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Abstract

Stomach contents from 740 common minke, 393 Bryde’s and 489 sei whales in May-September
during 2000-2007 off the Pacific coast of Japan were examined during the Second Phase of the
Japanese Whale Research Program under Special Permit in the western North Pacific (JARPN II).
Stomach contents analysis showed that the three whale species are highly dependent on small pelagic
fish, i.e. Japanese anchovy, Pacific saury and mackerels in addition to copepods and euphausiids.
Pianka’s niche overlap index showed high diet overlap among whale species that occur in some areas
where they feed on pelagic fish. Canonical correspondence analysis (CCA) indicated environmental
and biological factors significantly contribute to the diet composition of whales. CCA also explained
the distribution patterns of whales in relation to SST, chlorophyll @ concentration and geographical
variation. These analyses demonstrated that the diet composition of the baleen whales is determined
by spatio-temporal environmental factors and the amount of small pelagic fish carried by the Kuro-
shio Current. The total seasonal prey consumption by whales in the study area was estimated to be
774 000 t of Japanese anchovy (16% of the consumed biomass), 44 000 t of Pacific saury (1% of the
consumed biomass), and 140 000 t of mackerels (14% of the consumed biomass), indicating these
baleen whales are important components in the ecosystem, and warrant inclusion in fisheries assess-
ments.
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the variation of geographical and temporal information
in targeted species is necessary.

Introduction

Multi-species interactions as a component of eco-

system approaches are becoming more important in
fisheries management, including ecosystem modelling.
Large mobile animals, such as whales, seasonally mi-
grate to a feeding area, however the spatial and temporal
aspect of the feeding habits of higher trophic predators
remains largely undocumented in the western North
Pacific. Furthermore the effects of environmental vari-
ability on their distribution and induced feeding habits
are becoming important for understanding the ecosystem
and development of habitat modelling (Redfern et al.,
20006). To precisely understand the feeding habits in rela-
tion to the various factors, large-scale survey including
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The offshore waters of the Pacific coast of Japan are
important fishing grounds (Shiomoto et al., 1994; Ka-
sai et al., 1997) with high productivity (Olson, 2001).
Marine mammals such as seals, sea lions, and whales,
occur commonly in these waters and are important com-
ponents of the ecosystem. Baleen whales, in particular,
are presumed to be important due to their large biomass
and prey requirements (Trites et al., 1997; Leaper and
Lavigne, 2007) when they seasonally migrate to for-
aging areas (Nemoto, 1959; Masaki, 1976; Hatanaka
and Miyashita, 1997). Common minke (Balaenoptera
acutorostrata, hereafter referred to as minke whale), sei
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(B. borealis) and Bryde’s (B. edeni) whales are com-
monly found balaenopterid species and were harvested
during the commercial whaling period. To understand
the role of baleen whales in the ecosystem, and to bet-
ter manage fisheries at the ecosystem level through
multispecies modelling, an examination of their spatio-
temporal feeding habits and the extent of consumption in
a given area are necessary. Additionally, the effect of en-
vironmental factors on feeding habits must be quantified
coincidentally to interpret the results properly.

The feeding habits of large baleen whales were ex-
amined previously based on samples from commercial
whaling (Nemoto, 1959; Nemoto and Kawamura, 1977;
Kawamura, 1982), however these studies were mainly
qualitative in nature. Furthermore, the information from
those reports is difficult to extrapolate to the present
because of different areas covered and changes in the
marine environment. The Japanese Government carried
out the Japanese Whale Research Program under Special
Permit in the western North Pacific (JARPN) from
1994 to 1999. This program provided both qualitative
and quantitative data on the feeding ecology of minke
whales. The results showed that the minke whale feed on
many prey types ranging from small crustaceans to large
fish (Tamura ef al., 1998; Tamura and Fujise, 2002), and
many of these prey are also targeted by Japanese fisher-
ies. The Second Phase of JARPN (JARPN II) expanded
sampling to other whales such as sei, Bryde’s, and sperm
whales (Physeter macrocephalus), which are species
with a large biomass and likely play an important role in
the ecosystem. The JARPN II program also has broader
spatial coverage than JARPN.

The purposes of this study were to (1) investigate
the feeding ecology of minke, sei, and Bryde’s whales
by examining the diets and overlap of diets among these
species, (2) examine the factors that may influence the
features of the whales' feeding habits and distribution,
and (3) estimate the amount of prey consumed by the
three whale species. To estimate prey consumptions by
whales in these waters, we incorporated diet data for
these whales, together with recent numbers of whales in
the study area based on dedicated sighting surveys un-
dertaken as part of JARPN II.

Materials and Methods

Study area

The research area of JARPN II was the area between
the Pacific coast of Japan and 170° E, and a latitudinal
range between 35° N and 50° N (Fig. 1), including a
part of sub-areas 7, 8 and 9 established by the Scientific

Committee of the International Whaling Commission
for management purposes (IWC, 1994). This area has
a characteristic physical environment in which the cold
Oyashio current from the north and warm Kuroshio cur-
rent from the south meet and alter their direction offshore,
making the Kuroshio-Oyashio transition region (Fig. 1;
Olson, 2001). The Kuroshio current transports eggs and
juveniles of commercially important Japanese sardine
(Sardinops melanostictus), Japanese anchovy (Engraulis
Jjaponicus), Pacific saury (Cololabis saira), and mack-
erels (Scomber spp.) to pelagic waters (Takahashi et al.
2001; Takahashi and Watanabe, 2004; Itoh and Kimura,
2007; Watanabe, 2009). The pelagic transition region is
also an important feeding ground for the growth and sur-
vival of these fish (Takahashi and Watanabe, 2004; Itoh
and Kimura, 2007).

Sampling and sighting survey

A total of 740 minke and 393 Bryde’s whales were
sampled by JARPN II from May to September during
2000-2007. A total of 489 sei whales were also sampled
from 2002-2007 (Table 1). The locations of the sampled
whales and sea surface temperature (SST) were record-
ed, and the whales were transported to a research ves-
sel where they were examined by biologists. All whales
were measured, weighed, and their reproductive organs
were examined to distinguish sexual maturity. Males of
minke, Bryde's, and sei whales, were defined as sexu-
ally mature by testis weights (larger side) of more than
290 g, 560 g and 1 090 g, respectively (Bando et al.,
pers. comm., Institute of Cetacean Research, Toyomi
4-5, Chuo-ku, Tokyo 104-0055, Japan). Females were
defined as sexually mature by the occurrence of at least
one corpus luteum or albicans in their ovaries.
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Fig. 1. Research area of JARPN II. The definition of oceano-
graphic structure was originally described by Favorite
et al. (1976).
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TABLE 1. Number of minke, sei, and Bryde’s whales sampled in
JARPNII.

Species (time period)  Sub-area May Jun. Jul. Aug. Sep. Total
Common minke whale 7 16 155 49 15 88 323
(2000-2007) 8 30 59 37 7 1 134
9 11 28 86 152 6 283

Total 57 242 172 174 95 740

Sei whale 7 0 4 12 0 0 16
(2002-2007) 8 31 42 59 0 135
9 27 103 114 68 26 338

Total 58 149 185 68 29 489

Bryde's whale 7 7 59 60 39 19 184
(2000-2007) 8 0 34 39 36 109
9 0 46 33 15 100

Total 7 139 132 90 25 393

Dedicated sighting surveys were also conducted as
part of JARPN II through 2000-2007 for the purpose of
estimating whale abundance estimates. Effort and pri-
mary sighting on the designed survey track lines were
recorded.

Stomach contents

Baleen whales have four-chambered stomachs
(Hosokawa and Kamiya, 1971; Olsen et al., 1994). Since
newly-eaten prey were found commonly in both the
first (forestomach) and second (fundus) stomach com-
partments, we only included contents from these two
compartments in the analyses. Stomach contents were
removed from each chamber and a part of the contents
were sub-sampled after weighing the total contents to the
nearest 0.1 kg. If fresh prey were found in the stomach,
their body lengths were measured for up to 100 samples
from each whale.

In the laboratory, intact prey and remains such as
fish otoliths and crustaceans were identified to the lowest
possible taxon using gross morphological characteristics
(Tamura and Fujise, 2002). The total weight of each prey
species before ingestion in the subsample was then esti-
mated by multiplying the average weight of fresh speci-
mens by the estimated number of individuals based on
remains in the stomach.

Diet and environmental factors

To examine the spatial and temporal variation of
whale diets in relation to seasonal SST patterns, the
positions where whales whose stomachs contained main
prey items were plotted on the satellite images of SST

obtained from Ocean Color Web (http://oceancolor.gsfc.
nasa.gov/), using overlay function of GIS software (Ma-
rine Explorer: Environmental Simulation Laboratory,
Japan).

Canonical correspondence analysis (CCA), which
is categorised as one of the habitat models (Redfern et
al., 2006), is a powerful tool that can identify features
within diet compositions and habitat use together with
biological and environmental factors (Guisan and Zim-
mermann, 2000; Redfern ef al., 2006), and this analysis
has been used in other whale studies (Fielder and Reilly,
1994; Reilly and Fiedler, 1994; Haug et al., 2002).

The CCA was performed on diet composition and
environmental factors (SST, year, date, latitude, and lon-
gitude) and biological factors (body length and sex of
whales) in each whale species, using the ‘vegan’ pack-
age (ver.1.13-1, Oksanen et al., 2008) in R (http://www.
r-project.org). Each environmental variable was tested
by 1 000 permutations and considered significant at the
5% level.

Distribution and environmental factors

CCA was also used to examine whale habitat use
by the three whale species in relation to environmental
variables. We assumed that a species response, such as
abundance or density, reflects the habitat suitability of
environmental conditions at that site. Whale density was
calculated as the whale number detected per 1 nautical
mile (nm) on the survey track line from the sighting
survey, and transformed 1 x 1 degree gridded data by
month and year. In this analysis, gridded data with small
effort (<1 nm) per a grid were eliminated to avoid biases.
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Monthly SST and chlorophyll a concentration 9 x 9 km
data in July to September in 2000-2007 obtained from
Ocean Color Web were also transformed to gridded data
in the same manner as for the whale diet analyses above.
Then, the CCA was performed on whale densities and
environmental factors, i.e., SST, chlorophyll a, year,
month, latitude, and longitude.

Diet overlap

To determine the amount of diet overlap among
whale species, Pianka’s index of niche overlap (Pianka,
1973, 1974) was calculated between the reconstructed
prey weights of whales by sub-areas as follows:

n
z DPijPix
i

where O, is Pianka’s measure of overlap, p, is the pro-
portion that diet item i is of the total prey used by species
J» P, is the proportion that prey i is of the total prey used
by species k, and 7 is the total number of diet items. The-
ses calculations was done using ‘pgirmess’ package (ver.
1.3.8, Giraudoux, 2008) in R and the index value was
bootstrapped 1000 times to reduce bias.

Estimating prey consumption

The daily food consumption by the three whale
species was estimated based on mass-specific energy
requirement estimates (e.g., Sigurjonsson and Vikings-
son, 1997). The modelled prey biomass values were then
apportioned to each prey species based on the propor-
tional contribution of prey species from the stomach
contents. To consider the spatio-temporal variation in
prey distribution, the prey consumption was derived for
each sub-area (7, 8 and 9), period (early period: May and
June, late period: July to September), and whale maturi-
ty stage (immature and mature), as energy requirements
differ among sexual maturity classes (e.g., Lockyer,
1987; Vikingsson, 1995). Finally, the total annual con-
sumption in the study area by these three whale species
throughout their feeding period was estimated for each
prey species.

Daily prey consumption. The daily consumption of
each prey species D,,) was calculated by the following
equations (Sigurjonsson and Vikingsson, 1997):

D, =D, /E
g

keal "~ keal

D, ., =?206.25M°7%
where D, is daily prey mass consumption by whales

(kg day™"), D,  is daily prey energy consumption (kcal

keal

day™"), E, ,is the mass-specific caloric value of prey spe-
cies (kcal kg!), and M is mean body weight of whales
(kg).

In this study the wet mass caloric values of domi-
nant preys, i.e., copepod (Neocalanus cristatus: 920
Kcal kg), euphausiid (Fuphausia pacifica: 850 Kcal kg
1, Japanese anchovy (small size: 1 320 Kcal kg™, large-
size 1 530 Kcal kg™), Pacific saury (3 140 Kcal kg™),
walleye pollock (1 490 Kcal kg') and Japanese flying
squid (Todarodes pacificus: 1 580 Kcal kg!) (T. Tamura,
pers. comm., Institute of Cetacean Research, Toyomi
4-5, Chuo-ku, Tokyo 104-0055, Japan ), were used to
estimate wet prey composition. We assumed that other
minor prey species had the same caloric density as Japa-
nese anchovy. Then E_ was estimated based on prey
composition from stomach contents analysis for each
sub-area, per month.

Prey consumption by whales for the feeding
period. Lockyer (1981) indicated that 83% of the annual
energy intake of balaenopterid species is ingested during
the summer, corresponding to approximately ten times
higher feeding rates during summer feeding period than
during the rest of the year.

Based on this assumption, the average daily prey
consumption (SDkg) during this feeding period (May to
September) was estimated for these baleen whales using
the following equation:

SD,=2.020D

kcal

We calculated daily prey consumption by whales
using SD, , and relative diet composition (percent wet
weight) in each area and month. Finally, we calculated
prey consumption by these whales based on the assump-
tion that the minke, sei, and Bryde’s whales spend about
150 days (feeding period) in this feeding area for each
sub-area, and sexual maturity category.

The number of whales present in the study area was
estimated by dedicated, vessel-based sighting surveys as
part of JARPN II (Hakamada et al., MS 2009; Table 2).
To consider changes in the seasonal abundance of these
whales, the numbers of whales were estimated in both
early (May and June) and late (July to September) sur-
vey periods.

Results

Diet of whales in the study area

Minke whales. A total of 14 prey species, includ-
ing one copepod, two euphausiids, two squids and 10
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Mean (95% CI) numbers of whales for minke, sei, and Bryde's whales, by sub-area and

season. These estimates were based on a dedicated vessel-based sighting survey in JARPN

II (Hakamada et al., MS 2009).

Species Season' Sub-area 7 Sub-area 8 Sub-area 9
Minke early 4969 (1052-23463) 769 (260-2272) 1600 (5604 575)
late 665  (203-2 184) 226 (61-832) 2086  (705-6172)
Sei early 668  (252-1768) 2341 (12364433) 4735 (2342-9572)
late 241 (40-1 454) 1 400 (518-3780) 3766 (1930-7349)
Bryde's early 804 (89-7 278) 535 (763 745) 338 (94-1 220)
late 3090 (1318-7243) 2918 (1224-6957) 3790 (1315-10924)

! Early: May and June; Late: July to September

TABLE 3.

Percentage occurrence (%) and mean weight (+ SD, kg) of prey species found in the stomachs of 740 minke, 489 sei,

and 393 Bryde's whales sampled in JARPN II. The weight of stomach contents were extrapolated from the stomach
contents of forestomach and fundus. Preys with occurrence of <1 in all whales were excluded from this table.

Minke Sei Bryde’s
Prey species % weight % weight % weight
Copepods 1.0 12,6  (20.1) 36.6 449 (78.3) 0.0 - -
Euphausiids 124 226  (30.6) 19.8 1275 (145.0) 366 724 (93.2)
Pisces Engraulis japonicus 38.1  26.1 (33.6) 272 1982 (359.6) 547 166.7 (221.7)
Cololabis saira 36.5 289  (31.8) 92 385 (58.5) 0.0 -
Scomber spp. 1.0 107  (12.3) 6.4 1843 (182.9) 55 1193  (118.3)
Maurolicus japonicus 0.0 - - 0.0 - - 29 208 (31.6)
Theragra chalcogramma 4.8 81.5 (258.3) 0.0 - - 0.0 - -
Brama japonica 0.9 226 (17.2) 0.0 - - 0.0 - -
Pleurogrammus monopterygius 0.1  36.3 - 0.0 - - 0.0 - -
Oncorhynchus gorbuscha 0.1 6.0 - 0.0 - - 0.0 - -
Oncorhynchus keta 04 159 - 0.0 - - 0.0 - -
Squids Todarodes pacificus 22 56.6 (61.5) 0.5 0.5 - 0.3 trace! -
Berryteuthis anonychus 22 528 (21.4) 0.0 - - 0.0 - -

! This trace of the prey were largely digested and the weight were not extrapolated.

fishes were identified in the 740 minke whale stomachs
(Table 3). Japanese anchovy and Pacific saury were the
most frequently occurring prey in the stomachs. Almost
all (88%) of the stomachs contained a single prey spe-
cies; 11% of the stomachs contained two species, while
only 0.6% contained more than two prey species.

The modal body size of the anchovy consumed
ranged from 70 to 150 mm (mode = 130 mm) (Fig. 2A).
The body size of Pacific saury consumed ranged from
c. 150 to 350 mm (mode = 300 mm) (Fig. 3A). Minke
whales in this study area also fed on large-sized mack-
erels (Scomber spp.; Fig. 4A), but they consumed rela-
tively few fish of this size.

Sei whales. A total of 12 prey species, including two
copepods, three euphausiids, one squid and five fish spe-
cies were identified in the 489 sei whale stomachs ex-
amined. Copepods, euphausiids and Japanese anchovy
occurred most frequently (Table 3). Most of the copep-
ods found in the stomachs were 5% copepodite stage of
Neocalanus cristatus and N. plumchrus. Most of these
stomachs (90%) contained one prey species, and the rest
contained two species in the stomachs. The size of the
anchovy consumed by the sei whales ranged from 25 to
140 mm (mode = 130 mm) (Fig. 2B). The size of Pacific
saury consumed ranged from c. 110 to 350mm, with two
modes at 220 and 300 mm (Fig. 3B). The sei whales also
fed on small-sized mackerel consisting of both chum
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Fig.2. Body lengths of Japanese anchovy (Engraulis
Jjaponicus) eaten by baleen whales off the Pacific
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Fig. 3. Body lengths of Pacific saury (Cololabis saira) eaten

by baleen whales off the Pacific coast of Japan.

mackerel (Scomber japonicus) and spotted mackerel
(S. australasicus) (Fig. 4).

Bryde’s whales. A total of 18 prey species, includ-
ing five euphausiids, one squid and 12 fish species were
identified in the 393 Bryde’s whale stomachs (Table 3).
Most of these stomachs (92%) contained a single prey
species and the rest contained two prey species. The
modal size of the anchovy consumed was 70 mm rang-
ing from 20 to 140 mm (Fig. 2C). Bryde’s whales also
fed on small-size mackerels (Fig. 4C).

1 A. Minke whale

oO=_2NwWwprpOON

[

B. Sei whale |
80 .
0 ! }

0 50 100 150 200 250 300
BL (mm)

Count
A ® N D
o O o o

o

120
C. Bryde’s whale

Fig. 4. Body lengths of Scomber spp. (mackerels) eaten by
baleen whales off the Pacific coast of Japan.

Diet niche overlapping among whales. The values
of Pianka’s measure of overlap showed the diet niche
overlapping among whale species in the study area
(Table 4), showing the diet of minke and sei whales was
highly overlapped in most coastal sub area (Sub-area
7:>0.8) and being lower in offshore waters (Sub-area 8§
and 9; 0.4-0.3). A similar trend was also seen in the case
of minke and Bryde’s whales. The diet overlap of sei and
Bryde’s whales was high through small areas (0.7-0.9),
suggesting these two species share a similar diet niche.

Diet of whales with environmental and biological
variations in SST in the study area

Minke whale. The surface temperatures where
minke whales occurred ranged from 8 to 18°C, with a
mode at 12°C (Fig. 5). The minke whales fed mainly on
anchovy around 40° N in May and June, after which the
whales moved northward where they fed mostly on Pa-
cific saury in July to September around 45° N (Fig. 6).

Of seven variables used in the CCA, all but sex sig-
nificantly contributed to explaining the composition of
minke whale’s diet, i.e., year, date, latitude, longitude,
SST and body length (Fig. 7). The eigenvalues of the first
and second canonical axes were 0.497 and 0.176 and ac-
counted for 78% of all axes. The positive canonical axis
1 represented lower SST, large body size, later season,
high latitude and eastern area, and positive axis 2 rep-
resented later year, lower temperature and later season.
Prey similarity to the factors divided saury and squid,
mackerel and copepod, euphausiid and anchovy, into dif-
ferent groups. The importance of anchovy increased with
SST and decreased with body length, latitude, longitude
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TABLE 4. Pianka’s niche overlap value calculated from the
diet weight composition with 1 000 times boot-
strapping between minke, sei and Bryde’s whales
by sub-areas in JARPN II. The range of niche
overlap is indicated by values ranging from 1
(complete overlap) to 0 (no overlap).

Sub-areas ~ Whales compared ~ Boot mean (95% CI)
7 minke and sei 0.818 (0.545-0.954)
minke and Bryde's  0.848 (0.584-0.973)

sei and Bryde's 0.911 (0.763-0.974)

8 minke and sei 0.431 (0.256-0.638)
minke and Bryde's  0.581 (0.357-0.814)

sei and Bryde's 0.718 (0.478-0.917)

9 minke and sei 0.296 (0.178-0.442)

minke and Bryde's
sei and Bryde's

0.251 (0.122-0.408)
0.875 (0.685-0.964)

and date, and that of saury tended to increase with body
length, latitude, longitude and date, and decrease with
SST. The importance of mackerel and copepod increased
with year and SST and decreased with date.

Sei whale. Sei whales occurred in pelagic waters
with surface temperatures ranging from 10 to 24°C, with
a mode of 14°C (Fig. 5). Their main prey, euphausiids,
copepods, and Japanese anchovy, were found throughout
the area of this predator’s distribution (Fig. 8).

Of seven variables used in CCA, all but sex and
body length significantly contributed to explaining the
composition of the diet of sei whale, i.e., year, date, lati-
tude, longitude, and SST (Fig. 9). The eigenvalues of the
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Fig. 6. Geographical occurrence of main prey species in the
stomach of minke whales (Balaenoptera acutorostra-
ta) relative to SST in (A) May to June, and (B) July to
September. SST satellite data in 2000-2008 were ob-
tained from Ocean Color Web (http://oceancolor.gsfc.

nasa.govy/).

first and second canonical axes were 0.355 and 0.131
and accounted for 84% of all axes. The positive canoni-
cal axis 1 represented higher SST and western area, and
positive canonical axis 2 represented later year, higher
SST, lower latitude and early season. The importance of
anchovy was high with higher SST and western area, co-
pepod with high longitude, mackerel with later year and
warmer SST.

Bryde’s whale. Bryde’s whales occurred at the
southern part of the study area with surface tempera-
ture ranging from 17 to 27°C, with a mode of 23°C
(Fig. 5). Euphausiids and Japanese anchovy were the
dominant prey species. Euphausiids were the dominant
prey species early in the feeding period at longitude
145° E, while Japanese anchovy was dominant from July
to September (Fig. 10).
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Fig. 7. Canonical correspondence analysis (CCA) ordina-
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of minke whales (Balaenoptera acutorostrata) with
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closed squares). Superscripts on environmental fac-
tors represents p-values (*** <0.001, ** <0.01,
* <0.05, and n.s. > = 0.05).

Of seven variables used in CCA, year, date, lon-
gitude, and SST contributed significantly to explaining
the composition of Bryde’s whale’s diet (Fig. 11). The
two canonical axes were created in the CCA, and the
eigenvalues of these first and second canonical axes
were 0.317 and 0.06. The positive canonical axis 1 repre-
sented later season, higher SST, later year, and the posi-
tive canonical axis 2 represented early year, later season
and western area. Anchovy and euphausiids were plotted
on the other direction of on the first canonical axis, and
these two preys were separated by the second canonical
axis. This result indicated that anchovy and euphausiids
were eaten by Bryde’s whales in different quality envi-
ronments. Mackerel were eaten more in later year and
eastern area than other prey.

Whale distribution pattern in relation to environ-
mental factors

Of six variables used in CCA, SST, chlorophyll
a, latitude and longitude, contributed significantly to
explaining the composition of whale density, while
year (p = 0.069) and month (p = 0.463) did not sig-
nificantly contribute (Fig. 12). Positive canonical axis
1 represented warmer SST, lower latitude and low
chlorophyll a concentration, and positive score canonical
axis 2 represented western area and high chlorophyll a
concentration.
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Fig. 8. Geographical occurrence of main prey species in the
stomach of sei whales (Balaenoptera borealis) relative
to SST in (A) May to June, and (B) July to September.
SST satellite data in 2000-2008 were obtained from

Ocean Color Web (http://oceancolor.gsfc.nasa.gov/).

The density of minke whale was explained by high
chlorophyll a concentration, high latitude, western area
and lower SST. The density of sei whales was explained
by SST, latitude (between minke and Bryde’s whales),
and most western area. The density of Bryde’s whale
was clearly explained by the first axis, suggesting higher
SST and lower latitude.

Prey consumption by whales during the feeding
period

Estimated total prey consumption per prey type for
each whale species is shown in Table 5, and the stand-
ing biomass and catches are shown in Table 6. The total
prey consumption by the three whales was estimated to
be c¢. 1.6 million t. Sei whales, which are most abundant
(Hakamada et al., MS 2009: Table 2), are by far the most
important predator in the study area (c. 911 000 t), fol-
lowed by the Bryde’s (c. 565 000 t) and minke whales
(c. 160 000 t).
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Fig. 9. Canonical correspondence analysis (CCA) ordination

plot of first and second axis in diet composition of sei
whales (Balaenoptera borealis) with environmental
and biological variables (arrows), prey species (open
circle) and whale samples (small closed squares).
Superscripts on environmental factors represents
p-values (*** <0.001, ** <0.01, * <0.05, and
n.s.>=0.05).

The weight of Japanese anchovy consumed by
minke, sei and Bryde’s whales was ¢. 774 000 t (range:
318 000-2 146 000 t) in the study area, which was more
than twice the recent total commercial catch, and equiva-
lent to 16.1% of the anchovy’s total biomass of 4.8 mil-
lion t (Fisheries Agency of Japan, 2008). The largest
consumer of the anchovy among the baleen whales in
the study area was Bryde’s whale followed by sei and
minke whales (Table 5).

The weight of Pacific saury consumed by
only minke and sei whales was c¢. 44 000 t (range
17 000-235 000 t), equivalent to approximately 10.7%
of the total recent catch (Fisheries Agency of Japan,
2008). The weight of mackerels consumed by the whales
was c. 140 000 t (range: 67 000-218 000 t), mostly con-
sumed by sei whales, equivalent to approximately 32.8%
of the total recent mackerel catch and 13.8% of their bio-
mass (Fisheries Agency of Japan, 2008).

Copepods and euphausiids consumed by the whales
were ¢. 275 000 t (range: 136 000-562 000 t) and c.
363 000 t (range: 146 000—1 208 000 t), respectively.
The largest consumer of both copepods and euphausiids
were sei whales, although the higher end of the range
of euphausiid consumed by Bryde’s whales was higher
than that does sei whales.

A Euphausiids
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O Mackerels

T T T T T T
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Fig. 10. Geographical occurrence of main prey species
in the stomach of Bryde’s whales (Balaenoptera
edeni) relative to SST in (A) May to June, and
(B) July to September. SST satellite data in
20002008 were obtained from Ocean Color Web
(http://oceancolor.gsfc.nasa.gov/).

Discussion

This study reported recent prey consumption, di-
etary patterns and distribution of baleen whales in rela-
tions to environmental factors in a broad research area
off the Pacific coast of Japan. Results suggest that this
area is an important feeding location for the minke, sei,
and Bryde’s whales where they consume large amounts
of fish resources near the sea surface that are carried by
the Kuroshio Current. Diet overlap between whales also
demonstrated how these whales depend on these small
pelagic fish in these waters. A bioenergetic mass-balance
model has been developed for the western North Pacific,
(Mori et al., MS 2009) using Ecopath and Ecosim (Pauly
et al., 2000). The consumption estimates of this study
contribute that model as input parameters.
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Fig. 11. Canonical correspondence analysis (CCA) ordination
plot of first and second axis in diet composition of
Bryde’s whales (Balaenoptera edeni) with environ-
mental and biological variables (arrows), prey spe-
cies (open circle) and whale samples (small closed
squares). The arrows in graph are enlarged in the left
box. Superscripts on environmental factors repre-
sents p-values (*** <0.001, ** <0.01, * <0.05, and
n.s. >0.05).

. Minke

N
< 17 -1
O
®)
* Chlorophyll a**!
; sST™ o .
0 ____— Bryde’s 0
. Month ™
Latitude™*
. oS¢ [ Yearns
1 - Longitud'e:*“ -1
T T - T T
-2 1 0 1 2
CCA1

Fig. 12. Canonical correspondence analysis (CCA) ordina-
tion plot of first and second axis in whale dinsity
of minke (Balaenoptera acutorostrata), sei (Ba-
laenoptera borealis) and Bryde’s (Balaenoptera
edeni) whales with environmental variables (ar-
rows), whale species (open circle) and sites (1x1
degree gridded areas: small closed squares). Super-
scripts on environmental factors represents p-values
(*** <0.001, ** <0.01, * <0.05, and n.s. >0.05).

TABLE 6. Estimated total prey consumption by whales, commercial catch, and estimated
total biomass of prey in the JARPN II study area, for the main prey species.
Catch and biomass data were cited from Fishery Agency of Japan (2008).

Prey consumption (t)

Fisheries  Resource
Prey species Minke Sei Bryde's Total catch (t) (t)
Japanese anchovy 75925 278 638 419852 774415 350000 4 800 000
Mackerels 8237 118432 13813 140023 428000 1015000
Pacific saury 28 677 15261 0 43481 412000 4400 000

What determines the diet of whales in spatio-
temporal scale?

Minke whales occurred most commonly in areas
with the coldest SST and higher latitude and also in
coastal areas. The minke whales tended to feed on large-
sized anchovy in May and June, then switch to Pacific
saury in July to September. This prey shift was also ex-
plained by the factors date, latitude and SST in CCA for
diet composition. This clear seasonal change and prey
change were observed only in the minke whale. We also
found large-sized mackerels in the stomachs of minke
whales, however the occurrence was low. This may be
related to the occurrence of mackerels under the warm
Kuroshio water (above 15°C; Hirai et al., 1988). Small-

sized mackerel (0-age) which other whales fed on were
also not found in the stomach of minke whales, suggest-
ing minke whales and small sized mackerels were not
spatially overlapped. The variation of diet due to their
body length was also only observed in the minke whale.

Sei whales occurred at SST from 10 to 24°C which
overlaps with most of the occurrences of minke whales,
however CCA for whale density could separate the
whales in canonical axis 2 explained by chlorophyll a
and longitude, suggesting sei whales occurred in offshore
waters and areas of lower chlorophyll a concentration.

The variety of prey in sei whale stomachs was lower
than that in minke whales, however this species fed on
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copepods and euphausiids, rather than Pacific saury in
addition to Japanese anchovy. The CCA for diet com-
position showed that anchovy was eaten at warmer SST
and western area and copepods were eaten in the op-
posite environment. 0-aged mackerel was also found in
some sei whale stomachs south of 38° N, where minke
whales did not occur.

Bryde’s whales occurred at the warmest SST rang-
ing from 16 to 27°C at south of 40° N, showing a clear
separation of distribution from the other two whale spe-
cies which was also explained in CCA for whale density.
Bryde’s whales appear to specialize on few prey species
in the study area, i.e., Japanese anchovy, euphausiids,
mackerels. From the size distribution of anchovy in their
stomachs, Bryde’s whales fed on both 0-aged class and
adult anchovy. Bryde’s whale fed on euphausiids but not
on copepods, which occur in the transition region, sug-
gesting the distribution of this whale is usually within
subtropical waters.

CCA for whale density illustrates the characteristics
of whale distributions relative to the environmental fac-
tors in this study area. This habitat selection regime is
the first systematic decision of foraging behaviour for
the baleen whales followed by geographical overlapping
between whales and their energetically efficient prey,
such as pelagic fish or squids. Thus habitat preference
information should be combined as a part of foraging
study to know real prey selection in ecosystem study in
addition to specialized function of prey capture in baleen
whales (Berta and Sumich, 1999).

Japanese anchovy, Pacific saury and mackerels oc-
cur in the near surface layer (Hatanaka, 1968; Kondo,
1969; Ida, 1972). As many previous diet studies have
reported, large balaenopterid species feed on aggregated
near surface fish, squids and crustaceans (Nemoto, 1959;
Nemoto and Kawamura, 1977; Kawamura, 1982). Al-
though minke whale also feed on variety of prey types
including larger fish, such as walleye pollock (Theragra
chalcogramma), Japanese pomfret (Brama japonica)
and Atlantic cod (Gadus morhua) in addition to the small
pelagic fish (Haug, ef al., 1995; Lindstrem, 1998; Tamu-
ra and Fujise, 2002), the majority of prey species were
small pelagic fish, such as anchovy and saury, through-
out the whole study area.

Japanese sardine used to be one of the main prey
species for baleen whales captured during the commer-
cial whaling period (Kawamura, 1982; Kasamatsu and
Tanaka, 1992), however Japanese sardine is a minor prey
in more recent times, as shown in this study. The change
in major species composition from sardine to anchovy

reported as part of an ecological regime-shift in the 1980s
(Yatsu et al., 2001; Takasuka, et al., 2007; Watanabe,
2009) is apparently reflected in the diet of whales, sug-
gesting that these three baleen whale species can modify
their diets in response to changes in prey abundance.

Pacific saury, which occur in the superficial layer
(Hatanaka, 1968), was one of the main preys for minke
and sei whales, and minke whale fed on the large-sized
fish of this species. Larger saury (>280 mm) hatched
from autumn to winter in the JARPN II survey period
(Suyama et al., 1996) are mature, and adult size saury
have a higher caloric value compared to other prey, sug-
gesting the minke whales feed on the highly nutritious
saury later in the season when mature saury are distrib-
uted in the subarctic region.

Since the mackerel consumed by whales were most-
ly 0-aged fish just carried by Kuroshio current, their con-
sumption by sei and Bryde’s affects the early life stage
of this prey, and may have less impact than if they had
consumed older fish. This study also showed a greater
consumption of mackerels later in the year, suggesting
that the mackerel may became more available with years
for sei and Bryde’s.

The present study illustrated that environmental
variation largely affects the distributions and diets of
whales, indicating that their diets largely depend on their
preferred “environmental” habitat and that spatio-tem-
poral overlap with preys as a function of the availability
and relative abundance of pelagic small fish advected
into the study area by the Kuroshio-current extension,
with Japanese anchovy being important to all three
whale species in recent years. The recruitment, survival
and transportation by Kuroshio Current of the anchovy
and saury are associated with the change of the Aleutian
Low Pressure and weakening of the Oyashio Current in
winter (Watanabe, 2009), suggesting that variability of
fish populations is also a considerable factor determining
the diet of whales in this region.

Prey consumption estimates

This study demonstrated that whale abundance
largely affects the total consumption of each prey in
addition to the diet composition, i.e., large biomass sei
and Bryde’s whales consume overall more anchovy and
mackerel than do the minke whales. However consump-
tion estimates are still preliminary with many uncertain-
ties. In this study, we assumed a 150 day feeding pe-
riod, and that there is a variation in daily consumption
amounts because of foraging success and energy con-
tents in prey. An improved understanding of the feed-
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ing habits of whales is necessary to adequately deal with
these uncertainties and to allow for the development of
reliable energy-based ecosystem models. Information of
migration patterns through the feeding season and daily
feeding behaviour using biotelemetry study will also
contribute to reduce the uncertainties.

One conclusion drawn from these comparisons of
the commercial catch and the estimated consumption
of these three baleen whale species in the area off the
Pacific coast of Japan is that these whales may have an
important role in relation to their fish prey species within
this marine ecosystem. The estimated consumption by
whales is similar to that of commercial fisheries for some
fish species, therefore it should be factored into fisheries
assessments and management regimes.
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