Summer (March−August) 
≤300 mm
1989−2000 B 38.0 52.4 0.7 4.3 0.7 2.5 0.1 0.2 − 0.3

79.5Mid 31.5 41.9 1.2 7.8 1.8 0.1 − 14.9 − 0.5
2001−2011 B 30.1 44.2 2.2 21.3 0.6 0.0 0.1 − − 1.0

82.8Mid 44.7 28.9 1.5 22.8 0.1 0.3 0.0 − − 0.8
301−400 mm
1989−2000 B 23.1 47.2 1.2 4.5 0.9 13.6 0.3 2.4 3.4 0.6

63.8Mid 13.6 33.5 0.3 2.8 1.7 10 1.5 34.1 − 0.5
2001−2011 B 18.1 54.8 2.2 15.2 1.4 2.7 0.4 1.6 + 2.7

70.7Mid 24.7 31.8 1.3 33.8 0.7 4.0 0.2 0.8 2.2 0.3
>400 mm
1989−2000 B 4.4 19.6 0.6 1.5 0.3 35.8 0.8 31.4 3.4 0.3

63.3Mid 1.2 27.9 0.4 3.4 2.3 28 17.6 14.0 0 0.1
2001−2011 B 10.1 41.1 2.5 15.7 0.6 1.9 0.3 14.5 4.7 5.9

74.8Mid 19.1 27.2 1.9 10.6 0.3 4.3 − 16 15.7 3.0
Overall

B 14.1 39.0 1.6 9.5 0.7 13.9 0.5 13.7 2.8 2.3
81.9Mid 21.3 30.9 1.2 16.2 1.0 7.4 2.4 12.9 4.1 1.0

Winter (September−February) 
≤300 mm
1989−2000 B 1.4 75.4 2.8 − 0.4 9 8.0 0.0 − 0.4

68.4Mid 8.7 52.1 1.9 − 0.3 6.0 23.9 5.3 − +
2001−2011 B 1.0 78.1 2.2 − 0.3 0 0.2 13.2 − 2.2

80.1Mid 3.9 91.0 0.1 − 0.2 4 0.0 − − +
301−400 mm
1989−2000 B 0 40.1 3.7 − 0.3 23.7 16.9 − 13.1 +

59.7Mid 0 26.2 0.1 − 0.2 45.5 8.0 4.4 − +
2001−2011 B 0 48.1 0.9 − 0.1 9.0 3.5 37.8 − 0.1

82.6Mid 0.1 58.7 0.1 − 0.2 5.1 5.3 29.8 − 0.2
>400 mm
1989−2000 B 0.1 24.9 13.5 − 0.5 27.6 6.5 3.1 16.1 + na

Mid Insufficient data
2001−2011 B − 15.9 0.5 − 0.1 6.3 6.4 64.2 4.4 0.2 na

Mid Insufficient data
Overall (≤400 mm)

B 0.3 52.2 2.3 − 0.3 13.4 8.5 16.6 4.5 0.3
81.4Mid 2.9 53.5 0.5 − 0.2 19.0 9.2 8.8 0.0 0.1

Table 6. Theragra chalcogramma. Comparison of diet composition (in DW%) of walleye pollock from bottom (B) and midwater (Mid) trawl
samples. Data were pooled for the first (1989−2000) and second (2001−2011) halves of the study period. Dietary percent similarity (PS) be-
tween towing methods is also shown. Note that diet composition was expressed by 10 major prey items, whereas PS was calculated based
on the more detailed 25 prey categories given in Table 2. The items with >10% difference in contribution by towing method are indicated 

as: underline = midwater < bottom; italic = midwater > bottom; ‘+’ = <0.1%; ‘–’ = not found; na = not applicable
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different subsets representing different size classes,
periods and seasons. The PS index ranged from
59.7 to 82.8%, and the overall similarity during
 summer and winter was 81.9 and 81.4%, respec-
tively (Table 6). In summer, euphausiids were
more dominant in bottom trawled pollock samples,
whereas copepods and appendicularians were
more im portant in midwater trawled samples. Canni-
balism showed no clear pattern in summer, but was
more important in bottom trawl samples during
 winter.

Source of dietary variation

All of the 3 sources of dietary variation tested by
the PERMANOVA (BSC, climate period and season)
were significant (p < 0.001; Table 7) with season and
BSC accounting for 16.3 and 11.4% of the total varia-
tion, respectively. Climate period explained 7.3% of
the total variation, whereas its interaction with sea-
son explained an equivalent fraction of the total vari-
ation (7.3%). Two-factor PERMANOVA was also per-
formed to explore the interaction term (Table 8).
Climate periods accounted for 11.3 and 22.0% of the
total variation during summer and winter, respec-
tively, indicating that the effect of climate period was
more pronounced in winter diets.

Ordination

A tri-plot of subsamples on the first 2 axes of an
RDA shows RDA scores of prey items and vectors
indicating relative strength and direction of maxi-
mum change of constraining (environmental) vari-
ables together with sample RDA scores (Fig. 7). In
this diagram, the projection of prey categories onto

an arrow approximates the average value of the cor-
responding variable across samples, weighted by the
proportions of the prey in each sample (ter Braak
1995). The permutation test for the RDA showed that
a significant portion of the variability in prey compo-
sition could be attributed to the constraining vari-
ables (df = 4, F = 5.811, p = 0.001). The subsamples
showed a strong seasonal partitioning along the first
axis; winter subsamples were mostly located on the
positive segment of the first RDA, whereas the small
and intermediate BSCs were located on the negative
 segment. However, subsamples corresponding to the
large BSC from both summer and winter were spread
widely along the first axis. Another constraining
parameter showing high variance along the first axis
was depth, but the effect of depth is difficult to sepa-
rate from seasonal effects because of the high corre-
lation between these variables, evident in the small
angle between the corresponding arrows (ter Braak
1995). The distribution of the large BSC along the
first axis is interpreted as a preference by large
 pollock for deeper waters as winter progresses, with
mesopelagic fishes and squids and cannibalism
becoming more important in the diet. While the small
and intermediate BSCs showed less variation along
the first axis of RDA, they showed wider variations
along the second axis. Temperature and year were
positively and negatively associated with this axis,
respectively, implying a trend from relatively high
temperatures in early years (Fig. 7, lower quadrants)
to low temperatures in later years (upper quadrants).
This trend was associated with a shift in the diet
of the large BSC from micronekton (mesopelagic
fishes and Watasenia scintillans, lower right quad-
rant in Fig. 7) toward cannibalism (upper right), and
from copepods (lower left) toward appendicularians
(upper left).
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Variables df Pseudo-F R2 p

BSC 2 9.532 0.120 <0.001
Season 1 25.445 0.161 <0.001
Period 2 4.733 0.060 <0.001
BSC: Season 2 3.073 0.039 <0.01
BSC: Period 4 1.256 0.032 0.204
Season: Period 2 5.929 0.075 <0.001
BSC: Season: Period 4 1.113 0.028 0.330
Residuals 77 0.486

Table 7. Theragra chalcogramma. Three-factor permuta-
tional multivariate analysis of variance (PERMANOVA)
comparing dietary composition among different body size 

classes (BSC), seasons and climate periods

Variables df F R2 p

Summer
BSC 2 6.707 0.166 0.001
Period 2 4.666 0.116 0.001
BSC: Period 4 1.215 0.060 0.398
Residuals 53 0.658

Winter
BSC 2 5.571 0.216 0.001
Period 2 6.014 0.233 0.001
BSC: Period 4 1.126 0.057 0.351
Residuals 24 0.464

Table 8. Theragra chalcogramma. Two-factor permutational
multivariate analysis of variance (PERMANOVA) compar-
ing dietary composition among different body size classes 

(BSC) and climate periods for summer and winter
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DISCUSSION

Source of variations in diets

Although it is suggested that climate regime shifts
occurred in the Doto area between 1998 and 1999,
and between 2002 and 2003 (Kasai & Ono 2007,
Overland et al. 2008), there are no clear impacts of
these shifts on pollock diets. The greatest shift in pol-
lock diet occurred either between 2000 and 2001 or
between 2001 and 2002 (Fig. 4) and was associated
with an increase in the consumption of pollock (i.e.
cannibalism), appendicularians and anchovy, and a
decrease in the consumption of copepods and micro-
nekton. Like other gadid species, pollock are oppor-
tunistic feeders, whose diet is primarily determined
by the relative abundance of ambient prey and the
predator:prey size relationship (Yamamura 2004).
Thus, the interannual variation in pollock diets

revealed in this study may be attributable
to changes in the availability of different
prey items in the Doto area. However, other
factors such as changes in the average date
and depth of summer sampling may have
contributed to the observed dietary shifts.
The greatest portion of our samples (>80%)
was collected during acoustic surveys, and
the primary purpose of these tows was
to identify the backscattering observed by
echosounders. Because the towing method
(bottom or midwater) and the depth of each
tow were chosen to target layers where
 pollock density was highest, changes in
sampling depth and an increase in the pro-
portion of midwater trawls is likely to
reflect a change in the depth distribution
of pollock rather than a sampling bias.

The average sampling date for each BSC
shifted forward by 33 to 43 d over the 23 yr
study period. These shifts were from late
April (1989) to late May or early June
(2011), and could have affected diets to
some extent. Similarly, sampling depths for
the intermediate and large BSCs during
summer decreased over the study period.
However, given that the interannual shifts
in dietary compositions were abrupt rather
than gradual (Fig. 4), the effect of the delay
in  sampling date on our results seems very
limited. Although no apparent trend was
found in average temperature in the sam-
pling layers (Fig. 3c), the orientation of the
year and temperature vectors in the RDA

plot (Fig. 7) implies that these parameters are nega-
tively correlated (ter Braak 1995). Therefore, the
interannual variations in diets are likely related to
the cooling trend in the coastal Oyashio area, espe-
cially during winter (Fig. 2).

Changes in major prey

In the classification of summer diets, all of the sub-
samples comprising subcluster (vi) (Fig. 6), which
represent copepod diet, were from the first climate
period, confirming that copepods were the typical
prey for this period. Immediately after the onset of
the second climate period in 1998, a steep decline
was found in the dietary contribution of copepods,
primarily Neocalanus cristatus. We hypo thesize that
this reflects a negative response of this cold-water
prey species to the onset of the second period warm
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Fig. 7. Theragra chalcogramma. The first 2 axes of redundancy analysis
(RDA) for dietary composition of subsamples; species are represented by
points, environmental variables by vectors. Sum = spring and summer
(March−August), Win = autumn and winter (September−February); S =
<300 mm SL, M = 301−400 mm SL, L = >400 mm SL. Major prey items are
shown by ‘+’: App = appendicularians, Cop = copepods, Euph = euphausi-
ids, Myct = myctophids, Wsc = Watasenia scintillans, Po = walleye pollock.
The arrows of the explanatory variables indicate the direction of maximum
change of these variables across the diagram: TEMP = temperature, DEP =
depth, DATE = day of year transformed as Mar 1 = 1. The projection of
prey categories onto an arrow gives an approximation of their weighted 

averages with respect to the variable
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conditions. However, no immediate rise in water
temperatures was observed in either the sampling
layer or at the A1 station. This inconsistency may
reflects the fact that Neocalanus copepods are pas-
sively transported for a long distance through their
life history, and their abundance re flects environ-
mental conditions over a wider (trans oceanic) scale
rather than on a regional scale (Tatebe et al. 2010).
During May, juvenile pollock in the Doto area gen -
erally recover their body condition from winter thin-
ning by ingesting N. cristatus (Yama mura et al.
2002). Although the standing stock of mesozooplank-
ton during spring (April to June) before and after the
1997-1998 regime shift remained identical in the
Oyashio region (Kasai & Ono 2007), it decreased by
<50% in summer (July and August). This decrease
would have had an adverse effect on food availability
for juvenile pollock.

Appendicularians were the representative sum-
mer prey for juveniles after the onset of the second
climate period in 1998 (Fig. 6). In fact, all of the sub-
samples comprising subcluster (ii), which represent
an appendicularian diet, were from the second and
third climate periods. The utilization of appendicu-
larians by pollock has also been reported from the
Gulf of Alaska and Bering Sea (Dwyer et al. 1987,
Wilson et al. 2011), but appendicularian gravimetric
contributions have remained supplemental (<10%)
in these areas. In the Doto area, their contribution
also re mained below 2% DW in the 1990s, even in
the small BSC (≤200 mm SL) (Yama mura et al.
2002). Appendicularians were not identified to spe-
cies level in the present study, but the major species
occurring in the Oyashio region (e.g. Fritillaria
borealis and Oikopleura labra doriensis) are gener-
ally distributed in the oceanic upper 100 m layer
(Shiga 1985, Tomita et al. 2003). Therefore, pollock
containing appendicularians in their stomachs prob-
ably consumed them in shallow layers (≤100 m) and
benefitted from higher growth rates in the warm
surface layer. Appendicularians are ubiquitous in
the Oya shio area, but their dominance in the total
biomass of mesozooplakton is generally low (<1%)
(Shinada et al. 2001, Ikeda et al. 2008). They were
ingested by pollock along with their mucous house,
which is used to retain suspended particles in the
water column (Flood 2003). This fact, along with the
extremely high production rate of appendicularians
(Sato et al. 2001), suggests that their ingestion pro-
vides an alternative trophic pathway from primary
production to pollock.

Mesopelagic fish comprising mainly myctophids
Daiphus theta was also an important prey category

showing steep declines in the diets of intermediate
and larger pollock BSCs. They almost disappeared
from the diets during summer and winter 2001, 3 yr
after the onset of the warm climate period. Because
over 99% of D. theta in the Doto area are age ≤3
(Ivanov & Lapko 1994, Yamamura & Yasuma 2010),
we hypothesize that this species failed to reproduce
in the warm environment during and after 1998. We
further speculate that the 1997 cohort disappeared
from the Doto area and became unavailable to pol-
lock after reaching age 4. Unfortunately, we have no
time series data on the abundance of D. theta, but
this species has the potential to be strongly affected by
climate variation, since it  inhabits the surface layer of
the Oyashio-Kuroshio transition area and there fore
experiences greater environmental variations during
its early life stages than in the Oyashio area (Moku et
al. 2003, Yasuda 2003). Thus, the disappearance of
D. theta from the diets of pollock after 2000 suggests
an interesting example of the delayed effects of an
 environmental event on higher trophic levels.

Prey items that increased in pollock diets after the
disappearance of myctophids were juvenile pollock
and anchovy. In the 1990s, the incidence of heavy
cannibalism was limited to the spring period in the
Doto area (Yamamura et al. 2001)—because strong
stratification during summer and autumn offered ju -
veniles thermal barriers against cannibalistic adults,
and mesopelagic fishes and squids were important
prey during winter (Yamamura et al. 2002). The
increased winter cannibalism observed in this study
compensated for the lack of mesopelagic fishes and
squids, which were absent from diets between 2001
and 2005. However, some sign of relief from winter
cannibalism was observed during 2006 and 2007,
suggesting that mesopelagic fishes recovered enough
to again become an important prey for larger pollock.

Anchovy became an important summer prey for
the large BSC after 2006. Anchovy distributed off
the Pacific coast of Japan have stayed at a relatively
high and stable stock level (>0.5 million t) after the
 collapse of sardines in the early 1990s (Yatsu et al.
2010). Anchovy is a warm water species, which is
 distributed also in the Oyashio area during summer
and autumn. Their distribution is generally limited to
the surface layer (~20 m), but they are occasionally
found at deeper depths (~100 m) (Ohshimo & Ha -
matsu 1996). The chances that large-sized pollock,
which generally reside in deeper waters, en counter
anchovy seem very limited, and thus the gradual
increase of anchovy in the diet during recent years
may reflect decreased abundance or availa bility of
alternative prey.
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Variation in condition

In the Doto area, pollock condition decreases from
late autumn through winter and then recovers rapidly
during May (Kooka et al. 2009, Kooka & Yamamura
2012). Their main prey during spring is Neocalanus
cristatus, which may be the key prey for pollock to re-
cover from winter condition (Yamamura et al. 2002).
Therefore, the decrease of copepods (especially Neo-
calanus cristatus) in pollock diets after 1998 was ex-
pected to adversely affect the nutritional condition of
juvenile pollock. However, in spite of the potential
 importance of copepods for recovery, CF increased
rapidly in 1998 when the proportion of copepods in
the diet decreased, especially in the small BSC. We
suggest that the increase in CF was attributable to
the bioenergetic response of pollock to warmer tem -
peratures. In laboratory experiments, juvenile pollock
(112−153 mm fork length) ex hibited maximal food in-
gestion and growth rate at 12.3°C and 11.5°C, respec-
tively, while growth (conversion) efficiency remained
relatively stable between 2 and 9°C (Kooka et al.
2007). These results indicate that pollock (especially
juveniles) benefit nutritionally from a warmer envi-
ronment as long as sufficient food is available. How-
ever, average temperatures at the depths where pol-
lock were sampled were not significantly different
 between climate periods or between BSCs (2-way
ANOVA, Table 9). This inconsistency may be partly
due to differences in the vertical distribution of
pollock between day and night. Pollock, especially at
younger ages, are typically distributed in the warm
surface layers during night and twilight (Brodeur et
al. 2000, Miyashita et al. 2004). However, trawl sam-
pling was conducted during the day, when pollock
were distributed in deeper and cooler layers. The ob-
served increase in CF was maximal in the small, and
minimal in the large BSCs (Fig. 5), consistent with a
decrease in the optimal temperature for growth with
increasing body weight (Morita et al. 2010). Only the
largest BSC showed a decreasing trend in body condi-
tion through the 20 yr studied. We have no plausible
explanation for this decrease, but the cooling trend in

the bottom layer of the coastal Doto area  during
winter (Fig. 2) may be partly responsible. The low
temperature in the Doto coastal area during  winter
is caused mainly by the outflow of East Sak halin Cur-
rent water from the southern Okhotsk Sea (Oguma et
al. 2008); hence, the decreasing trend in pollock con-
dition could be associated with water mass dynamics
upstream of the Oyashio current.

Implication for population dynamics

Variations in the incidence of cannibalism directly
affect the population dynamics of pollock. Canni -
balism in the Doto area in the 1990s has been re -
ported to be density dependent, with age 1 pollock
cannibalized more heavily in a year following strong
recruitment. With more recent data added, the con-
tribution of cannibalism to the diets of larger pollock
(>300 mm SL) still showed a significant correlation
with a reproductive success index (i.e. estimated
number of recruits in a given year divided by spawn-
ing stock biomass) (Mori et al. 2012) in the previ -
ous year (R2 = 0.213, n = 21, p < 0.05; Fig. 8). Thus,
summer cannibalism was more prevalent after a
year with high recruitment, implying the potential
to dampen interannual variations in recruitment
(Yamamura et al. 2001), whereas winter cannibalism
showed only a  non-significant negative correlation
with recruitment.
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Fig. 8. Theragra chalcogramma. Relationship between re-
productive success index (recruitment per spawning: RPS)
of the Japan Pacific population of walleye pollock and inci-
dence of cannibalism during the first winter after settlement
(age 0; s) and summer of the following year (age 1; ×). Only
summer cannibalism showed a significant positive correla-
tion between RPS in the preceding year (R2 = 0.213, N = 

21, p < 0.05)

Factor df SS F p

Period 2 1.248 0.713 0.495
BSC 2 1.424 1.386 0.259
Period × BSC 4 1.277 0.365 0.833

Table 9. Theragra chalcogramma. Two-way analysis of
 variance (ANOVA) comparing habitat temperature among 

different climate periods and body size classes (BSC)
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While the dietary shift immediately after the onset
of the warm period in 1998 was less pronounced for
smaller pollock (small and intermediate BSC), a rapid
increase in body condition was observed after 1998,
perhaps reflecting a bioenergetic response to the
warm environment. This response differed from
that in the Eastern Bering Sea (EBS), where the de -
creased abundance of large mesozooplankton during
a warm period (2002 to 2005) resulted in reduced
body condition and poor survival of age 0 pollock
during the subsequent winter (Coyle et al. 2011,
Hunt et al. 2011). Starvation mortality of juvenile pol-
lock was quite unlikely in the Doto area even during
the 2003 winter, when energy content and body con-
dition were low (Kooka et al. 2009, Kooka & Yama-
mura 2012). Virtually no juveniles with severely
depleted lipid levels were present, and average-
sized juveniles in March 2004 had energy reserves
allowing for a 105 d period without food before starv-
ing to death. Further study is needed to elucidate
why such a difference occurs in response to the cli-
mate impact by area, although it may partially be
explained by topography. Food depletion is likely in
years of poor prey production in the EBS because the
wide continental shelf (>500 km) (Stabeno et al.
1999) prevents the advective supply of prey from the
outer shelf (Napp et al. 2000, Ciannelli et al. 2002),
whereas a relatively narrow (<30 km) continental
shelf makes it easy for offshore prey to be advected
into the coastal area (Tatebe et al. 2010). Juvenile
pollock in the Doto area are capable of accessing the
outer-shelf production, although more predation risk
is expected in deeper waters (Yamamura & Nobetsu
2012). Thus, pollock in the Doto area have flexible
feeding habits to cope with environmental variability
by utilizing a wide range of prey items and habitats.
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