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Studies on fisheries and life history of FEuphausia pacifica
*1

HANSEN off northeastern Japan

Kenji Taki ™

Abstract FEuphausia pacifica is the dominant euphausiid in the North Pacific Ocean. In the
Japanese waters of the Pacific Ocean, it occurs as far south as Suruga Bay, 34" 50'N and ex-
tends northwards as far as the southwestern area of the Okhotsk Sea. E. pacifica is com-
mercially exploited in Sanriku (38°—41°N) and Joban (36°—38°N) waters off northeastern
Japan from late winter to early summer. The average annual catch and average annual val-
ue on landing is 66,000 ton and 3.1 billion yen, respectively, during the years 1992 and 2001.
Because the annual catch, fishing period and landing value of E. pacifica varies between re-
gions and years, accurate assessment of the fishery resource and prediction of fishing condi-
tions for the next season have been demanded to maintain the stability of this fishery. On
the other hand, E. pacifica is considered a key species because many endemic and migrant
predators depend on this species as prey. In addition, the feeding impact by E. pacifica on
the lower trophic levels in the ecosystem are significantly high considering its high biomass.
Considering the important role of E. pacifica to transport organic matter from the lower tro-
phic levels to higher trophic levels in the North Pacific, qualitative and quantitative analy-
ses of distribution, life history and carbon budgets of E. pacifica have great importance for
understanding the structure of marine ecosystems in this area. From the above mentioned
reasons, the fishery, horizontal and vertical distribution, life history, biomass, carbon budgets
(production and metabolism) and feeding of E. pacifica off northeastern Japan were exam-
ined in this study.

To examine how oceanographic conditions have affected fishing conditions, annual vari-
ations of fishing conditions such as the strength of catch and CPUE (catch per unit effort)
were investigated in relation to the oceanographic conditions such as the first branch of the
Oyashio Current as well as the history of development of fishing methods and regulations in
E. pacifica fishery. The relationship between the fishing conditions and oceanographic con-
ditions is as follows. When the first branch of the Oyashio Current is weak, fishing condi-
tions in northernmost Iwate Prefecture are rather stable but fishing condition in Miyagi Pre-
fecture and southernmost Joban area is unstable, showing low CPUE and delayed forma-
tion of the fishing ground. On the other hand, when the first branch of the Oyashio Current
is strong, fishing conditions in Miyagi Prefecture and Joban area are favorable as well as in
Iwate Prefecture, showing high CPUE and early formation of the fishing ground.

To examine the distribution and life history of E. pacifica, seasonal changes in spawning,
distribution and growth patterns and life span of this species were investigated over a broad
geographical area (mainly 36°—43°00' N and west of 145" E) using Norpac net and cylindri-
cal-conical net samples. Mating and spawning occurred throughout the year in the Oyashio
area (Tp=5C) and colder waters of the transitional area (5C < T,,=10T , with a peak in
spring but less in late fall-winter. Apparent growth was recognized from March to June for
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the small-sized group of adults. The life span of male and female E. pacifica off northeast-
ern Japan was estimated to be 24 months and 28 months, respectively. E. pacifica gradually
adapts to colder areas as the developmental stage progresses from furcilia to adults, and ad-
vanced-age adults (large-sized group of adult) rarely occur in warmer areas. Geographical
distributional pattern of spawning and each stage was generally closely related to the distri-
bution of the water masses.

To examine physical and biological factors which determine the vertical distribution of
E. pacifica, seasonal variations of vertical distribution of E. pacifica were investigated in the
coastal and offshore waters (36°-42°00' N and west of 145° E), using ORI, beam-trawl and
MOCNESS-I net samples. In the Sanriku coastal waters, benthopelagic E. pacifica occurred
on the upper slope from early summer to fall where strong thermocline occurred in the mid-
dle layer above colder temperatures under 8C in the low layer. In spring, adult E. pacifi-
ca forms dense pelagic aggregations throughout the day on the continental shelf where wa-
ter with 7-8C dominates in the total water column. In the offshore area, annual average
median depth of each developmental stage of E. pacifica at night tended to increase with
the developmental stages from middle-furcilia to large adults, while the median depth in the
daytime tended to increase with developmental stages from first calyptopis to sixth furcil-
1a. Median depth at night of immature and adult stages tended to be deeper in the warm-
er areas in summer and fall, especially large adults hardly reached beyond the thermocline
in the mid layer. In spring, the median depth during daytime of immature and adult stages
was significantly shallower than that in other months and thus the distance of diurnal verti-
cal migration tended to be shorter.

To examine the characteristics of carbon budgets of E. pacifica, biomass, produc-
tion and metabolism of E. pacifica were investigated along the coastal waters (36° 50-42°
50'N). High biomass was found in summer-fall off southeastern Hokkaido, and in the late win-
ter-early summer off Sanriku and Joban. Annual mean biomass was 381, 314 and 258mg C
m™ off southeastern Hokkaido, Sanriku and Joban, respectively. The total production (sum
of growth, moults and eggs) during the survey period off southeastern Hokkaido (3,829mg
C m™) was comparable with that off Sanriku (3,872mg C m™): both were much higher than
that off Joban (2243mg C m™). The somatic production during the survey period contribut-
ed to the highest proportion (51.5-70.9 %) of the total production in the respective coastal ar-
eas. The total metabolism (routine and diurnal vertical migration) during the survey period
ranged from 3,846mg C m™ off southeastern Hokkaido to 3,062mg C m™ off Joban, account-
ing for 50.1-57.7% of the assimilation (production and metabolism). The routine metabolism
during the survey period ranged from 2,783mg C m™ off Sanriku to 2,257mg C m™ off Joban,
contributing the highest proportion (32.8-42.5 %) to the assimilation in each coastal area.

To examine how diets and feeding behavior change according to ambient food conditions,
seasonal change in stomach contents of E. pacifica was surveyed in the coastal waters off
southeastern Hokkaido and Joban. E. pacifica tended to consume many diatoms when high
chlorophyll @ concentrations occurred but tended to consume large numbers of copepods
when the chlorophyll @ concentration was low in each of the coastal areas surveyed. Both
the numerical number and carbon content of copepods in the stomach of E. pacifica off Jo-
ban were generally higher than those off southeastern Hokkaido throughout the year. The
copepod contribution to the total food ingestion for adult size of E. pacifica is estimated to
be 7.3% and 30.0% off southeastern Hokkaido and Joban, respectively. The contribution of
copepods as food of E. pacifica is thought to be higher in the southern warmer waters.
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Finally, three key points are discussed from the results obtained in this study, in compar-

ison with the cases of Euphausia superba and Neocalanus species, i.e. (1) significances of sea-

sonal migration of E. pacifica, (2) mechanism of formation of fishing ground in E. pacifica in
the Sanriku and Joban coastal waters, and (3) impact of feeding by E. pacifica on the prima-

ry and secondary production.

Key Words: distribution, Fuphausia pacifica, fishery, life history, northeastern Japan
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Chapter 1. Introduction

Euphausiids are eucarid crustaceans and the or-
der Euphausiacea is divided into two families, the
Bentheuphausiidae containing the single genus and
species Bentheuphausia amblyops, and the Euphausi-
idae containing all the other species and there are 86
known species in the order Euphausiacea (Baker et
al., 1990). There are currently at least six commer-
cial fisheries harvesting six different species of eu-
phausiids; Antarctic krill (Euphausia superba) which
is fished off Antarctic, Euphausia pacifica fished
off Sanriku and Joban (northeastern Japan), west-
ern Canada, Euphausia nana fished in Uwajima-Bay
in Ehime Prefecture (southwestern Japan), Thysa-
noessa inermis fished off western Hokkaido and off
eastern Canada, and Thysanoessa raschi and Megan-
yetiphanes norvegica fished off eastern Canada. Most
of these fisheries have been in operation for over 30
years. The current world catch of all species of krill
is approximately 160,000 tonnes (Nicol and Endo,
1997).

Euphausia pacifica is the dominant euphausiid in
the North Pacific Ocean (Brinton, 1962; Mauchline
and Fisher, 1969). In the Japanese waters of the Pa-
cific Ocean, it occurs as far south as Suruga Bay,
34° 50N (Sawamoto, 1992) and extends northwards
as far as the southwestern area of the Okhotsk Sea
(Ponomareva, 1963; Ohtsuki, 1975). It is present
over almost the entire Sea of Japan extending north-
wards as far as the southern part of the Gulf of Tar-
tary (Komaki and Matsue, 1958; Ponomareva, 1963).
E. pacifica is considered a key species in the marine
ecosystem off northeastern Japan because many en-
demic and migrant predators, including pelagic and

demersal fishes, marine mammals, seabirds and
benthic organisms, depend on this species for food
(Nemoto, 1957, 1962; Takeuchi, 1975; Ogi and Tana-
ka, 1984; Odate, 1991; Nicol and Endo, 1997, Yama-
mura et al., 1998).

Euphausia pacifica is commercially exploited in
Sanriku and Joban waters from late winter to ear-
ly summer. The main fishing period is from March
to April, when the first branch of the Oyashio Cur-
rent extends southward close to the Sanriku (38°
-41°N) and Joban (36°-38°N) coasts (Komaki, 1967).
Generally, the southern tip of the first branch of the
Oyashio Current reaches its southernmost latitude
in April and recedes to its northernmost latitude in
December (Ogawa, 1989). The fishing grounds
are formed near the frontal area between the coastal
branch of the Oyashio Current and the coastal wa-
ters (Odate, 1991). It is generally considered that
the dense population of E. pacifica is transported to
the Sanriku and Joban coastal areas in spring by the
first branch of the Oyashio Current (Odate, 1991).

So, several studies on the mechanism of formation
of fishing ground and condition have been conducted
(Terazaki, 1981; Odate, 1991; Kotani, 1992; Kodama,
1995a; Ebisawa, 1995). The average annual catch
and landing value is 66,000 tonnes and 3.1 billion yen,
respectively, during the years 1992 and 2001. But,
fishery of E. pacifca has drastically changed histor-
ically, ie. fishing effort and catch increased remark-
able from the late 1960s; fishing methods changed
drastically in the late 1980s; and several self-regu-
lation restrictions by fishermen have been set from
the early 1990s. Therefore, annual variations of fish-
ing conditions have been closely related to social and
economical reasons other than the natural variations
of oceanographic conditions and the resources. Be-
cause annual catch, fishing period and landing val-
ue of E. pacifica varies between regions and years,
fishermen and the processing industry have been
demanding accurate assessment of fishery resource
and prediction of fishing condition to maintain stabil-
ity of this fishery.

FEuphausia pacifica has seven developmental stag-
es; egg, nauplius, metanauplius, calyptopis, furcil-
la, immature and adult stages. Iguchi and Ikeda
(1994) showed that the egg (capsule diameter: ca.
0.4-0.5mm) development time is <1, 2, 4 and 7 days,
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when the ambient temperatures is >15, 10, 5 and 1
C, respectively. According to Ross (1981), 2.0-2.2,
2.3-6.0, 13-14 and 27.5-46 days are required for the
nauplius (ca. 0.3-0.5mm body length), metanauplius
(ca. 04-0.6mm BL), calyptopis (ca. 0.8-2.2mm BL)
and furcilia (ca. 1.8-6.0mm BL) stages, respectively,
at the temperature conditions of 8 and 12C. Warm-
er temperatures generally reduce developmen-
tal time for each stage (Ross, 1981; Iguchi and Ike-
da, 1994). According to field observations at sever-
al locations, recruitment time to adult stage (> ca.
10mm BL) via larval and immature (ca. 6.0-10.0mm)
stages is estimated to be ca. 3 months (Brinton,
1976; Endo, 1981; Iguchi et al., 1993).

Several studies on the life history of E. pacifica
have been conducted and have elucidated that the
life history varies between regions (Nemoto, 1957;
Ponomareva, 1963; Smiles and Pearcy, 1971; Brin-
ton, 1976; Heath, 1977; Endo, 1981; Ross et al., 1982;
Fulton and LeBrasseur, 1984; Odate, 1991; Pogo-
din, 1990; Bollens et al., 1992; Iguchi et al., 1993; Ta-
nasichuk, 1998a). For example, spawning occurs
throughout the year and life span is estimated to be
8-12 months off warmer southern California (Brinton,
1976). While, spawning was limited in early sum-
mer and life span is estimated to be 2 years in cold-
er Okhotsk Sea (Ponomareva, 1963). Endo (1981)
reported that eggs and larvae of this species occur
throughout the year in Sanriku waters, but are most
abundant in April-June. He estimated the life span
of females to be more than 2 years and males to be
less than 2 years on the basis of length-frequency
distributions. However, the distributional area of E.
pacifica is characterized by a complex oceanograph-
ic structure represented by the Oyashio Current,
Kuroshio Current Extension, Tsugaru Warm Cur-
rent, and numerous warm-core rings shed by these
currents (Uda, 1938; Kawai, 1972; Tomosada, 1986).
The variabilities of these oceanographic process-
es combine to affect the distribution and abundance
of euphausiids. Given the wide distributional range
of E. pacifica as well as probable horizontal advec-
tion, large areas need to be surveyed using the same
gear and methods to effectively investigate the life
history of this species. To date, however, population
dynamics studies of E. pacifica in the northwest-
ern Pacific have been conducted at a few fixed sta-

tions (Endo, 1981; Terazaki et al., 1986) or based on
catches by commercial fishing boats (Komaki, 1967;
Odate, 1991).

Diurnal vertical migration performs an important
role to transport organic matter vertically. Sever-
al studies on diurnal vertical migration of E. paciifca
has been conducted (Boden, 1950; Ponomareva, 1963;
Brinton, 1967; Alton and Blackburn, 1972; Frost and
McCrone, 1974; Marlowe and Miller, 1975; Youngblu-
th, 1976; Endo, 1981; Terazaki et al., 1986; Bollens et
al., 1992; Iguchi et al., 1993; Iguchi, 1995; DeRober-
tis et al., 2000). Eggs of E. pacifca are usually re-
leased in the surface layers as other species of eu-
phausiid which live in the surface layer. These eggs
are thought to sink and hatch at the first nauplius
in the middle layer which develops through the sec-
ond nauplius into metanauplius. The mouthparts
of the nauplius and matanauplius are not function-
al and so they presumably do not feed in the mid-
dle layer. The first calyptopis following metanaupli-
us begins to feed using functional mouthparts in the
surface euphotic layer. After calyptopis, E. pacifica
gradually extends its vertical migration range with
developmental stages (Brinton, 1967; Endo, 1981;
Bollens et al., 1992; Iguchi et al., 1993; Iguchi, 1995).
Due to their weak swimming ability, larval stages of
euphausiids generally undergo diurnal vertical mi-
gration in the shallower layer in order to effectively
utilize phytoplankton in the surface layer (Mauch-
line and Fisher, 1969; Iguchi, 1995). On the other
hand, Bollens et al. (1992) showed that vertical dis-
tribution during daytime of furcilia stage in E. paci-
fica depended on the abundance of visual fish preda-
tors which varied between years and months in the
Dabob Bay, off western USA. Endo (1981) assumed
that the difference of diurnal vertical migration pat-
tern of adult E. pacifica between off eastern Hokkai-
do, Sanriku, Yamato-tai (Japan Sea) was attributable
to the development of the thermocline. On the oth-
er hand, Terazaki et al. (1986) showed that diurnal
vertical migration of copulated females of E. pacifica
was different from that of other individuals in Sanri-
ku waters in spring. However, studies on the verti-
cal distribution of E. pacifica off northeastern Japan
has been conducted only at a few fixed stations dur-
ing limited seasons.

Euphausia pacifica is important not only as the
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target species of fishery but also as the food for com-
mercial fishes in the ecosystem in the northeastern
Pacific Ocean and several studies on the biomass
and production of this species has been conducted
there (Lasker, 1966; Heath, 1977; Mauchline, 1977;
Brinton and Reid, 1986; Gomez-Gutierrez and Robin-
son, 1997; Tanasichuk, 1998a). The annual mean bio-
mass of E. pacifica in the coastal water in the up-
stream California Current (Heath, 1977; Mauchline,
1977) tends to be higher than that in downstream
California Current (Brinton, 1976; Gomez-Gutierrez
and Robinson, 1997). The annual P, : B ratio is high
(6.4-16.7) for E. pacifica off Barkley Sound (Tana-
sichuk, 1998a) that shows continuous occurrence of
larvae throughout the year and high growth rates,
but is low (2.6; recalculated value by Iguchi and Ike-
da (1999)) for E. pacifica in Saanich Island (Heath,
1977). The annual production due to growth and
moults of larval and immature specimens (<9mm)
showed a high proportion to the total (25-72% for
growth and 7-46% for moults), although their annu-
al mean biomass showed a low proportion to the to-
tal (14-24%) from 1991 to 1997 in E. pacifica off Bar-
kley Sound (Tanasichuk, 1998a). In the northwest-
ern Pacific Ocean, however, such a study has been
conducted only in Toyama Bay, Japan Sea by Iguchi
and Ikeda (1999).

Considering the important role of E. pacifica, to
transport organisms from lower trophic level to
higher trophic level studies on the feeding ecology of
E. pacifica have great importance for understanding
the structure of marine ecosystems off northeastern
Japan. Several studies on the feeding ecology of eu-
phausiids have been conducted and these are gen-
erally divided into three categories; morphological
studies (Ponomareva, 1963; Nemoto, 1967), laborato-
ry experiments on ingestion (Lasker, 1966; Parsons
et al., 1967; Ross, 1982; Ohman, 1984; Williason and
Cox, 1987; Dilling et al., 1998) and stomach content
analysis (Ponomareva, 1963; Endo, 1981; Nakagawa
et al., 2001). Nakagawa ef al. (2001) analyzed the
stomach contents of E. pacifica in Sanriku waters
and showed that ingestion of copepods was most im-
portant to effectively acquire energy while the stom-
achs contained largest number of diatoms in spring
when diatoms were most abundant in the ambient

water. However, feeding studies of E. pacifica have

been conducted only in Sanriku waters (Endo et al.,
1985; Nakagawa et al., 2001) and comparison of diet
and feeding behavior between different areas show-
ing various productivities has not yet been conduct-
ed off northeastern Japan.

In Chapter 2, annual variations of several fishing
condition indices such as catch per unit effort, first
fishing day and location of fishing ground were in-
vestigated in relation to the oceanographic condi-
tion indices such as surface water temperatures and
southward shift of the first branch of the Oyashio
Current. In addition, the history of development of
fishing methods and regulations in E. pacifica fish-
ery was investigated. From these results, how an-
nual variations of the oceanographic conditions have
affected those of fishing conditions and development
of E. pacifica fishery in Sanriku (Iwate and Miya-
gi prefectures) and Joban (Fukushima and Ibaraki
prefectures) coastal waters was examined.

In Chapter 3, seasonal changes in spawning, dis-
tribution and growth pattern and life span of E. pa-
cifica off northeastern Japan were investigated us-
ing Norpac net samples collected widely (mainly
36°-43°00' N and west of 145°E) from several month-
ly multi-vessel line transect surveys during 10 years,
and the average pattern of the distribution and life
history of E. pacifica off northeastern Japan was ex-
amined. In addition, seasonal changes in spawning
and distribution of E. pacifica in several fixed sta-
tions from off southeastern Hokkaido to Joban (36°
50'-42°50'N) were investigated bimonthly using cy-
lindrical-conical nets with large mouth opening, and
geographical changes of spawning and distribution
of E. pacifica were examined in relation to water
masses.

In Chapter 4, seasonal variations of vertical distri-
bution of E. pacifica were investigated in the coastal
and offshore waters off northeastern Japan. At first,
seasonal variations of distribution of pelagic and ben-
thopelagic E. pacifica were investigated along the
coastal waters off Sanriku using ORI and beam-trawl
net samples, and their trophic significance in the
coastal waters ecosystem off Sanriku is discussed in
light of predator-prey relationships. Secondly, sea-
sonal variations of vertical distribution of each de-
velopmental stage of E. pacifica were investigated
in the offshore waters off northeastern Japan using
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MOCNESS-I net samples, and physical and biological
factors which determine their vertical distribution of
E. pacifica were examined.

In Chapter 5, biomass, production (somatic, eggs,
moults) and metabolism (routine and diurnal verti-
cal migration) of E. pacifica were investigated along
the coastal waters off northeastern Japan, and char-
acteristics of carbon budgets of E. pacifica off north-
eastern Japan are discussed comparing with the
same species from other regions as well as other eu-
phausiid species.

In Chapter 6, seasonal change in stomach contents
of E. pacifica was surveyed in the coastal waters off
southeastern Hokkaido and Joban. From the results,
how diets and feeding behavior change according to
ambient food conditions was examined. In addition,
the significance of ingestion of copepods by E. paci-
fica was compared between the coastal waters off
northeastern Japan.

In Chapter 7 (General discussion), three key
points are discussed from the results obtained in
each chapter. At first, significances of seasonal mi-
gration of E. pacifica off northeastern Japan is dis-
cussed from the point of view of feeding, reproduc-
tive maturation and segregation between develop-
mental stages, comparing with the cases in E. su-
perba. Secondly, the mechanism of formation of fish-
ing ground for E. pacifica in the Sanriku and Joban
coastal waters is discussed in relation to its season-
al horizontal and vertical distribution pattern and
physical environments. Finally, impact on the pri-
mary and secondary production by ingestion of F.
pacifica off northeastern Japan was estimated and is

discussed comparing with Neocalanus species.

Chapter 2. Fishery of Euphausia pacifica

Several studies on the Euphausia pacifica fish-
ery in relation to the oceanographic conditions have
been conducted (Odate, 1979; Kotani, 1992; Koda-
ma, 1995a; Ebisawa, 1995). Odate (1979) found an
inverse relationship between the southernmost lat-
itude of the 5C sea surface temperature isotherms
and the annual E. pacifica catch. Kodama (1995a)
classified oceanographic patterns into three types
according to the fishing conditions for . pacifica in
the vicinity of Kinkazan Island. However, the annu-

al variations in fishing conditions have been affect-
ed not only by the natural environmental conditions
but also by several social and economic background
effects.

In this chapter, annual variations of several fish-
ing condition indices such as catch per unit effort,
first fishing day and location of fishing ground were
investigated in relation to the oceanographic condi-
tion indices such as surface water temperature and
southward shift of the first branch of the Oyashio
Current. In addition, history of development of fish-
ing methods and regulations in E. pacifica fishery
was investigated. From these results, how annual
variations of the oceanographic conditions have af-
fected those of fishing conditions and development
of E. pacifica fishery in Sanriku (Iwate and Miya-
gi prefectures) and Joban (Fukushima and Ibaraki

prefectures) coastal waters was examined.

Materials and Methods

Landing price, number of fishing vessels and catch
in each fishery port (Fig. 2-1) from 1984 to 2001
were referred to daily reports from National Feder-
ation of Fisheries Co-operative Associations, Tohoku
Branch (FCA). Landing price in the total area from
1975 to 1983 were also referred to data from FCA.
Landing price, number of fishing vessels and catch
in each prefecture from 1984 to 2001 were referred
to data from each prefectural Fisheries Experimen-
tal station (Table 2-1).

Characteristics in conditions of Euphausia pacifica
fishery in each year were referred to 'Quick reports
on fishing and oceanographic conditions' from Japan
Fisheries Information Service Center. History of de-
velopment in the E. pacifica fishery was investigat-
ed by questioning several fishermen and owners of
processing industries for the fished . pacifica and
by referring to Odate's monograph on the fisheries
biology of E. pacifica (Odate, 1991).

Surface temperatures for 10 day intervals in the
Sanriku (38°-41°N, 142°-143°E and 38°-38.5°N, the
west of 142°E) and Joban (36°-38°N, 141°-142°E)
coastal areas from 1981 to 2001 were referred to the
data from Japan Fisheries Information Service Cen-
ter. The southernmost latitude in each month of
the first branch of the Oyashio Current from 1971 to
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2001 were referred to the reports on the fishing and
oceanographic conditions in Tohoku area from To-
hoku National Fisheries Research Institute, National
Fisheries Agency (Fig. 2-2). The weekly location of
fishing ground with surface temperature isotherms
from 1995 to 2001 were referred to the 'Quick re-
ports on fishing and oceanographic conditions' from

Japan Fisheries Information Service Center.

Kenji Taki

Results

History and present status of the E. pacifica fishery

About 100 years ago, dip net fishing, which later
developed into the use of bow-mounted trawl, was
operated in Sanriku coastal waters for sand lance
(Ammodytes personatus). The same method was
used to harvest Euphausia pacifica in the mid-1940s
by the fishermen of the Oshika Peninsula in Miya-
gi Prefecture (Odate, 1991).
E. pacifica have been available since 1953 from the
The fishery had been re-
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Fig. 2-1. Map of northeastern Japan indicating landing ports for Euphausia pacifica.
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Table 2-1. References and estimation methods of fishery data

Data Period Reference and method of estimation
Catch '84~'01 From FCA"' except '96 and '00 of loaraki & a part of '97 of lwate from PRF*2.
- Fishing days '84~'01 Same as above.

— e S o e BT W T TS S T N S S TR S S T S e e it S MM M G S S S — — . S -

CPUE '84~'01 (Total catch over the days no. of boats available)/(Available no. of boats)

Iwate : From PRF except '84-'91 from FCA.
Price '84~'01 Miyagi:From PRF except '84 from FCA.

Fukushima:From PRF.

Ibaraki: From PRF except '84-'91 from FCA.

o
Iwate : From PRF except '75~'88 from Odate (1991).
- Miyagi: From PRF except '71~'84 from Odate (1991).
Catch "71~'01  Fukushima:From PRF.
> Tbaraki: From PRF except '72~'76 from Odate (1991).
e e e . — — — ———— T " 7 o o e o P S i S S o i St At S ot A AR S S S S M A ——————
&) Fishing days 84~'01 From FCA except '96 & '00 of lbaraki and a part of '97 for lwate from PRF.
O T e e e e e e e -
Iwate : From PRF except '84-'91 and '99 estimated by summing no. of port boats
Y (est. from 3rd raw of table) over pref. from FCA.
Miyagi: From PRF except '84 estimated by summing no. of port boats
(V) No. of boats '84~"01 over pref. from FCA.
Fukushima: From PRF except '84-'86 estimated by summing no. of port boats
- over pref. from FCA.
Ibaraki: From PRF except '84—'91 estimated by summing no. of port boats
o over pref. from FCA.

(Catch)/(No. of boats)
CPUE '84~'01  but, if (Mo. of boats) was estimated from FCA as shown on the 9th raw of table,

any (catch) is estimated by summing no. of port boats over each pref. from FCA.

"Daily reports on fishery data for each port from National Federation of Fisheries Co-operative Associations, Tohoku
Branch from 1984 to 2001 (except for Ofunato). Fishery data for Ofunato from 1984 to 1991 referred to from the
daily reports of the Ofunato Fishery Market.

*?Data of Iwate Prefectural Fisheries Technical Center, Miyagi Prefecture Fisheries Research and Development
Center, Fukushima Prefectural Fisheries Experimental Station and Ibaraki Prefectural Fisheries Experimental
Station.

*3The port catch was always recorded on the fishing day, but no. of boats at ports was sometimes not recorded on the
same day by FCA or PRF (96 of Iwate).
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Fig. 2-2. The southern limits in each month of the first branch of the Oyashio Current from 1971 to
1980 (a) and from 1981 to 2001 (b), and the surface water temperature (SST) in the Sanriku (c¢) and
Joban (d) waters. The southern limits of the first branch of the Oyashio Current are based on the da-
ta from the Tohoku National Fisheries Research Institute. SST is based on data from the Japan Fisher-
ies Information Service Center. The solid thin lines, broken thin ones and solid thick ones in (c¢) and (d)
show the raw data, mean values of the last 21 years and the 12-month running mean, respectively.
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quired for a small demand for direct human con-
sumption and for culture baits only from the local
area until the 1960s.

The increased requirement for sea bream culture
and bait for sport fishing in the late-1960s caused
an expansion in the fishery to the north as well as
along the southern coasts of Miyagi Prefecture. In
Ibaraki Prefecture, fishing for E. pacifica began in
1972. Shortly thereafter in 1974, Fukushima Prefec-
ture began an E. pacifica fishery to be followed by
Iwate Prefecture in 1975 (Table 2-2).

Fished E. pacifica were stored in the fish hold in
bulk and held in bamboo baskets until 1975. How-
ever, since 1975 plastic container which holds about
30kg of E. pacifica was introduced and helped re-
duce the rate of deterioration (Odate, 1991). Fur-
thermore, high-speed fishing boats and effective fish-
ing gear, such as fish pumps, echo-sounders, sonar
and larger net haulers were introduced from the late
1970s to 1980s.

In Joban coastal waters, bow-mounted trawls
which target the surface swarms of E. pacifica were
adopted as well as in Sanriku coastal waters in the
1970s, but seine boats were introduced to detect
benthopelagic swarms since the 1980s. The fish-
ery to target benthopelagic swarms was established
in 1985 in Joban coastal waters (Ishikawa, 1990). In
Iwate Prefecture, bow-mounted trawls were adopted
initially but the fishery efficiency was less efficient
than in Miyagi Prefecture because the vessels were
used alongside for squid fishing and were not spe-
cially designed for krill fishing as designed in Miyagi
Prefecture (Minato, pers. comm.). In Miyagi Prefec-
ture, bow-mounted trawls have been conventional-
ly used, but seine boats were introduced in 1991 and
became the main fishing method since 1992.

Therefore, seine boats are currently used in all
prefectures, including Miyagi Prefecture, where they
have been used alongside bow-mounted trawls since
1991. Only small boats of less than 20 tonnes GRT
are engaged in the fishery. Bow-mounted trawls,
which have a net opening of approximately 75m? on-
ly catch aggregations within 8m of the surface. In
this method, when an aggregation is sighted, the
boat approaches and two poles slide forward like
probing antennae. The booms tilt and plunge, caus-
ing the net to spread open beneath the bow. The

boat pushes the net slowly through the aggregation,
engulfing the krill (Kodama, 1995b). Seine boats,
the other fishing method, can catch aggregations as
deep as 150m. When an aggregation is detected, a
buoy fixed to the free end of a rope is thrown over-
board, and the wing net, 100m long by 50m high,
pocket net and second wing net are streamed out to
surround the krill aggregation. After the buoy has
been retrieved, both ropes are hauled whilst ensur-
ing that the vessel orientates downwind and down
current (Kodama, 1995a).

The fishing grounds lie usually over the continen-
tal shelf (<200m) within 10-20 nautical miles of the
shore. Fishing operations are restricted to the day-
time for two reasons. Firstly, because ports are only
open during the daytime, and secondly, because fish-
ing vessels are not equipped with freezing facilities
and so they must return within a day for onshore
processing and freezing of their catch (Odate, 1991).
The fishing season lasts generally from February to
July, but varies from area to area and from year to
year. The main fishing season in Sanriku waters is
from March to April. That of Joban waters is from
May to June (Odate, 1991).

The E. pacifica fishery is categorized as a licensed
fishery, licenses being issued by the prefectural gov-
ernor. Fishery regulations are set separately for
each prefecture. The license of the prefectural gov-
ernor defines the fishing period, the time allowed
at sea before the vessel must return to port (al-
so referred to as the operational time), fishing area,
boat size and other factors (Table 2-3). Other reg-
ulations which are decided by the fishermen them-
selves include total catch limit for the season and the
maximum number of plastic containers permitted
for each boat. In 1993, the total catch decreased re-
markably to 60,881 tonnes as compared to the high-
est one (107,566 tonnes) in the previous year. That
was the result of the introduction of catch regula-
tions which were imposed in Miyagi and Iwate pre-
fectures in order to control the market and obviate
a decline in value of the catch. In 1994, catch regu-
lations were introduced in Fukushima and Ibaraki
prefectures in concert with those of Sanriku.

Annual change in the oceanographic conditions in
the Sarniku and Joban coastal waters

The oceanographic conditions can be divided into
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Table 2-3. Regulatory measures of the Fuphausia pacifica fishery from 1993 to 2001

Iwate

Miyagi Fukushima Ibaraki

25,000 t
1993 @12tforboat> 9t

9 t for boat <9 t
@1 Feb.~30 Apr.

(128,500 t

@15 t for boat > 9 t
114 tfor boat< 9t

® Year round

1994

(28,500 t
1995 @15t forboat> 9t
114 tforboat< 9 t
® Year round

(28,500 t
1996 @15t forboat> 9t
114 tforboat< 9t
® Year round

(128,500 t
1997 @12 tforboat> 9t
9 t for boat <9 t
®) Year round

30,000 t
1998 @12t forboat> 9t

9 t for boat <9 t
® Year round

129,000 t
1999 @105 tfor boat > 9t
8.25 t for boat < 9 t
® Year round

(29,000 t
2000 @75 tforboat> 9t
6 t for boat <9t
® Year round

122,500 t

@7.5 t for boat > 9 t
6 t for boat < 9 t

® Year round

2001

(DNo regulation (DNo regulation

@6t @6t
@7 Feb.~31 Jul. @11 Feb.~31 Jul.

@Sb*':21,000 t, Bmt*?:4,000 t
@105 t for boat > 15 t

9.6 t for boat =10-15t, 9 t for boat < 9 t
@Sb: 22 Feb.—30 Apr., Bmt:1 Feb.—31 May

10,500 t 10,500 t
@6 t @6 t
®1 Feb.~31 Jul ®11 Feb.~31 Jul.

128,500 t

Minimum reserved* for Bmt: 2,000 t
@105 t for boat > 15 t

9.6 t for boat =10-15t, 9 t for boat < 9 t
®)Sb:20 Feb.—30 Apr., Bmt: 1 Feb.—30 Apr.

110,500 t 110,500 t
@6 t @6t
® 7 Feb.~31 Jul. @11 Feb.~31 Jul.

131,000 t
Minimum reserved for Bmt: 4,000 t

@9 t for boat > 10 t, 8.4 t for boat < 10 t
®Sb:1 Mar.—30 Apr., Bmt: 1 Mar.—13 May

10,500 t 10,500 t
@6 t @6 t
® 1 Feb.~31 Jul B 11 Feb.~31 Jul.

132,500 t
Minimum reserved for Bmt: 4,000 t

@29.6 t for boat >10 t, 9 t for boat < 10 t
®@Sb: 15 Feb.-13 May, Bmt: 1 Mar—11 May

10,500 t 10,500 t
@6t @6 t
® 7 Feb.-31 Jul @11 Feb.—31 Jul.

132,500 t
Minimum reserved for Bmt:4,000 t
2105 t for boat > 10 t, 9.9 t for boat < 10 t
®)Sb: 75 days from the first fishing day
Bmt:1 Feb.—30 Jun.

132,500 t 10,500 t 10,500 t
Minimum reserved for Bmt:4,000 t @6 t @6 t
@105 t for boat > 10t, 9.9 t for boat < 10t B 7 Feb.—37 Jul B 171 Feb.-37 Jul.
®)Sb: 75 days from the first fishing da
Bmt: 25 Feb.-31 May :

(129,000 t 10,500 t 10,500 t
Minimum reserved for Bmt: 200 t @6 t @6 t
@105 t for boat > 10 t, 9.9 t for boat < 10t @7 Feb.-37 Jul B 11 Feb.-31 Jul.
@)Sb: 75 days from the first fishing day
Bmt: 1 Mar.—31 May

(19,000 t (19,000 t
®@6 t @6 t
® 71 Feb.~31 Jul B 11 Feb.~31 Jul.

(129,000 t
Minimum reserved for Bmt:200 t

@105 t for boat > 10 t, 9.9 t for boat <10 t
®@Sb:1 Mar.—13 May, Bmt:21 Feb.—23 May

7,000 t 17,000 t
®6 t ®6t
® 1 Feb.~31 Jul. ® 11 Feb.~31 Jul.

22,500 t
@09 t for boat >10 t, 7.8 t for boat < 10 t
®@Sb:1 Mar.-14 May, Bmt:1 Mar.—14 May

(D:Total catch, (: Max. no. of landings per boat, :Fishing period

@ & @ were alternated according to fishery and market conditions during the fishing period.

Italics:licenses issued by prefectural govenors

“1Seine boats, “’Bow-mounted trawls

**Minimum reserved for dip net catch was transferred to seine boats when surface swarm
disappeared in Miyagi Prefecture.
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three groups according to the southernmost latitude
of the first branch of the Oyashio Current (short-
ened hereafter as SFO) during February and July
(fishing period) of E. pacifica as follows. The years
1973, 1974, 1977, 1978, 1981, 1982, 1984, 1986, 1989,
1992-1994 and 1998 were southward anomaly years
with SFO during February and July being south of
37.7°N. The years 1975, 1979, 1983, 1987, 1988, 1995
and 2001 were intermediate years with SFO during
February and July being 37.8°~ 38.7°N. The years
1971, 1972, 1976, 1980, 1985, 1990, 1991, 1996, 1997,
1999 and 2000 were northward anomaly years with
SFO during February and July

On the other hand, the oceanographic conditions
in the Sanriku coastal waters can be divided into
three groups according to the trend of surface water
temperatures during February and July as colder
years (1981, 1982, 1984-1987, 1998 and 2001), inter-
mediate years (1983, 1988, 1989, 1992-1997 and 2000)
and warmer years (1990, 1991 and 1999) (Fig. 2-2).
The oceanographic conditions in the Joban coastal
waters can be divided into three groups according
to the trend of surface water temperatures during
February and July as colder years (1981, 1983-1986,
1993, 1996, 1998 and 2001), intermediate years (1982,
1987, 1991, 1992, 1994 and 2000) and warmer years
(1988-1990, 1995, 1997 and 1999).

Annual landing values and unit price

Annual total landing of the E. pacifica fishery in
the total area fluctuated largely from 1975 to 2001
(Fig. 2-3). It tended to increase from 1975 to 1983
and attained the maximum (4,859 million yen) in
1983. It was also higher than 4,000 million yen in
1985, 1989, 1996, 1997 and 2000, but much lower than
2,000 million yen in 1984, 1993 and 2001.

Annual landing in Iwate Prefecture increased sig-
nificantly from 1987 to 1989 and attained 1,282 mil-
lion yen in 1989. Since then, it has been generally
higher than 1,000 million yen and attained the maxi-
mum (2,160 million yen) in 1997. Annual landing of
bow-mounted trawls in Miyagi Prefecture attained
the maximum (1,745 million yen) in 1987 but de-
creased rapidly after that and has been lower than
300 million yen since 1991. On the other hand, an-
nual landing of the seine boats in Miyagi Prefec-
ture has been generally higher than the average val-

ue of bow-mounted trawls from 1984 to 1990 and at-
tained the maximum (2,239 million yen) in 1997.
Annual landing in Fukushima and Ibaraki prefec-
tures attained the maximum (1,040 and 2,177 million
yen, respectively) but has been lower than 500 mil-
lion yen since 1990. Therefore, the annual landing of
bow-mounted trawls in Miyagi Prefecture and seine
boats in Fukushima and Ibaraki prefectures had
been dominant to the total form 1984 to 1988, but
the annual landing of seine boats in Iwate and Miya-
gl prefectures had been dominant to the total since
1991.

Annual unit price fluctuated largely in each pre-
fecture, especially in Fukushima and Ibaraki prefec-
tures from 1984 to 1988. For example, it was 21 yen
per kg in 1984 but 138 yen in 1988 in Ibaraki Prefec-
ture. The annual unit price in Iwate Prefecture (35
yen per kg) was about 100 yen cheaper than that in
Ibaraki Prefecture in 1988. This was due to strong
demands for the fished E. pacifica in mid-June when
the fishing ground in the Joban coastal waters had
formed for the first time in this year after the end
of fishing operation in the Sanriku coastal waters
in late April (Odate, 1991). Since 1989, the annual
unit price in Fukushima and Ibaraki prefectures was
lower than that in Iwate and Miyagi prefectures but
the annual change of unit price in the former prefec-
tures synchronized well with that in the latter pre-
fectures. This was because that the unit price in
the Joban coastal waters had depended largely on
the unit price in the Sanriku coastal waters since
1989 when the major part of fishing ground shifted
to the Sanriku coastal waters as detailed below. Av-
erage annual price during 1991 and 2001 was 49 yen
per kg in Iwate Prefecture, 51 yen per kg in Miyagi
Prefecture, 40 yen per kg in Fukushima Prefecture
and 36 yen per kg in Ibaraki Prefecture, thus being
about 10 yen cheaper in the latter two prefectures
than in the former two prefectures.

Number of krill fishing vessels

Annual number of fishing vessels in Iwate Pre-
fecture increased remarkably from 1986 (859 ves-
sels) to 1992 (5807 vessels) (Fig. 2-4). After that,
it decreased until 1994 (3,831 vessels) but increased
again from 1994 to 1998 (6,177 vessels), and then de-
creased again after 1998. Annual number of ves-
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Fig. 2-3. Annual variations in the total value (bars) and unit price (broken lines) of Euphausia
pacifica fishery by prefecture.
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Fig. 2-4. Annual variations in the number of boats in each prefecture. Thick line shown in
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the panel of Miyagi (total) indicates the number of seine boats.
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1985 but decreased since then and has been general-

ly lower than 2,000 vessels after 1991.

sels by bow-mounted trawls in Miyagi Prefecture
attained the maximum (9,006 vessels) in 1987 but

decreased after that and has been generally low-

Catch

er than 1,000 vessels since 1993. Annual number of

The total annual catch of E. pacifica varied be-

seine boats in Miyagi Prefecture ranged from 3,019
to 6,060 vessels after 1991 when this fishing method

was adopted for the first time. The relative contri-

tween years but tended to increase steadily from
mid-1970 to 1992 exceeding 40,000 tonnes in 1978,

80,000 tonnes in 1989 and 100,000 tonnes in 1992 (Fig.

bution in number of seine boats to the total vessels

In 1993, the total catch decreased to 60,881

5).
tonnes, following the introduction of catch regula-

2

in 1992

in Miyagi Prefecture was 61% in 1991, 69%
and 77-100% after 1993. Annual number of seine

tions which were imposed in Miyagi and Iwate pre-

boats in Fukushima Prefecture attained the max-

fectures in order to control the market and obviate

imum (4,202 vessels) in 1985 but decreased since

a decline in price of the catch. Since then, the total

then and has been generally lower than 2,000 vessels

after 1990. Annual number of seine boats in Ibaraki

annual catch had been around 60,000 tonnes.

Most of the catch in the 1970s was landed in Mi-

Prefecture attained the maximum (11,119 vessels) in
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Fig. 2-5. Annual variations in the catch (a) and the percentage composition by

prefecture (b) from 1971 to 2001.
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yagi Prefecture (Fig. 2-5). In the early to mid-
1980s, Ibaraki Prefecture expanded its catch tak-
ing more than 60% of the total catch in 1986. Since
1990, Iwate and Miyagi prefectures have shown sim-
ilar catch levels and the sum of their catch showed
a high percentage (79-100%) to the total. There
were no catch or nearly no catch in Fukushima Pre-
fecture in 1999 and Ibaraki Prefecture in 1995, 1997
and 1999.

CPUE

Catch per unit effort (CPUE) is defined as catch
per boat per day in this study. Annual CPUE in
Iwate Prefecture increased remarkably from 1986
(1.9 tonnes) to 1990 (6.3 tonnes) (Fig. 2-6). It fluc-
tuated between 4.6 and 7.0 tonnes from 1991 to 1995,
but leveled off at 4.8-5.9 tonnes since 1996. Annu-
al CPUE of bow-mounted trawls in Miyagi Prefec-
ture was high (about 4 tonnes) in 1987, 1993, 1994,
2000 and 2001, but was low (about 2 tonnes) in 1990,
1991, 1995 and 1997. It was 0 or nearly 0 tonnes in
1996, 1998 and 1999. Annual CPUE of seine boats in
Miyagi Prefecture was high in 1992 (7.8 tonnes) and
2000 (8.3 tonnes), but was low from 1996 to 1999, es-
pecially in 1996 (4.1 tonnes) and 1997 (5.1 tonnes).
Annual CPUE of seine boats averaged 6.1 tonnes
from 1991 to 2001, but annual CPUE of bow-mount-
ed trawls averaged 2.7 tonnes during the same pe-
riod in Miyagi Prefecture. Therefore, fishing effi-
ciency of seine boats was suggested to be more than
two times higher than that of bow-mounted trawls.
Annual CPUE in Fukushima and Ibaraki prefec-
tures showed the similar change, being higher than
4 tonnes in 1987, 1992-1994, 2000 and 2001, but about
2 tonnes in 1985, 1988 and 1990. Annual CPUE in
1995, 1997 and 1999 was 0 or nearly 0 tonnes in both
prefectures, except for in 1995 in Fukushima Prefec-
ture. Krill abundance in the Fukushima coastal wa-
ters in 1995 was perhaps low because the fishing pe-
riod was very short (only 8 days), although annual
CPUE was intermediate (3.2 tonnes).

Annual catch in Iwate and Miyagi prefectures has
generally fulfilled the regulated catch since 1993, but
annual catch in Fukushima and Ibaraki prefectures
has been lower than the regulated catch since 1994
(Fig. 26). Total catch limit was set as the sum of
bow-mounted trawls and seine boats in Miyagi Pre-

fecture (Table 2-3) but the total catch substantial-
ly depended on the catch by seine boats since 1994
(Fig. 2-3). Therefore, it is suggested that the regu-
lation on total catch limit did not strongly affect the
annual CPUE of bow-mounted trawls in Miyagi Pre-
fecture and seine boats in Fukushima and Ibara-
ki prefectures. Accordingly, these CPUEs are sug-
gested to reflect the real abundance of krill resourc-
es. Annual CPUE of bow-mounted trawls in Miyagi
Prefecture from 1984 to 2001 has a significant nega-
tive correlation (P <0.05) with SFO during Febru-
ary and July but does not have a significant nega-
tive correlation with the lowest surface temperature
in the Sanriku coastal waters (Fig. 2-7). Annual
CPUE of seine boats in Ibaraki Prefecture from 1984
to 2001 has a significant negative correlation (P <
0.05) with both SFO during February and July and
the lowest surface temperature in the Joban coastal
waters (Fig. 2-7).

Fishing period

First fishing day was generally in early-or mid-
February in the Sanriku coastal waters (Fig.
2-8). However, it should be noted that the limit of
first fishing day in the Sanriku coastal waters has
been regulated since 1993 (Table 2-3), so the first
fishing day did not always reflect to the natural en-
vironmental conditions. On the other hand, the first
fishing day has occurred after mid February, thus
the regulation on the first fishing day (1 February;
Table 2-3) had not been substantial in the Joban
coastal waters (Fig. 2-8).

The first fishing day in the Joban coastal waters
from 1984 to 2001 has a significant positive correla-
tion (P <0.05) with both SFO during February and
July and the lowest surface temperature in the Jo-
ban coastal waters (Fig. 2-9). The first fishing day
in the Joban coastal waters from 1984 to 2001 has a
significant negative correlation (P <0.05) with annu-
al CPUE in Ibaraki Prefecture during the same peri-
od (Fig. 2-10).

The last fishing day was determined not only by
the rising of temperatures concurrently with the
northward shift of the warmer Kuroshio waters but
also by social and economic reasons. For example,
the sudden plunge of unit price of E. pacifica fishery
triggered the conversion to the sand lance fishery in
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1984 and 1986 in the Joban coastal waters. On the
other hand, the fishing had been generally finished
due to fulfillment of the regulated catch since 1993
in Iwate and Miyagi prefectures. CPUE tended to
remain high level in the last fishing day in Ofunato
and Onagawa ports (Fig. 2-11).

Location of fishing ground from 1995 to 2001

The weekly change in location of fishing ground
with surface temperature isotherms was examined
from 1995 to 2001 as follows.
[1995] The fishing ground was formed in the coast-
al waters off the middle part of Iwate Prefecture, lo-
cated on the coastal side of the 7C isotherm relat-
ed to the first branch of the Oyashio Current, in late
February (Fig. 2-12). It tended to shift southward
with the southward shift of 7°C isotherm from ear-
ly March to late March. However, it was limited-
ly formed on the north side of Oshika Peninsula (ca.
38°20'N) and not formed on the warmer side than 10
C isotherm from late March to late April.

[1996] The fishing ground was formed in the coastal
waters off northern or middle part of Iwate Prefec-
ture, located on the coastal side of the 7C isotherm
related to the first branch of the Oyashio Current,
during mid- and late February (Fig. 2-13). It ex-
panded southward along the 7C isotherm to the up-
per continental slope off Oshika Peninsula from late
March to late April. It was formed in the coastal
waters off northern part of Ibaraki Prefecture near
the 10°C isotherm in mid-May. It was formed in the
upper continental slope off Fukushima and Ibara-
ki prefectures near the 15 C isotherm in mid June.
The E. pacifica fishery in the Joban coastal waters
lasted until late July in this year.

[1997] The fishing ground was formed in the coast-
al waters off the middle part of Iwate Prefecture, lo-
cated on the coastal side of the 7°C isotherm related
to the first branch of the Oyashio Current, in mid-
February (Fig. 2-14). It expanded southward along
the 7°C isotherm to the coastal waters off northern
part of Miyagi Prefecture from early March to late
March. However it was formed in the upper conti-
nental slope off Iwate and Miyagi prefectures near
the 5-7C isotherms related to the second branch of

the Oyashio Current which intruded southward in-
stead of the northward retreat of the first branch
of the Oyashio Current during mid- and late April
In mid-May, it was formed in the coastal waters off
northern part of Miyagi Prefecture, located on the
warmer side than 10C isotherm. In this year, the
fishing ground had been rarely formed in the Joban
coastal waters.

[1998] The fishing ground was formed in the coast-
al waters off Iwate Prefecture, located on the coast-
al side of 5C isotherm related to the first branch of
the Oyashio Current, in mid-February (Fig. 2-15). It
expanded southward along the 7°C isotherm to the
coastal waters off Ibaraki Prefecture from late Feb-
ruary to late March. It was formed in the upper
continental slope off Iwate and Miyagi prefectures
near the 5-7C isotherms in early March and mid-
April.

[1999] Warm-core ring cut off from the Kuroshio
Extension occurred off Iwate Prefecture had been
blocking the southward shift of the first branch of
the Oyashio Current (Fig. 2-16). The fishing ground
was formed in the upper continental slope off the
middle part of Iwate Prefecture near the 7C iso-
therm related to the first branch of the Oyashio Cur-
rent in mid-February, but it expanded southward to
the coastal waters off northern Miyagi Prefecture
along with the southward shift of the 7°C isotherm
from late February to late March. However, warm-
core ring was close to the coastal waters off Iwate
Prefecture and then the fishing ground was divid-
ed into two areas off northern Iwate Prefecture and
northern Miyagi Prefecture in early April. The lat-
ter area located near the 7C isotherm related to the
second branch of the Oyashio Current. The fish-
ing ground had not been formed south of the Oshika
Peninsula in this year.

[2000] The fishing ground was formed in the coastal
waters off middle part of Iwate Prefecture, and was
located on the southwest side of the 7°C isotherm
related to the first branch of the Oyashio Current, in
mid-February (Fig. 2-17). It expanded southward
along with the southward shift of the 7C isotherm

to the coastal waters off northern part of Ibaraki
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Prefecture from mid February to late March. Since
then, it had been formed in the Joban coastal waters
until mid-May. It was formed on the warmer side
than 10C isotherm from late April to early May.

[2001] The fishing ground was formed in the coast-
al waters off the middle part of Iwate Prefecture in
mid-February (Fig. 2-18). It shifted to the coastal
waters off southern part of Iwate Prefecture and Mi-
yagi Prefecture from late February to mid-March,
when the 0C isotherm was close to the coastal wa-
ters off northern-middle Iwate Prefecture. However,
it expanded from north to south of the coastal wa-
ters off Iwate Prefecture in early April, when the 5
C isotherm was close to the coastal waters off mid-
dle part of Iwate Prefecture instead of the north-
ward retreat of 0C isotherm. The fishing ground
was formed in the coastal waters off the bound-
ary area between Fukushima and Ibaraki prefec-
tures near the 7C isotherm from mid-March to ear-

ly April

Discussion

Development of Euphausia pacifica fishery

The history of the E. pacifica fishery was classi-
fied into four time periods as follows.

During the first period (from the mid-1940s to the
late 1960s), a small-scale fishery was conducted lim-
itedly in the vicinity of the Oshika Peninsula in Mi-
yagi Prefecture for local consumption and culture
baits.

During the second period (from the late 1960s to
the late 1980s), the fishing grounds were extend-
ed throughout the Sanriku and Joban waters and
the annual total catch increased substantially, be-
cause strong demands for the fished E. pacifica for
aquaculture and sport fishing increased remarkably,
and fishing and storage techniques developed. The
southward shift of SFO also contributed to expand
fishing grounds into Joban during this period (Fig.
2-2).

During the third period (from the late 1980s to
the early 1990s), the main fishing grounds shifted to
the Sanriku coastal waters. This shift was thought
to be triggered by the northward retreat of SFO
during this period (Fig. 2-2). Especially, fishing ef-

forts and catches increased concurrently with the
establishment of the seine boat method in Iwate Pre-
fecture. On the other hand, both fishing efforts and
catches decreased in the Jonan coastal waters, and
the unit price of landing in this waters has strong-
ly depended on that in the Sanriku coastal waters
since this period.

During the fourth period (from the early 1990s to
2001), annual and daily total catch has been regulat-
ed due to control the unit price of the fished E. pa-
cifica. E. pacifica fishery has been exclusively con-
ducted from February to April in the Sanriku coast-
al waters, nevertheless other fisheries such as seine
boats for sand lance and squid jiggling are run to-
gether by the same vessels (Minato, pers. comm.).
Iwate and Miyagi prefectures have dominated the
E. pacifica fishery and maintaining the stable unit
price (approximately 40 yen per kg) by setting sev-
eral regulations. The E. pacifica fishery in the Jo-
ban coastal waters has been easily replaced by other
fisheries such as sand lance and Shirasu (larval Jap-
anese anchovy) when fishing condition of E. pacifi-
ca is not favorable in the Joban coastal waters. The
fishing ground of Shirasu is formed when the Ku-
roshio warmer waters prevailed. The unit price of
Shirasu is much higher than that of E. pacifica and
the workload onboard of Shirasu fishery is lighter
than that of E. pacifica fishery (Ando, pers. comm.).

It is suggested that the regime shift in the Pacif-
ic Ocean had occurred in the mid-1970 and late 1980
(Minobe, 1997; Yasunaka and Hanawa, 2002). Wata-
nabe et al. (2003) suggested that the strength in
southward shift of the Oyashio Current is closely
related to the decadal change of the Pacific Ocean.
Annual catch of E. pacifica increased mainly along
the coastal waters off Miyagi Prefecture and Joban
from mid-1970 to 1987, but increased mainly along
the coastal waters off Iwate Prefecture instead of de-
crease in Joban after 1988. Therefore, the history of
E. pacifica fishery has been closely related to the re-
gime shift in the Pacific Ocean. Kodama et al. (1995)
showed that colder fish species such as walleye pol-
lack, Pacific cod, herring and sand lance increased
from mid-1970 to 1987 but decreased after 1988 with
the shift of oceanographic condition in the vicinity of
Kinkazan Island. Abundant E. pacifica transported
by the first branch of the Oyashio Current may af-
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fect the good condition for growth and reproduction

of these fishes in the colder years.

Relationship between oceanographic conditions and
fishing conditions

Several studies have examined the mechanisms of
formation of fishing grounds since 1960s (Komaki,
1967; Endo, 1981; Odate, 1991; Kodama, 1995a). Ko-
dama (1995a) classified oceanographic patterns in
the vicinity of Kinkazan Island, Miyagi Prefecture in-
to three types based on the E. pacifica fishing con-
ditions as follows. (1) When the Oyashio Current is
moderately strong narrowing the area with suitable

temperatures (5-7C) in the Sanriku coastal waters,
E. pacifica is concentrated there and good catch-
es are expected. (2) When the Oyashio Current is
weak and only present in the northern part of San-
(3) When

the Oyashio Current is very strong and comes close

riku waters, poor catches are expected.

to the shore, suitable temperatures are restricted to
the Joban area, a larger catch is landed in the Joban
area compared to the Sanriku area.

Annual CPUE of the bow-mounted trawls in Miya-
gl Prefecture has a significant negative correlation
with SFO during February and July, which is con-
sistent well with Kodama's (1) and (2) pattern (Fig.
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2-7). On the other hand, the fishing conditions of
seine boats in Miyagi Prefecture are difficult to ex-
amine because total catch limits has been set since
1993. However, annual CPUE was significantly low
from 1996 to 1999 when SFO during February and
July showed the northward shift except in 1998 (Fig.
2-2). Therefore, it is suggested that fishing condi-
tions are generally unfavorable when the Oyashio
Current is weak in Miyagi Prefecture.

The catch of bow-mounted trawls in Miyagi Pre-
fecture was low but the catch in Joban coastal wa-
ters was high in 1977 and 1981 when SFO during
February and July showed a large southward shift
(Figs. 2-2 and 5). Odate (1991) suggested that most
of the target populations in these years migrated
toward the Joban coastal waters according to the
strong southward current of the first branch as Ko-
dama's (3) pattern. Both Odate (1991) and Kodama
(1995a) suggested that the water <5TC is not suit-
able for E. pacifica. Because the fishing ground was
formed off southern Iwate Prefecture when the 0C
isotherm was close to the coastal waters off north-
ern-middle Iwate Prefecture during late February
and mid-March 2001 (Fig. 2-18), it is suggested that
E. pacifica avoids at least such extreme cold temper-
atures.

The remarkable increase of catch and CPUE in
Iwate Prefecture was mainly due to the increase in
number of seine boats and active introduction of hy-
dro-acoustic. The reason why annual CPUE after
1996 was slightly lower than that before 1996 was
partly due to the strengthening of the regulation on
the total landing limits per boat for the purpose of
the maintenance of appropriate unit prices against
the increase of fishing vessels in 1996 and 1997 in
Iwate Prefecture (Minato, pers. comm.). Therefore,
it is difficult to examine how oceanographic condi-
tion affects the fishing condition in this Prefecture.
However, annual CPUE did not decrease when SFO
was northward anomaly. Thus, the reason why the
fishing condition in Iwate Prefecture was rather sta-
ble is suggested to be due to regular occurrence of
suitable temperatures (5-7C) for E. pacifica near
the coastal waters off Iwate Prefecture in spring
even in the northward anomaly years (Figs. 2-13, 14
and 16).

Annual CPUE in Ibaraki Prefecture has a signif-

icant negative correlation with SFO during Febru-
ary and July and the lowest temperature in the Jo-
ban coastal waters (Fig. 2-7). The first fishing day
in the Joban coastal waters has significant positive
correlation with both SFO during February and July
and the lowest temperature in the Joban coastal wa-
ters (Fig. 2-9). Thus the fishing conditions in the Jo-
ban coastal waters are thought to be affected signif-
icantly by the southward shift of the first branch of
the Oyashio Current and surface colder waters.

The relationship between fishing conditions and
oceanographic conditions is concluded as follows.
When the first branch of the Oyashio Current is
weak, fishing condition in Iwate Prefecture is rath-
er stable but not in Miyagi Prefecture and Joban,
showing low CPUE and delayed formation of fishing
ground. On the other hand, when the first branch
of the Oyashio Current is strong, fishing condition
in Miyagi Prefecture and Joban area is favorable as
well as in Iwate Prefecture, showing high CPUE and
early formation of fishing ground.

When comparing these results there are two key
points that need to be born in mind. The first is
that only catch per boat per day is used as the rel-
ative abundance density (CPUE) and the absolute
density of each target population can not be ana-
lyzed in this approach. Therefore, the fishery da-
ta on catch per tow and towing time for each boat
should be collected together to elucidate a more ap-
propriate abundance index and to allow comparison
of the density of swarms between different fishing
grounds in the future. The second point is that the
fishing grounds gradually extended to the area with
the high thermal isotherms after May up to 15T iso-
therm in June (Figs. 2-13, 14 and 17), although they
were usually formed along the 5-7C isotherms at
the surface and their southward distributional lim-
its rarely reached at 10°C isotherm during Febru-
ary and April. This phenomenon is thought to be
related to the seasonal change of vertical distribu-
tion pattern of E. pacifica and of physical condition
in the mid-layer off Joban as discussed in the Chap-
ter 7 'General discussion'.

Chapter 3. Distribution and life history of Euphausia
pacifica
Given the wide distributional range of Euphau-
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sta pacifica as well as probable horizontal advec-
tion, large areas need to be surveyed using the same
gear and methods to effectively investigate the life
history of this species. To date, however, population
dynamics studies of E. pacifica in the northwestern
Pacific have been conducted at a few fixed stations
(Endo, 1981; Terazaki et al., 1986).

In this chapter, seasonal changes in spawning, dis-
tribution and growth pattern and life span of E. pa-
cifica off northeastern Japan were investigated us-
ing Norpac net samples collected widely (main-
ly 36°-43°00' N and west of 145°E) from sever-
al monthly multi-vessel line transect surveys dur-
ing 10 years, and the average pictures of the distri-
bution and life history of E. pacifica off northeastern
Japan were examined. In addition, seasonal chang-
es in spawning and distribution of E. pacifica in sev-
eral fixed stations from off southeastern Hokkaido to
Joban (36°50'-42°50'N) were investigated bimonthly
using cylindrical-conical nets with large mouth open-
ing, and geographical changes of spawning and dis-
tribution of E. pacifica were examined in relation to

water masses.
Materials and Methods

Norpac net survey

A total of 3,073 discrete Norpac net samples was
collected during 206 cruises in the northwestern Pa-
cific between the years 1992 and 2001 (Table 3-1).
These collections were from 13 oceanographic and
fishery research institutions conducting monthly
multi-vessel line transect surveys to examine ocean-
ographic conditions or Pacific saury and squid re-
sources. The sampling area was between 35°30'-48°
00N and west of 158°E, however about 70% of the
Norpac net samples were carried out between 36°
-43°00' N and west of 145°E (Fig. 3-1). Nets (mouth
opening 45 cm and mesh opening throughout 335
um; no closing mechanism) were lowered to 150m
depth, and hauled vertically to the surface at 1 m s’
while the vessel was stationary for all stations. Sam-
ples were preserved in 5% buffered formalin seawa-
ter immediately after collection.

E. pacifica were sorted into its developmental
stages except for the nauplius and metanauplius

stages, most of which would pass through nets. Al-

though the identification of euphausiid eggs is diffi-
cult, E. pacifica type eggs were classified as having
a capsule diameter of 0.4-0.5mm and embryo diame-
ter of 0.30-0.38mm based on the size of eggs in San-
riku waters in April 1992, when E. pacifica dominat-
ed (Taki and Kotani, 1994). The length for the post-
calyptopis stages was measured from the tip of the
rostrum to the distal end of the telson to the nearest
0.lmm. Adults were sexed according to the pres-
ence of a thelycum in females or petasmas in males.
Mature male euphausiids have one pair of ejaculato-
ry ducts on the ventral side of cephalothorax which
contains developed spermatophores, and males at-
tach the spermatophores to the thelycum of females
during mating. However, no female E. pacifica spec-
imens were observed with more than two spermato-
phores in this study. So, it is thought that a male E.
pacifica attaches its spermatophore to the thelycum
during mating, and the female with a spermatophore
avoids mating until it casts with the exuviae the
spermatophore at the subsequent moult. Evidence
of mating, i.e. the presence or absence of a spermato-
phore (hereafter as copulated females) was checked
for females. The abundance of each developmental
stage and each 1 mm length class was calculated on
the assumption that the filtering rate was 100% for
all samples. Only night samples were used for the
calculation of average abundance (1,406 hauls) and
length measurements (1,151 hauls) of post-calypto-
pis stages, because they migrate below 150 m depth
in daytime, but mostly are at <150 m depth at night
(see Chapter 4).

Water masses were classified on the basis of the
temperature at 100m depth as the Oyashio area
(OW; =£5T), cold waters of the transitional area
(CW; >5T, =10C), warm waters of the transitional
area (WW; >10TC , =15C), and Kuroshio area (KW;
>15T), based on the water mass classifications of
Odate (1994) and Yokouchi et al. (1997).

Average surface temperature was highest in Au-
gust-September, and lowest in February-April (Jan-
uary in KW), when water mixing between the sur-
face and deeper layer actively occurs in each water
mass (Fig. 3-2). The order of higher temperature
was KW > WW > CW > OW in every month.

Growth and age structure were analyzed from

length-frequency distributions, using a comput-
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er program devised by Tsutsumi and Tanaka
(1988), which is modified from the graphic methods
of Cassie (1954) and Taylor (1965).

Cylindrical-conical net survey

Seven surveys were carried out using Norpac nets
and 5.5-m long cylindrical-conical nets (net mouth di-
ameter: 1.3m; mesh size: 0.45mm; Watanabe, 1992)
on the R. V. Wakataka-maru (Tohoku National Fish-
eries Research Institute, Fisheries Research Agen-
cy), Tankai-maru and Hokko-maru (Hokkaido Na-
tional Fisheries Research Institute, Fisheries Re-
search Agency) from March 1997 to February 1998.
To compare the ecological parameters of E. pacifica
between geographic areas, the survey area was di-
vided into three areas: 1) off southeastern Hokkaido,
2) Sanriku and 3) Joban (Fig. 3-3). Two or three
transects were set for each coastal area, and a zig-
zag line between 100 and 300m isobaths off Sanri-
ku and Joban was added in March and April in or-
der to conduct an acoustic survey (Miyashita et al.,
1998). Off Sanriku and Joban, the survey stations
were set at about 100, 200, 300, 500 and 1,000 m iso-
baths. Off southeastern Hokkaido, the stations were
set at about 100, 200, 300, 500, 1,500 and 1,700m iso-
baths. Note that the March survey was carried out
only off Sanriku, and three offshore stations near the
marginal area of the first branch of the Oyashio Cur-
rent were added in August.

Norpac nets were vertically towed above 150m at
1 ms". At the stations where the bottom depth was
shallower than 150m, Norpac net was towed from
the near bottom to the surface. Cylindrical-coni-
cal nets were obliquely towed at 2 knots of the ship
speed from 15m above the sea bottom to the surface
at the stations where the sea depth was shallow-
er than 300m, and towed from 150m to the surface
in other stations. A wireless net recorder (CN-24:
FURUNO) was attached on the bridle 25m ahead
of the mouth of the cylindrical-conical net to mon-
itor the net depth at the bridge. Cylindrical-coni-
cal net was towed only at night at all stations be-
cause post-calyptopis stages migrate below the 150m
depth in the daytime, but mostly occur at < 150m
depth at night (see Chapter IV), except at stations
along the zigzag acoustic lines in March and April
A flowmeter (Rigosha) was mounted in the mouth

of both nets to register the volume of water passed
through the net. Samples were preserved with 5%
formalin seawater immediately after collection. Wa-
ter temperature and salinity from 0 to 300m depth
were measured by CTD (Sea-Bird), and water sam-
ples were collected from 0, 10, 30, 50, 75m depth to
determine chlorophyll ¢ concentrations at all stations
in March and April, at stations along the southeast
line from 42° 50'N, 144° 50'E, and at stations along the
east lines from 40° N, 38°20'N and 36° 50'N.

E. pacifica were sorted and classified into devel-
opmental stages except for the nauplius and meta-
nauplius stages, most of which would pass through
both nets. The abundance of eggs and calyptopis
stage was determined from the Norpac net collec-
tions, those of furcilia, immature and adult stages
from the cylindrical-conical net collections. Identifi-
cation of developmental stages, sex and reproductive
condition and measurements of body length for post
calyptopis stages were conducted according to the

same methods as done in the Norpac net survey.
Results

Seasonal changes in the developmental stage com-
position in water masses

In OW, copulated females and eggs showed high
abundances in April and May, and showed another
peak during August-October (Fig. 3-4). Calyptopis,
furcilia and immature stages were most abundant in
May, and these stages showed a second peak during
August-December. Copulated females and pre-adult
stages rarely occurred in January and February.
Seasonal changes in abundance of small ( <15mm)
and large ( >15mm) adults were more stable than
those of the pre-adult stages, but both showed high-
er abundance during August-October.

In CW, copulated females and eggs showed the
highest abundance in April, and showed a second
small peak during August-November (Fig. 3-4). In
April, eggs in this water mass were remarkably
more abundant than in the other water masses. Ca-
lyptopis, furcilia and immature stages were most
abundant in May, and those stages showed a second
peak during August-December in OW. The abun-
dances of calyptopis and furcilia stages in this water

mass were comparable to their abundances in OW in
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Table 3-1. Number of Norpac net samples per month during 1992-2001

month area

years

number of samples month area  number of samples years
Day Night*! Total Day _ Night Total

ow? 2 3(0) 5 '95,'96 OW 53 30(29) 83 '93~'99

CW* 37 42(32) 79 '94~'00 CW 54 2305 77 '93~'99
Jan. WW* 32 33(28) 65 '94~'00 Ju. WW 59 34(18) 93 '93~'95

KWe o 21 2 '97 KW 0 1(1) 1 '98

Total 71 80(61) 151 Total 166 88 (63) 254

oW 14 15(13) 29 '94,96,98 OW 143 117 (117) 260 '93~'99

CW 33 27(16) 60 '94,'96~'00 CW 61 46(38) 107 '93~'99
Feb. WW 12 14(12) 26 '94,'96~'99 Aug. WW 85 36(29) 121 '93~'99

KW 0 1(1) 1 '94 KW 7 6 (6) 13 '93,94,96'98

Total 59 57(42) 116 Total 296 205 (190) 501

oW 6 12 (10) 18 '94,'97,'98 OW 20 61(61) 81 '93~'99

CW 44 25(12) 69 '94,96~'99 CW 28 31(200 59 '93~'99
Mar. WW 6 9(8) 15 94,96 ~'99 Sept. WW 68 29(20) 97 '93~'99

KW 0 0 0 KW 6 (D 13  '93,94,96~'98

Total 56 46 (30) 102 Total 122 128 (108) 250

OW 34 45(41) 79 '93~'99 OW 21 30(28) 51 '94~'00

CW 50 59(46) 109 '93~'99 CW 36 46(29) 82 '93~'00
Apr. WW 6 15(12) 21 '95~'97,99 Oct. WW 63 88(72) 151 '93~'00

KW 1 13 (13) 14 '96,97 KW 6 11(8) 17  '94.)95/97,99

Total 91 132 (112) 223 Total 126 175 (137) 301

OW 35 23(21) 58 '93~'95'97~'99,01 oW 8 14(12) 22 '93~'96

CW 82 44(31) 126 '93~'99,'01 cCW 9 18(13) 27 '93~'97
May WW 74 30(25 104 '93~'9598,99,01 Nov. WW 55 70(57) 125 '93~'98

KW 21 6 (6) 27 '93,'94,'99,'01 KW 85 93(93) 178 '93~'98

Total 212 103 (83) 315 Total 157 195 (175) 352

OW 35 23(20) 58 '93~'98 OW 0 44 4 ‘97

CW 109 51(36) 160 '93~'98 cw 1 12(11) 13 '95,'97
Jun. WW 118 29(19) 147 '93~'98 Dec. WW 20 38(21) 58 '93~'98

KW 4 33 7 '93~'95 KW 11 7(6) 18 '94.’96~'98

Total 266 106 (78) 372 Total 32 61(42) 93

*!Night data in perentheses indicate samples for which body length, sex and presence of a spermatophore were
examined.

*?Oyashio waters

*3Colder waters of transitionl area
“"Warmer waters of transitional area
**Kuroshio waters
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Fig. 3-3. Sampling locations of Euphausia pacifica off
the northeastern coast of Japan from March 1997 to
February 1998.

May. Copulated females and pre-adult stages rarely
occurred in January and February as also observed
in OW. Seasonal changes in abundance of small and
large adults were more stable than those of pre-
adult stages, but large adults rarely occurred in Jan-
uary and February. Both size adults in CW tend-
ed to be less abundant than those in OW throughout
the year, but large adults in CW were more abun-
dant than those in OW during March-June.

In WW, all stages of E. pacifica were less abun-
dant than in the colder water masses except for
large adults in July, when high abundance occurred
at one station (Fig. 3-4). Seasonal variations of each
stage were similar to those of CW, although the peak
of calyptopis was observed a month earlier than in
CW.

All of the stages rarely occurred in KW through-
out the year (Fig. 34).

The average abundances of eggs, calyptopis and
furcilia in CW were significantly higher (¢test, P <

0.01) than those in the other areas throughout the
year (Table 3-2). The abundances of copulated fe-
males and immature stage in OW were as high as
those in CW, and significantly higher (t-test, P <
0.01) than those in WW and KW. The abundanc-
es of small and large adults in OW were significant-
ly higher (t-test, P<<0.001) than those in the other
areas, and the occurrence of large adults was mostly
limited to OW and CW. This suggests that E. paci-
fica gradually adapts to colder areas with the devel-
opmental stage from furcilia to adults, and advanced-
age adults rarely occur in warmer areas.

In OW and CW, copulated females mainly oc-
curred in the 16-21mm size classes and the relative
percentage of copulated females to the total abun-
dance of females was 67-100% for >20mm size class-
es in April and May (Fig. 3-5). Copulated females
mainly occurred > 16mm size classes in June, Au-
gust and September. However, they also occurred
among small size classes of 11-14mm from April to

November.

Seasonal growth pattern and life span

In the monthly average length-frequency distribu-
tions in OW and CW, two modal size groups were
generally recognized for male E. pacifica: both small
and large adults occurred throughout the year (Fig.
3-6). It was difficult to rationally divide the size
groups in April based only on the length-frequency
data alone. By considering the sequence of modal
groups from March to May, the groups were divid-
ed into three modal groups based.

Also two modal size groups were generally recog-
nized for female E. pacifica in the monthly average
length-frequency distributions in OW and CW, ex-
cept for April, August and September when three
groups were recognized (Fig. 3-7). Although it was
difficult to rationally divide the modal size groups
into two and three groups in March and April, re-
spectively, these were considered to be composed of
two and three groups, on account of the sequence of
modal groups from February to May.

Based on the modal growth pattern, the average
growth of males follows this pattern: The newly-
appearing cohort of ca. 10mm in April shows slow,
steady growth until the following March, but grows
rapidly to ca. 17mm from March to June (Fig. 3-8).
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Table 3-2. Average abundance (% SE; 10%inds. m®)of each developmental stage of Euphausia pacifica by water

mass from the 10 year Norpac net samples*

stage average abundance (==SE; 107 inds. mo)

area ow cw Ww KW
Copulated female 21+5.2 (48) 20+4.1 (46) 2.6+1.3 (6) 0
Eggs 9,700=+1,100 (30) 17,700=+1,800 (54) 5,200+1,000 (16) 235+56 (0.7)
Calyptopis 4,430+880 (31) 6, 660510 (46) 3,090+320 (21) 27976 (1.9)
Furcilia 2,910+490 (33) 4,420+490 (50) 1,440+180 (16) 128=+58 (1.4)
Immature 5404110 (40) 536+76 (40) 238+54 (18) 34+11 (2.5)
Small adult 328+32 (56) 173+£21 (29) 6712 (11) 20+9.8 (3.4)
Large adult 21326 (62) 105+15 (31) 24+12 (6.9) 2.0%1.3 (0.6)

*Data in parentheses indicate percentage of abundance to the total for each developmental stage.

This cohort then seems to grow negatively after the
summer to fall and attains a maximum of ca. 19mm
by the following April. The seasonal growth pat-
tern of females is similar to that of males except that
the cohort of larger individuals (ca. 18mm) in April
grew to ca. 20mm by August and existed until Sep-
tember (Fig. 3-8). Average length of males tended
to be larger than that of females in winter but vice
versa for the cohort of ca. 17mm during spring and
fall.

Seasonal change in developmental stage composi-
tion among areas

Throughout the study period, the average temper-
atures at the surface and 100m depth off Joban were
highest and those off southeastern Hokkaido were
lowest (Fig. 3-9). The surface temperature was low-
est in April or next February and highest in Au-
gust-October along each coastal area. The tempera-
ture at 100m depth was lowest in April or next Feb-
ruary and highest in October-December along each
coastal area. Integrated average chlorophyll ¢ con-
centration from 0 to 75m was highest in April and
lowest in October along each coastal area.

The first branch of the Oyashio Current, charac-
terized by a lower temperature than 5C at 100m
depth (Murakami, 1994), extended southward to
the Sanriku coastal area in March 1997, but it reced-
ed and another < 5T water related to the second
branch of the Oyashio Current occurred off Sanriku
and Joban in April and June (Figs. 3-10-16). Oyashio
waters (Ty00=5C) gradually receded toward south-
eastern Hokkaido from August to December, but the
first branch of the Oyashio Current strongly extend-

ed southward to Joban in the next February. Ex-
treme cold temperatures < 2°C occurred off south-
eastern Hokkaido during April and August. Dur-
ing the study period, the seasonal pattern of oceano-
graphic conditions closely approximated the average
seasonal pattern of this region (Ogawa, 1989).

Copulated females, eggs and calyptopis stage were
abundant off Sanriku and Joban in April and off
southeastern Hokkaido in October (Figs. 3-10, 11, 12
and 17). Both areas were near margins of the Oyas-
hio waters (T = 5C). Off southeastern Hokkai-
do, however, these abundances were low or non-ex-
istent throughout the year except in October, where
cold waters of the Oyashio (T < 2C) dominated.
Eggs were present in June, but larvae were not ob-
served in June and August. Therefore, spawning in
June might not contribute to the recruitment to lar-
vae off southeastern Hokkaido. Copulated females,
eggs and calyptopis stage were also rare or absent
off Sanriku and Joban from August to December,
when warmer transitional waters (10 C < Ty =15
C) dominated. They were present only at the off-
shore stations near the margins of the first branch
of the Oyashio Current in August. Their abundance
was also very low throughout the survey area in De-
cember. In the following February, eggs and calyp-
topis stage were abundant off southern Sanriku and
Joban, where colder transitional waters (5C < Ty
<10C) dominated. Seasonal change in the propor-
tion of copulated females to total females was similar
to that in abundance of copulated females and eggs
(Fig. 3-17).

Distributional patterns of furcilia stage were simi-
lar to that of the younger stages (Figs. 3-13 and 17).
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Fig. 3-6. Length-frequency distributions of male Euphausia pacifica in OW and CW from the
Norpac net samples. Hypothetical distribution curve of each cohort is superimposed using a
computer program devised by Tsutsumi & Tanaka (1988).

However, furcilia stage was rare off Sanriku and Jo-
ban in April, but abundant off Sanriku in December,
where 10C isotherm at 100m depth occurred.
Immature stage was abundant off Sanriku and Jo-
ban from June to December and off southeastern
Hokkaido in October, where temperatures at 100m
depth were mainly between the 5 and 10C (Figs.
3-14 and 7). Immature stage tended to expand its
distribution toward southern warmer areas as op-

posed to the younger stages. Immature stage was

less abundant throughout the rest of the year than
October off southeastern Hokkaido, although this
stage was always present there.

Small adults occurred in all survey areas through-
out the year. They were abundant in the survey
area, especially off Sanriku in February, when the
first branch of the Oyashio Current strongly moved
southward (Figs. 3-15 and 17).

Large adults were abundant off Sanriku in March,

April and the following February, while off Joban
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the Norpac net samples.

Hypothetical distribution curve of each cohort is superimposed

using a computer program devised by Tsutsumi & Tanaka (1988).

they were abundant in June and the following Feb-
ruary. During these months, the 5C isotherm shift-
ed southward. Large adults were few from August
to December, when the warmer transitional waters
dominated (Figs. 3-16 and 17).
Hokkaido, they were not abundant in April, but in-

Off southeastern

creased after April and peaked in abundance in Oc-
tober. In December, they were rare throughout the
survey area.

In April, copulated females mainly occurred

among 17-2lmm and 16-18mm size classes off San-
riku and Joban, respectively (Fig. 3-18). In June,
they mainly occurred among 16-22mm size classes
off Joban. In August, they mainly occurred among
11-12mm and 15-18mm size classes near the mar-
gins of the first branch of the Oyashio Current. In
October, they mainly occurred among 12-14mm and
16-19mm size classes off southeastern Hokkaido. In
February, they occurred across a wide size range of

10-19mm and mainly occurred among 16-18mm size
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mated by the length-frequency distributions in OW and CW (Figs. 3-6
and 7). Lines: Hypothetical growth (males: dashed lines; females: solid
lines).

~N

e

)

|

-]

)

o

8.15':

= C

o C

10+
54
0 C |

M AMJ J A S OND J F

71T Stations
6T ¢ —&— SE Hokkaido

- 5T --0-- Sanriku

2T — A - Joban
3__

S 21 O offshore Aug.
o
o Lo, b

M AMJ J A S OND J F

1997 Month 1998

Fig. 3-9. Seasonal changes in the average surface temperature
(a), average temperature at 100m depth (b) and integrated av-

erage chlorophyll @ (xg1") in the upper 75m (c). Vertical bars:
+1 SD.

85



Kenji Taki

Latitude (°N)

140 142 144 146 140 142 144 146

Longitude (°E)

Ind. m?
=10
o: 10
O: 100

36 )
140 142 144 146

Fig. 3-10. Distribution and abundance of copulated Euphausia pacifica females and temperature
gradients at 100m depth from March 1997 to February 1998. Numbers indicate temperatures
(C). Scales as in legend.
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classes off Joban.

Discussion

Seasonal change in spawning and distribution in
water masses and life history

Mating and spawning occurred throughout the
year in OW and CW, with the main peak occurring
in spring and to a lesser extent in late fall-winter
on the basis of the Norpac net samples (Fig. 3-4).
The main spawning area, which occurred in CW in
spring and in OW and CW in summer-fall, agrees
closely with to the distributional pattern of large
adults. Seasonal changes in abundance of larval
and immature stages, which were most abundant in
spring-early summer and least abundant in winter,
were well synchronized with those of copulated fe-
males and eggs. It is therefore suggested that the
seasonal activity of spawning depends on the feed-
ing conditions as shown by the high abundances of
phytoplankton, microzooplankton and mesozooplank-
ton in spring and low abundances in winter, which
are widely recognized patterns in the northern part
of the northwest Pacific (Odate, 1994; Kotani et al.,
1996; Kasai et al., 2001). This also explains observa-
tions in northeastern Pacific waters, where E. pacifi-
ca reaches its highest spawning intensity during up-
welling periods (Smiles and Pearcy, 1971; Brinton,
1976; Heath, 1977; Ross et al., 1982).

Iguchi et al. (1993) showed that the modal size
(ca. 10mm) of E. pacifica hatched in spring indicat-
ed no growth from summer to the following winter,
but then rapid growth through the following spring
in Toyama Bay, southern part of the Japan Sea. Ap-
parent growth in OW and CW, where both larg-
er and smaller adults occurred throughout the year,
was recognized from March to June for the smaller
group of adults, identical to the growth patterns in
Toyama Bay (Fig. 3-8). Such apparent growth was
perhaps supported by the favorable food conditions
in the region off northeastern Japan as shown by
previous reports on seasonal changes in the abun-
dance of phytoplankton, microzooplankton and meso-
zooplankton (Odate, 1994; Kotani et al., 1996; Kasai
etal., 2001).

The negative growth of adult £. pacifica during

summer and winter was observed both in Toyama

Bay (Iguchi et al., 1993) and off northeastern Japan
(Fig. 3-8). Iguchi et al. (1993) suggested that the
negative growth in Toyama Bay was due to the re-
sult of the selective death for larger sized individu-
als. On the other hand, Marinovic and Mangel (1999)
documented the shrinkage of E. pacifica experimen-
tally. They showed that individuals shrank at tem-
peratures higher than 16.5C despite access to ex-
cess food. Whether negative growth in E. pacifica
really occurs in the same conditions (temperatures
and food) as experienced during daily vertical mi-
gration needs to be examined in the future.

Because spawning and recruitment of larval stag-
es of E. pacifica occur throughout the year except
for the winter season off northeastern Japan (Fig.
3-4), it is difficult to estimate the age/length relation-
ships from length-frequency distributions precise-
ly. However, the most dense occurrence in abun-
dance of eggs and early developmental stages was
observed in April and May, respectively (Fig. 3-4)
and two modal cohorts of males and females were
consistently recognized in OW and CW (Figs. 3-6
and 7). Endo (1981) estimated that the recruitment
time from hatching to adult in E. pacifica in Sanri-
ku waters was 2-3 months on the basis of both lab-
oratory experiments and field sampling. There-
fore spring hatching and summer recruitment to the
adult stage is considered to be the origin of the main
cohort off northeastern Japan.

If we connect the April-hatched to the smaller
adult cohort in June-July, we can estimate the life
span of male and female E. pacifica off northeastern
Japan to be 24 months and 28 months, respectively.
That the life span of females was longer than that of
males is identical with that of the Sanriku population
estimated by Endo (1981).

On the other hand, a second smaller peak in copu-
lated females and spawning was recognized in sum-
mer-fall (Fig. 3-4). It is speculated that hatching in
these seasons may greatly contribute to maintain-
ing the population, although this group could not be
clearly defined. That is to say, this group hatching
compensates for the decrease of the spring hatch-
ing by recruiting adults by the next spring, and also
spawns during two springs, together with the spring
hatching group.

The life span of E. pacifica tends to be longer
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(2 years old) in colder regions, such as in the sea
of Okhotsk (Ponomareva, 1963) and off Kamchat-
ka / south of the Aleutians (Nemoto, 1957) than in
warmer regions (at most 1 year), such as off south
California (Brinton, 1976). Larger adults, which are
thought to over-winter, occurred mainly in OW and
CW but rarely in WW throughout the year. So, it
appears to be difficult for E. pacifica to prolong their
life span in warmer water masses off Japan, as has
been observed in other warmer regions (Brinton,
1976).

The average abundance of large adults in OW was
significantly higher (#test, P <0.001) than those in
CW during August and September, but the latter
was significantly higher (stest, P <0.001) than the
former during March and April (Fig. 3-3). So, they
seem to control their distribution according to the
seasonal change of the surface temperature. That is
to say, they migrate toward OW in summer to avoid
high surface temperatures (> ca. 20C), which
would limit their night ascent and reduce both feed-
ing in the euphotic zone and avoidance from meso-
pelagic predators (see Chapter 4); on the contrary,
they migrate toward CW in spring to avoid low tem-

peratures throughout the total water column.

Geographical change in spawning and distribution

Geographical distributional pattern of copulation,
spawning and recruitment to larval stage in rela-
tion to the water masses in the cylindrical-conical
net survey generally agrees with those in the Nor-
pac net survey, because they occurred mainly near
the marginal area of the Oyashio Current (T = 5
) throughout the year (Figs. 3-10 and 11). How-
ever, copulated females, eggs and larvae were rare
or absent throughout the year except in mid fall off
southeastern Hokkaido, where extreme cold waters
of the Oyashio (T, <2C) dominated (Figs. 3-10-13).
Spawning in such extreme cold waters may be un-
favorable for the development of eggs and early lar-
vae as shown in laboratory experiments (Ross, 1981;
Iguchi and Ikeda, 1994).

The active spawning of E. pacifica is reported to
correspond to the phytoplankton bloom period in
several locations (Brinton, 1976; Iguchi et al., 1993).
In the cylindrical-conical net survey, however, the

biomass of phytoplankton shown as the concentra-

tion of chlorophyll ¢ was lowest off southeastern
Hokkaido in fall, where copulated females, eggs and
larvae were most abundant like off Sanriku in spring
(Figs. 3-9-13). This appears to reflect the second
smaller peak in spawning in summer-fall in the wide
area of northwestern Pacific by Norpac net survey
(Fig. 3-4). Nakagawa ef al. (2001) suggested that
E. pacifica can ingest a wide variety of organisms
(diatoms, dinoflagellates, tintinnids, invertebrate
eggs and copepods) by switching feeding behavior
according to the ambient food conditions. Therefore,
the variety of food sources used by E. pacifica may
affect the timing of copulation and spawning season
that are closely related to the trophic conditions ex-
perienced by this species. On the other hand, ac-
tive copulation and spawning of E. pacifica occurred
in OW and CW (Fig. 3-4) or near the marginal area
of the Oyashio Current (T, =5C) throughout the
year (Figs. 3-10 and 11). Accordingly, the tempera-
ture conditions may be important triggers of copula-
tion and spawning regardless of the season off north-
eastern Japan.

Results of cylindrical-conical net survey suggest
that E. pacifica off northeastern Japan gradually
adapts to colder areas as the developmental stage
progresses from furcilia to adults, and advanced-age
adults (large size adult) rarely occur in warmer ar-
eas as well as results of Norpac net survey (Figs.
3-13-16). On the other hand, immature stage and
small adults existed in all survey areas throughout
the year, even off Joban in summer-fall, where the
surface water temperatures were relatively high.
Immature stage and smaller adults may not ascend
toward the surface to avoid the high temperature at
night (Iguchi et al., 1993; see Chapter 4) and may
form benthopelagic aggregations during the day
(Nakamura, 1991; Endo, 2000) off Sanriku and Jo-
ban in summer-fall. One of the reasons why over-
wintered individuals (larger adults) could not ex-
ist in such areas is due to the migration toward the
colder regions, as suggested in the results of Norpac
net survey. Migration ability (= swimming speed)
of E. pacifica is reported to be up to and potential-
ly in excess of 112m h from laboratory observations
(Torres and Childress, 1983). This implies that the
over-wintered population of E. pacifica could migrate

horizontally 350km corresponding to the distance
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between off Sanriku and off southeastern Hokkaido
in 130 days. Besides the horizontal migration to the
north, the deeper distribution of adults to avoid the
high temperature of the surface layer (Iguchi et al.,
1993; see Chapter 4) should be considered. For ex-
ample, around the warm-core ring off Sanriku in Ju-
ly 1995 (SST=23T ; St. 10; see Chapter 4), the pro-
portion of abundance below 150m depth at night
was 10% for small adults and 29% for large adults.
However, a deeper distribution of large adults im-
plies the potential for a reduction in the population
size, because of forage limitation and predation by
mesopelagic and benthic predators as mentioned in
the Norpac net survey. These two factors (horizon-
tal migration to the north and deeper distribution)
are considered as possible causes of absence of large
adults (= over-wintered individuals) in the warmer
waters off Sanriku and Joban in summer to fall.

Nakamura (1991) suggested that the fishery-tar-
geted population of E. pacifica off Joban in early
summer was supplied from the benthopelagic popu-
lation formed on the continental slope during previ-
ous summer and winter. However, most of the fish-
ery-targeted population may be transported by the
Oyashio Current, because the abundance of adults
abruptly increased both on the continental shelf and
slope in February 1998, when the first branch of the
Oyashio Current shifted southward to the southern
Sanriku area (Figs. 3-15 and 16).

Adults were rare off southeastern Hokkaido in
spring (Figs. 3-15-17). The average depth of adult
stage was about 150 m in spring during the day,
which was shallower than in summer (see Chap-
ter 4). The relationship between the abundance
of adult stage and average temperature from 0 to
150m showed that the abundance higher than 500
inds. m™ occurred in the waters with temperatures
between 2.6 and 80T , but the abundance was low
at <1T and >9C (Fig. 3-19). The environment off
southeastern Hokkaido may be suboptimal for E. pa-
cifica where temperatures lower than 1C dominat-
ed throughout the water column, and therefore they
may migrate horizontally toward more southern,
warmer areas, which is well consistent with the re-
sult in the Norpac net survey. Kodama and Izumi
(1994) classified the oceanographic patterns off San-

riku into three types according to the fishing condi-

tions for E. pacifica. They suggested that the fish-
ery-targeted population migrate from the Sanriku
area to the Joban area, when the Oyashio coastal
branch is very strong and comes close to the shore
off Sanriku and the suitable temperature area (>
5C) for E. pacifica is restricted to the Joban ar-
ea. The present study corroborates the conclusions
by Kodama and Izumi (1994) except that the lower
limit for suitable temperatures (5 C) suggested by
them is higher than the lower limit of temperatures
(about 3C) at which high abundances of adults
were observed in this study. As mentioned before,
it is implied that the E. pacifica population could mi-
grate 50 km within 19 days, which nearly corre-
sponds to the distance between the isobaths T,y =
1T and T,0=5C off south Hokkaido in April (Figs
3-15 and 16). Seasonal horizontal migrations of Eu-
phausia superba are also reported and the migration is
suggested to be induced by spawning (Kanda et al.,
1982) and the reduction of intraspecific food compe-
tition (Siegel, 1988).

While the E. pacifica fishery ground in Sanri-
ku and Joban waters is at its highest abundance
in spring, high abundances were also observed off
southeastern Hokkaido during summer and fall. It is
important to clarify the density and scale of the fish-
ery-targeted populations off Sanriku and Joban in
spring compared to off southeastern Hokkaido, using
the acoustic method, to examine whether a fishery is

feasible or not off southeastern Hokkaido.

Spawning period during the life span

It is suggested that some female E. pacifica attain
reproductive maturity when they recruit to adult
because copulated females occurred among small-
er size classes throughout the year off northeast-
ern Japan (Figs. 3-5 and 18), as has been reported in
the other warmer areas (Brinton, 1976). If the first
spawning age is supposed to be four months after
hatching and the non-spawning season is supposed
to be during December and March, the spawning
period during the life span (28 months) can be es-
timated to be 18 months, which is considerably lon-
ger than that in the other areas (at most 12 months
for warmer regions such as off Oregon and southern
California).
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Chapter 4. Vertical distribution of Euphausia paci-
fica

In northeastern Japan, several studies on the ver-
tical distribution of Euphausia pacifica had been car-
ried out (Taniguchi, 1969; Endo, 1981; and Terazaki
et al., 1986), but these have been done only at a few
fixed stations and the samples are limited seasonally
from spring to early summer. Furthermore, the re-
lationship between the vertical distribution and wa-
ter masses has not been examined until now.

In this chapter, seasonal variations of the vertical
distribution of E. pacifica were investigated in the
coastal and offshore waters off northeastern Japan.
At first, seasonal variations of the distribution of pe-
lagic and benthopelagic E. pacifica were investigat-
ed along the coastal waters off Sanriku using ORI
and beam-trawl net samples, and their trophic signif-
icance in the coastal water ecosystem off Sanriku is
discussed in light of the predator-prey relationships.
Secondly, seasonal variations of the vertical distribu-
tion of each developmental stage of E. pacifica were
investigated in the offshore waters off northeastern
Japan using MOCNESS-I net samples, and physical
and biological factors which determine their vertical

distribution of E. pacifica were examined.

Materials and Methods

Distribution of pelagic and benthopelagic E. pacifi-
ca in the Sanriku waters

Six surveys were carried out on the transect line
at 50m (St. 1, 10), 100m (St. 2, 9), 150m (St. 3, 8),
200m (St. 4, 7) and 300m (St. 5, 6) isobaths in the vi-
cinity of Kinkazan Island in Miyagi Prefecture (38"
22' N, 141°325' -141°58'E) from April 1993 to Febru-
ary 1994 on R. V. Wakataka-maru, Tohoku Nation-
al Fisheries Research Institute, Fisheries Research
Agency (Fig. 4-1). Sts. 1-5 were surveyed during
daytime and Sts. 6-10 were surveyed at night. Wa-
ter temperatures and salinities were measured by
CTD (Neil-Brown) and sea water samples in 6-13
layers were collected at each station using a bucket
for the surface sample, and Niskin sampler to mea-
sure the concentration of chlorophyll a.

ORI net (net mouth diameter: 1.6m; mesh size:
0.33mm; Omori, 1965) was double-obliquely towed
from 5m above the sea bed to the surface at 2 knot
of the ship speed to collect the pelagic E. pacifica.
A wireless net recorder (CN-24: FURUNO) was at-
tached on the bridle 2.5m ahead of the mouth of ORI
net to monitor the net depth at the bridge. Bongo
net (net mouth diameter: 0.7m; mesh size: 0.34mm;
McGowan and Brown, 1966) was substituted at Sts.
3-10 in December because of breakage of the ORI
net. Beam-trawl net (height: 1m; width: 2m; cod end
mesh size: 3mm; no closing mechanism; Nakamura,
1991) was trawled on the sea bed during 10minutes
at 1.7 knot of the ship speed to collect the benthope-
lagic E. pacifica.

Samples were preserved with 5% formalin sea-
water immediately after collection. E. pacifica
were sorted into immature and adult stages and
the lengths (from the tip of the rostrum to the dis-
tal end of the telson) were measured to the near-
est 0.lmm. The abundance of immature and adult
stages for the ORI net samples was calculated us-
ing the volume of water passed through the net by
a flowmeter (Rigosha) mounted in the mouth of net.
On the other hand, the abundance of immature and
adult stages for the beam-trawl net samples was cal-
culated using the trawled area on the assumption

that all the animals on the area were caught.
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Distribution in the offshore waters of northeastern
Japan

Samples were collected at stations from 41°30' N
to 36°30' N along the 143°E line in late July 1995,
mid-April and early September 1998 and late No-
vember 1999 on the R. V. Wakataka-maru, Tohoku
National Fisheries Research Institute, Fisheries Re-
search Agency (Fig. 4-2; Tables 4-1-4). Other sam-
ples were collected at about 200m isobath in mid-
April and early September 1998. A MOCNESS-I with
nets having a mouth opening of 14m? (about 1m?* to-
ward the towing orientation) and 0.33mm mesh ap-
erture (Wiebe et al., 1985) was obliquely towed and
nets were sequentially opened and closed to sample
five stratified layers (0-50, 50-150, 150-250, 250-500,
500-1,000m) in late July 1995 and seven stratified
layers (0-25, 25-50, 50-150, 150-250, 250-400, 400-600,
600-1,000m) in mid-April and early September 1998
and late November 1999. Five stratified layers (0-25,
25-50, 50-100, 100-150, 150-170 [or 150-220] m) were
sampled for the coastal stations in mid-April and
early September 1998. The samples were preserved
in 5% buffered formalin seawater immediately after
collection. Water temperatures and salinities were
measured by CTD (SBE) attached to MOCNESS-I
and seawater samples in 6 layers (0, 10, 20, 30, 50,
75m) were collected in each station using a bucket

and Niskin sampler to measure the concentration of
chlorophyll @ at each station except late July 1995.

E. pacifica were sorted into its developmental
stages except for the nauplius and metanauplius
stages, which would pass through nets. The length
for the furcilia, immature and adult stages was mea-
sured from the tip of the rostrum to the distal end
of the telson to the nearest 0.lImm. The abundance
of each stage was calculated using the volume of wa-
ter that passed through the net by a flowmeter at-
tached to MOCNESS-L.

The median depth and 80% range of abundance
from the median depth (D) for each developmen-
tal stage were calculated according to Pennak (1943).

Results

Distribution of pelagic and benthopelagic E. pacifi-
ca in the Sanriku coastal waters

The coastal branch of the Oyashio Current with
low temperatures and salinities came close to the
shore and water with 7-8°C dominated in the to-
tal water column at 50-150m isobaths in April (Fig.
4-3). Surface temperature rose after April and at-
tained 18-22C in August, but decreased gradual-
ly after August. Water with 8 C dominated in the
surface layer at all stations in February. A ther-
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Fig. 4-1. Sampling stations off Onagawa, Miyagi Prefecture from April 1993
to February 1994. Stations. 1-5 were sampled during the day and stations.

6-10 at night.
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Fig. 4-4. Seasonal changes in the abundance of immature Euphausia pacifica sampled by
ORI net. Solid and broken lines show the average temperature over the water column from
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Table 4-1. Locations of stations, times of samplings and sampling depth using MOCNESS-I in Tohoku waters
during 17-23 April 1998

St. Approx. tow location Date Depth (m), when towing Tow time Tow range (m)

commenced
1 36°33'N/143°32'E 17 6,504 7:29-8:58(D*") 0-23, 23-50, 50-152, 152-252, 252-401, 401-599, 599-961
1 36°35'N/143°30°E 17 6,535 1:13-2:36(N"%) 0-25, 25-50, 50-148, 148-247, 247-401, 401-596, 596-973
2 37°37'N/143°30'E 17 4,201 16:20-17:51(D) 0-17, 17-47, 47-147, 147-246, 246-396, 396-599, 599-987
3 38°33'N/143°25'E 18 2,136 7:31-9:07(D) 0-23, 23-48, 48-148, 148-248, 248-400, 400-599, 599-984
3 38°34'N/143°32°E 18 2,791 1:06-2:16(N) 0-21, 21-49, 49-147, 147-248, 248-401, 401-600, 600-1,000
4 39°35'N/143°27'E 18 2,624 16:05-17:31(D) 0-22, 22-47, 47-146, 146-247, 247-399, 399-600, 600-994
5 40°28'N/143°29°E 19 2,217 7:09-8:26(D) 0-22, 22-47, 47-146, 146-249, 249-400, 400-600, 600-992
5 40°25'N/143°29°E 19 2,226 1:25-3:43(N-DWN™®)  0-22, 22-47, 47-146, 146-248, 248-399, 399-601, 601-980
6 41°26'N/143°30°E 19 1,804 15:31-16:46(D) 0-21, 21-47, 47-149, 149-241, 247-395, 395-596, 596-1,000
6 41°27'N/143°31'E 19 1,717 20:30-22:13(N) 0-21, 21-49, 49-149, 149-248, 248-400, 400-600, 600-993
8 41°25'N/144°3TE 20 4,182 10:58-12:41(D) 0-22, 22-48, 48-151, 151-249, 249-401, 401-597, 597-992
8 41°26'N/144°35'E 20 4,383 21:15-22:52(N) 0-25, 25-48, 48-149, 149-249, 249-400, 400-599, 599-993
9 40°30'N/144°55'E 21 5,997 6:52-8:11(D) 0-25, 25-45, 45-146, 146-247, 247-399, 399-596, 596-991
12 40°30'N/142°03'E 21 214 20:24-20:35(N) 0-24, 24-50, 50-97, 97-147, 147-169
13 39°32'N/142°12°E 22 221 2:07-2:18(N) 0-24, 24-50, 50-95, 95-146, 146-166
14 38°31'N/141°51TE 22 207 9:07-9:20(D) 0-25, 25-50, 50-97, 97-148, 148-165
14 38°31'N/141°51°E 22 204 19:50-20:05(N) 0-25, 25-51, 51-98, 98-149, 149-167
15 37°30'N/141°34E 23 203 6:20-6:34(D) 0-25, 25-51, 51-99, 99-148, 148-172
15 37°30°'N/141°35°E 23 204 1:58-2:10(N) 0-23, 23-48, 48-97, 97-146, 146-172

*Day, *Night, *Dawn

Table 4-2. Locations of stations, times of samplings and sampling depth using MOCNESS-I in Tohoku waters
during 22-26 July 1995

St. Approx. tow location Date Depth (m), when towing Tow time Tow range (m)
commenced

5 39°31'N/142°34'E 22 1,002 7:28-8:14(D*") 0-47, 47-133, 133-236, 236-499, 499-902
5 39°31'N/142°34°E 23 1,020 0:42-1:24(N"?) 0-47, 47-147, 147-248, 248-499, 499-899
6 39°33'N/143°03'E 22 1,718 17:07-17:53(D) 0-47, 47-146, 146-245, 245-498, 498-995

6 39°29'N/143°02'E 25 1,733 1:59-2:40(N-DWN™)  0-48, 48-149, 149-248, 248-494, 494-1,000
8 39°30'N/144°08'E 23 5,626 21:44-22:39(N) 0-47, 47-150, 150-250, 250-502, 502-965
10 39°29'N/145°06'E 25 5,508 10:43-11:42(D) 0-52, 52-153, 153-253, 253-502, 502-994
10 39°26'N/145°05'E 28 5,519 0:07-1:18(N) 0-49, 49-145, 145-248, 248-500, 500—999
12 39°30'N/146°07'E 26 5,191 5:34-6:10(D) 0-50, 50-153, 153-248, 248-500, 500-1,000
12 39°29'N/146°05'E 26 5,219 1:05-2:00(N) 0-47, 47-145, 145-246, 246-497, 497-996
14 39°28'N/147°02°E 27 5,211 10:12-10:50(D) 0-49, 49-152, 152-250, 250-502, 502-996
14 39°30'N/146°58'E 26 5,191 22:33-23271(N) 0-49, 49-152, 152-250, 250-502, 502-996

H Day, ‘2Night, *Dawn

Table 4-3. Locations of stations, times of samplings and sampling depth using MOCNESS-I in Tohoku waters
during 1-8 September 1998

St. Approx. tow location Date Depth (m), when towing Tow time Tow range (m)

commenced
1 40°30'N/142°05'E 1 264 15:56-16:13(D *') 0-17, 17-23, 23-47, 47-97, 97-150, 150-221
2 40°33'N/143°43E 4 2,455 8:36-11:56(D) 0-26, 26-51, 51-152, 152-252, 252-401, 401-601, 601-995
2 40°33'N/143°39'E 2 2,354 2:06-4:04(N *2-DWN™®)  0-23, 23-46, 46-151, 151-249, 249-388, 388-575, 575-1,000
3 40°26'N/144°57E 3 5977 15:13-17:42(D) 0-26, 26-53, 53-153, 153-254, 254-385, 385-603, 603-1,001
5 41°24'N/143°22°E 3 1,708 12:16-14:24(D) 0-26, 26-53, 53-154, 154-253, 253-402, 402-602, 602-1,042
5 41°24'N/143°21'E 3 1,638 20:50-23:37(N) 0-24, 24-51, 51-148, 148-249, 249-401, 401-602, 602-994
6 39°36'N/143°32'E 4 2,671 20:53-23:25(N) 0-25, 25-49, 49-149, 149-249, 249-400, 400-600, 600-995
7 38°30'N/143°25'E 5 2,745 14:22-16:16(D) 0-24, 24-49, 49-153, 153-254, 254-401, 401-595, 595-1,007
7 38°29'N/143°25'E 5 2,773 20:55-23:12(N) 0-25, 25-50, 50-152, 152-251, 251-400, 400-598, 598-997
8 37°29'N/143°34'E 6 6,073 8:11-10:03(D) 0-25, 25-50, 50~-151, 151-252, 252-399, 399-599, 599-1,000
9 36°30'N/143°23'E 7 6,618 7:38-9:21(D) 0-25, 25-51, 51-149, 149-251, 251-398, 398-600, 600-996
9 36°30'N/143°23'E 6 6,669 20:39-22:39(N) 0-26, 26-52, 52-151, 151-250, 250-400, 400-599, 599-988
10 37°28'N/141°34E 8 205 6:24-6:49(D) 0-25, 25-51, 51-98, 98-149, 149-171
10 37°29'N/141°34E 7 199 19:15-19:29(DSK ™) 0-24, 24-50, 50~97, 97-147, 147-169

* Day, 'ZNight, ‘3Dawn, *Dusk

Table 4-4. Locations of stations, times of samplings and sampling depth using MOCNESS-I in Tohoku waters
during 26-30 November 1999

St. Approx. tow location Date Depth (m), when towing Tow time Tow range (m)

commenced
2 36°26'N/143°28'E 26 6,468 8:38-10:51(D ™) 0-24, 24-52, 52-151, 151-251, 251-401, 401-602, 602-1,000
4 38°37'N/143°38'E 27 3177 22:33-0:01(N *2) 0-25, 25-51, 51-150, 150-256, 256-394, 394-588, 588-757
5 39°20'N/143°25'E 28 2,832 8:48-11:31(D) 0-51, 51-151, 151-251, 251-401, 401-602, 602-995
6 40°23'N/143°40'E 29 2,448 22:02-0:03(N) 0-24, 24-51, 51-152, 152-250, 250-400, 400-600
8 42°23'N/144°50'E 30 1,723 17:27-19:47(N) 0-24, 24-50, 50-150, 150-250, 250-401, 401-599, 599-996

*Day, *Night
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mocline developed near the surface in August, in
100-200m depth in October and in 200-250m depth in
December over the survey area. Chlorophyll @ con-
centration was higher than 3 x4 g 1" in the surface
layer at 50m isobath and in the surface and benthic
layers at 300m isobath, but decreased gradually over
the survey area from April to December. In Febru-
ary, higher chlorophyll @ concentration than 1ug I
dominated over the total water column at 50-150m
isobaths and a concentration higher than 6 4 g I' oc-
curred in the benthic layer at 50m isobath.

Pelagic immature stage collected by the ORI net
occurred mainly at 150m isobath in April (Fig. 4-4).
It was most abundant at 300m isobath in June. It oc-
curred mainly at 200 and 300m isobaths after June,
but rarely occurred over the survey area in Decem-
ber and February. Benthopelagic immature stage
collected by the beam-trawl net was rarely observed
over the survey area in April, but was most abun-
dant during daytime at 300m isobath in June (Fig.
4-5). Tt occurred mainly at 200 and 300m isobaths
after June, but rarely occurred over the survey area
in December and February.

Pelagic adults were most abundant at 100m iso-
bath during daytime and 150m isobath at night in
April (Fig. 4-6). However it occurred mainly at 200
and 300m isobaths after April. Benthopelagic adults
were rarely observed over the survey area in April,
but were most abundant during daytime at 300m
isobath in June (Fig. 4-7). They occurred mainly
at 200 and 300m isobaths after June, but rarely oc-
curred over the survey area in February.

At the coastal stations (100 and 150m isobaths),
15-19mm size classes were dominant to the total
abundance both in the pelagic and benthopelagic E.
pacifica in April (Fig. 4-8). However, <10mm size
classes were dominant both in pelagic and benthope-
lagic E. pacifica after June.

At the offshore stations (200 and 300m isobaths),
12-18mm size classes during daytime and 15-2lmm
size classes at night were dominant in the pelagic
E. pacifica in April (Fig. 49). 15-19mm size class-
es during daytime and 15-21mm size classes at night
were dominant in the benthopelagic E. pacifica in
April. In June, <10mm size classes occurred abun-
dantly both in pelagic and benthopelagic E. pacifi-
ca but 15-19mm size classes were most abundant

during daytime in the benthopelagic E. pacifica. >
15mm size classes gradually decreased in abundance
both in the pelagic and benthopelagic E. pacifica af-
ter August. Then, < 10mm size classes also de-

creased after December.

Distribution of E. pacifica off northeastern Japan in
April

Sts. 1 and 2 were located near the warm-core ring
centering at 37°10' N, 143°40' -141°58'E (Kato et al.,
2000). Surface temperature of these stations was
145-171C (Figs. 4-10-12). The first branch of the
Oyashio Current came close to the coastal areas at
38°30' -39°N and 40°N. The thermal front of the
Oyashio Current occurred between St. 2 and St. 3.
Water with about 1C occurred at about 100m depth
at Sts. 4, 5, 6, 8 and 9 and lower temperatures than 2
C were dominant from the surface to 100 or 200m
at Sts. 6, 8 and 9. Coastal stations (Sts. 12-15) were
located near the marginal area of the first branch of
the Oyashio Current, and the surface temperatures
of these stations were 6.2-85C. The chlorophyll «
concentration in the surface layer was higher than 1
wg I at all offshore stations except St. 9, especial-
ly 0-10m layers at St. 5 and 20-30m layers at St. 6
showed a concentration higher than 6 xg 1'. The
chlorophyll @ concentration in the surface layer was
higher than 1 ug 1" at Sts. 13 and 15 but lower than
0.7 g " at Sts. 12 and 14.

Eggs were abundant at Sts. 1, 2, 3 and 5 but
scarce at Sts. 6, 8 and 9 and at each coastal station
except St. 12 (Figs. 4-11 and 12). Calyptopis was
abundant at Sts. 1 and 2 but was scarce at other sta-
tions. Furcilia was abundant at Sts. 1 and 12-14, but
was scarce at the offshore stations in waters colder
than 5C isotherm at 100m depth. Immature stage
occurred mainly at coastal stations but was scarce
at offshore stations. Adults occurred over the sur-
vey area including stations in waters colder than 2
C isotherm at 100m depth and were abundant at
Sts. 6, 8, 12-15 at night. The abundance of adults col-
lected at night was higher than that collected dur-
ing daytime for each station except St. 5; especially
the abundance collected at night was 452-fold higher
than that collected during daytime at St. 14.

In the offshore area, median depth of eggs was
shallower than 50m during day and night at each
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Offshore stations
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station (Fig. 4-13). Median depth of other stages at
night was shallower than 50m at all stations except
at St. 1 where median depth of fifth and sixth furcilia
and immature stage occurred at about 100m depth.
Median depth of first calyptopis during daytime was
also shallower than 50m at all stations, but median
depth during daytime tended to increase with the
developmental stages from second calyptopis. How-
ever, the deepening trend with developmental stag-
es stopped at about 200m depth from fifth furcilia at
St. 1, sixth furcilia at St. 2, second calyptopis at St.
4 and first furcilia at St. 6. Median depth of adults
during daytime was generally at 100-200m but at
about 300m at St. 9.

In the coastal area, median depth of eggs was
deeper than 50m during day and night at each sta-
tion (Fig. 4-13). Median depth of calyptopis at night
was deeper than 50 m and deepest among all devel-
opmental stages except eggs at each station. Medi-
an depth of later stages than furcilia at night tend-
ed to be shallower with the developmental stages
and median depth of immature and adult stages was
shallower than 25m at each station. Depth of the

lower limit of 80% abundance in calyptopis and first
to third furcilia during daytime was deeper than
100m at Sts. 14 and 15 and their median depth was
Median
depth of later stages than third furcilia during day-

deepest among all developmental stages.

time was shallower than 50m at each station except
at St. 14 where median depth of small adults were at
about 150-170m. Median depth of large adults dur-
ing daytime was at about 40m at St. 15.

Distribution of E. pacifica off northeastern Japan in
July

It appears that Sts. 6, 8 and 10 were located at
the northern side of the warm-core ring (Inagake et
al., 1997), with St. 8 closest to the center of the ring
among these stations (Figs. 4-14-16). St. 5 was lo-
cated within the influence of the first branch of the
Oyashio Current while Sts. 12 and 14 were under
the influence of the second branch of the Oyashio
Current. A strong thermocline appeared between
0 to 50m and water cooler than 2.9 C occurred be-
low 50m. Eggs were abundant at St. 10 during day-
time and St. 5 and 14 at night (Figs. 4-15 and 16).
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Calyptopis and furcilia stages were abundant at St.
14 at night. Immature stage was abundant at Sts. 6
and 10 during daytime. Small adults were abundant
at St. 10 during daytime and St. 14 at night. Large
adults were abundant at St. 5 at night. Only imma-
ture euphausiids occurred at St. 8.

The median depth of each developmental stage at
night was generally shallower than 50m at each sta-
tion (Fig. 4-17). However, the median depth of de-
velopmental stages from eggs to second calypto-
pis and from fourth furcilia to adults at Sts. 6 and 10
at night was about 100m. The median depth of eu-
phausiids during daytime increased with the devel-
opmental stages from calyptopis or early stages of
furcilia at Sts. 5, 6 and 10. However, the depth in-
creased with the developmental stages from fourth
or fifth furcilia and younger stages stayed in the
shallow layer even during daytime at Sts. 12 and 14.

Distribution of E. pacifica off northeastern Japan in
September

Sts. 3 and 8 were located near the center of the
warm-core rings (37°30'N, 144°E and 40°20'N, 145°
10'E, respectively; Kato et al., 2000) and higher tem-
peratures than 10 C occurred above 200m at St. 3
and above 350m at St. 8 (Figs. 4-18-20). Sts. 7 and 9
were located along the marginal area of the warm-
core rings and higher temperatures than 16 C oc-
curred above 50m at both stations. St. 5 was locat-
ed between the first branch of the Oyashio Current
and Tsugaru Warm Current. St. 6 was located on
the east side of the cold-core ring. Lower tempera-
tures than 10C occurred below 30m at Sts. 5 and 6.
St. 2 was located between warmer and colder water
masses. St. 1 was strongly affected by the Tsugaru
Warm Current (Kato et al, 2000). St. 10 was locat-
ed south of 10T isotherm at 100m depth and water
with about 23C occurred above 20m at this station.
Maximum chlorophyll ¢ concentration occurred be-
low the thermocline (generally at 30-50m) at each
station except Sts. 2 and 7. Higher than 14 g1 oc-
curred at 30m at Sts. 5 and 6, but maximum concen-
tration was lower than 1u g1 at other stations.

A few eggs occurred at Sts. 1 and 5 but rarely oc-
curred at other stations (Figs. 4-19 and 20). A few
larvae of calyptopis and furcilia occurred at St. 5 but

rarely occurred at the other stations. Immature

stage and small adults occurred widely and were
most abundant at St. 10 at night. Large adults oc-
curred mainly at St. 5 at night, but rarely occurred
at other stations. Every developmental stage rarely
occurred at Sts. 3 and 8.

In the offshore areas, median depth of E. pacifica
at night tended to increase with the developmental
stages from fifth furcilia or immature stage at each
station (Fig. 4-21). Especially, median depth of large
adults was significantly deep at St. 7 (323m) and St.
9 (201m), and upper limit depth of their 80% abun-
dance occurred below the thermocline at both sta-
tions. Median depth of euphausiid during daytime
tended to increase with the developmental stages
from first-third furcilia. Median depth of adults dur-
ing daytime was generally about 300m at each sta-
tion, but that of large adults was 501m at St. 2 and
that of small adults was 200m at St. 9.

At St. 1, median depth of E. pacifica during day-
time tended to increase with the developmental
stages from second calyptopis and immature and
adult stages occurred in the benthopelagic layer
(Fig. 4-21). Median depth of large adults (124m) at
night was deeper than that of immature and small
adults (39 m) at St. 10. Immature and adult stages
did not occur during daytime at St. 10.

Distribution of E. pacifica off northeastern Japan in
November

Sts. 2 and 4 were located under the influence of
the Kuroshio Extension, and higher temperatures
than 15C occurred above 150m at St. 2 and above
200m at St. 4 (Figs. 4-22-24). Sts. 5 and 6 were lo-
cated along the marginal area of the cold-core ring.
Thermocline occurred between 75 and 150m at St. 5
where the temperatures were about 13C above 75m
and about 3 C below 150m. Apparent thermocline
did not occurred at St. 6. St. 8 was located under
the influence of the Oyashio Current and had a ther-
mocline between 50 and 100m with lower tempera-
ture than 4C below 100m. Chlorophyll @ concentra-
tion tended to be higher in the northern stations and
showed 0.7~09 u g 1" between the surface and 50m
at St. 8.

Eggs, calyptopis and furcilia stages occurred lim-
itedly along the marginal area of the cold-core ring
and were most abundant at St. 5 (Figs. 4-23 and 24).
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Fig. 4-23. Distribution and abundance of each developmental stage of Euphausia pacifica collected at
night and temperature gradients at 100m depth in November. The scales as in legend. Stations are

numbered in “egg”.



124 Kenji Taki

X x

B T TTIaz 141 14g 140 142 144 14g 140 14z 144 146

100 inds m™
Egg, calyptopis Small & large
furcilia, immature adul ts

<o (B0 =0

©:
0:5 2:0.1
: . 5
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numbered in “egg’.
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Immature stage occurred at Sts. 5 and 8. Small and
large adults were abundant at St. 8. Every develop-
mental stage rarely occurred at Sts. 2 and 4.

Median depth of each developmental stage at
night was shallower than 50m at St. 8 (Fig. 4-25).
Median depths of E. pacifica at night increased with
the developmental stages from immature stage and
that of large adult was 232m at St. 6. Median depth
of immature and small adults at night was signifi-
cantly deeper (436m each) and upper limit depth of
80% abundance occurred at 267 and 294m, respec-
tively, which were slightly shallower than the ther-
mocline (300-350m).

Discussion

Characteristics of the pelagic and benthopelagic E.
pacifica in the Sanriku coastal waters

From the ORI and beam-trawl net surveys, im-
mature and adult £. pacifica seem to be distributed
mainly on the upper slope where cold temperatures
=<87T occurred in the near bottom layer, forming a
benthopelagic population from early summer to fall
in the Sanriku coastal waters (Figs. 4-3-9). On the
other hand, adult E. pacifica seems to form dense
aggregations above the continental shelf where wa-
ter with 7-8C dominates in the total water column
and are pelagic throughout the day in spring (Figs.
4-3-9). MOCNESS-I net survey in the coastal waters
in spring supported the latter conclusion, ie. adults
occurred mainly above 100m at St. 15 both dur-
ing day and night in April (Fig. 4-13). On the oth-
er hand, immature and adult E. pacifica did not oc-
cur in the total column during day although they
occurred abundantly at night at St. 10 in Septem-
ber (Figs. 4-19-21). Endo (2000) observed that ben-
thopelagic E. pacifica aggregations occurred in the
sea depth range from 160-400m off Sanriku in sum-
mer and their thickness was a few meters from the
sea bed. Therefore no collection of immature and
adult stages during day at St. 10 may be due to
sampling failure of the benthopelagic E. pacifica by
MOCNESS-I net of which deepest tow depth was ca.
30 m above the sea bed.

Greene et al. (1988) suggested that Meganycti-
phanes norvegica reaches the sea bed and forms
benthopelagic aggregations in coastal waters dur-

ing day at depths less than the usual diurnal verti-
cal migration in the offshore waters. Daytime depth
(300-400m) in the offshore waters in summer and
fall seems to cause the formation of benthopelag-
ic population on the upper slope for E. pacifica. On
the other hand, adults were abundantly collected by
beam-trawl net even at night in October and Decem-
ber (Fig. 4-7). This may be due to 1) contaminat-
ed sampling with pelagic E. pacifica during the re-
trieval of the net from the sea bed to the surface or
2) the collection of genuine benthopelagic population
at night because the occurrence of the thermocline
in the middle-deeper layer prevented E. pacifica
from ascending toward the upper layer as observed
in the warm offshore waters (Figs. 4-21 and 25). A
trawl net survey using a closing net mechanism is
necessary to confirm the accurate time of formation
of benthopelagic aggregations.

Benthopelagic E. pacifica on the upper shelf was
most abundant in June. This was perhaps originated
from 1) the active recruitment of the spring-hatched
cohort because recruitment time from hatching to
immature or adult stages takes ca. 2 months (e.g.
Endo, 1981) and 2) abundant overwintered individ-
uals which formed dense pelagic populations in the
Sanriku waters in spring.

The trophic significance of E. pacifica in the San-
riku coastal waters is suggested from the results
of the present study as follows. In spring, E. paci-
fica plays an important role as food for plankton-
feeding fishes living in the shallow waters such as
sand lance and sea-birds such as Aethia cristatella
and Cerorhinca monocerata (Odate, 1991), because
it forms dense aggregations in the shallow layers on
the continental shelf during day. On the other hand,
from early summer to fall, £. pacifica plays an im-
portant role as food for demersal fishes such as wall-
eye pollack, because it forms a benthopelagic popula-
tion on the upper slope. Fujita (1994) showed that
demersal fishes in the coastal waters off Otsuchi,
Iwate Prefecture and off Sendai Bay, Miyagi Prefec-
ture ingested E. pacifica most actively from May to
July. In the present study, benthopelagic E. pacifica
on the upper shelf was most abundant in June. So,
demersal fishes seem to make the most of benthope-
lagic E. pacifica as food in early summer when it is

most abundant. The abundance of E. pacifica in ear-
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ly summer may have a strong effect on the life his-
tory of these demersal fishes.

Joint samples of plankton and predators are neces-
sary to further quantify these relationships.

Characteristics of seasonal horizontal distribution in
the offshore waters

There are apparently three tendencies in the hor-
izontal distribution in the offshore waters as follows.
1) Eggs and larval stages were most abundant in
the transitional area off Sanriku and Joban in April
but rarely occurred in the Oyashio area off south-
ern Hokkaido in the same months (Figs. 4-11 and
12). 2) Small adults occurred widely in the Oyashio
and transitional areas in each month although large
adults rarely occurred in the warmer waters of the
transitional area (10C < T, =15TC ; Figs. 4-19 and
20). 3) Every developmental stage rarely occurred
in the Kuroshio area (Figs. 4-23 and 24). These evi-
dences are consistent well with the results obtained
by the horizontal distribution survey in Chapter 3.

Diurnal vertical migration of each developmental
stage

Euphausiid eggs are generally thought to have a
higher specific gravity than sea water and sink after
liberation from gravid female (Mauchline and Fish-
er, 1969) but eggs of E. pacifica seem to be rath-
er neutral because they were generally distributed
within 100m or so in vertical range (Figs. 4-13, 17, 21
and 25).

Annual average median depth of each develop-

mental stage of E. pacifica during day and night for
all offshore stations in the MOCNESS-I net survey
is shown in Fig. 4-26. The average median depth
at night was shallower in eggs, calyptopis and early
and middle stages of furcilia and tended to increase
with the developmental stages from middle stages
of furcilia to large adults, while that during day was
shallowest in eggs and first calyptopis and tended to
increase with developmental stages from first calyp-
topis to sixth furcilia. Gradual extension of the ver-
tical range with developmental stages is well con-
sistent with the trend reported in other populations
(Brinton, 1967; Bollens et al., 1992; Iguchi, 1995).
Annual average water temperature at the median
depth of each developmental stage during day and
night is shown in Fig. 4-27. The average water tem-
perature at night was highest at about 12 C in ca-
lyptopis and furcilia stages, and was 9.8, 10.2, 9.0, 8.0
C in eggs, immature and small and large adults, re-
spectively, while that during day was highest of 9.2,
11.2T in eggs and first calyptopis, respectively, and
gradually decreased with the developmental stag-
es from first calyptopis to immature (ca. 4C). The
change in pattern with developmental stages at
night is well consistent with both that for the hori-
zontal distribution by water mass (Table 3-2) and
that for the vertical distribution (Fig. 4-26). This
suggests that the vertical distribution at night of
each developmental stage relates closely to the re-
spective suitable temperatures. On the other hand,
the change in pattern with developmental stages
during day is well consistent with that for the verti-
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Fig. 4-26. Average vertical distribution by development stage from egg to adult of Fuphausia pacifica for
offshore stations in July 1995, April and September 1998, and November 1999. Symbols show the average

median depth. Vertical bar shows standard deviation.
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cal distribution (Fig. 4-26). The vertical distribution
of each developmental stage during day is thought
to be related to not only the suitable temperatures
but also swimming ability because larval stages are
generally considered to take place diurnal vertical
migration in the shallower layer in order to effective-
ly utilize phytoplankton in the surface layer due to
their weak swimming ability (Mauchline and Fisher,
1969; Iguchi, 1995). However, the reason why pre-
third furcilia stages stayed in the surface layer even
during daytime in the Oyashio area in July seems
to be due to avoidance of cold temperatures of <4
C that occurred below the thermocline and acceler-
ation of growth in the warm surface layer (see Ross,
1981).

Median depth of E. pacifica both during day and
night tended to be deepest in eggs or calyptopis and

become shallow with the developmental stages from
calyptopis to advanced stages at coastal stations in
April, which was quite different from the diurnal
vertical migration pattern with developmental stag-
es usually found at the offshore stations (Fig. 4-13).
According to Nakagawa et al. (2001), adult E. pa-
cifica can ingest copepods with prosome length of
2.1mm which almost equals to the total length of the
third calyptopis. Therefore, it is suggested that cop-
ulated females liberate their eggs in the deeper lay-
ers and larval stages avoided adults by controlling
their diurnal vertical migration to minimize cannibal-
ism by the adults abundantly distributed in the sur-
face layer. A change in diurnal vertical migration
pattern of furcilia stage in E. pacifica according to
the abundance of predators was also observed in Da-
bob Bay, off western USA (Bollens et al., 1992).
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Characteristics of diurnal vertical migration of imma-
ture and adult stages

Iguchi et al. (1993) suggested that post larval
stages of E. pacifica avoid ascending into the surface
high temperatures at night during summer and fall
in Toyama Bay. The results of Iguchi et al. (1993)
seems to be consistent with the present study; i.e.
median depth at night of immature and adult stag-
es tended to be deeper in the warmer areas in sum-
mer and fall, especially large adults hardly reached
beyond the thermocline in the mid layer (Figs. 4-21
and 25). However, median depth at night of adults
at St. 6 in November was significantly deeper than

that at St. 1 in April, although the vertical distribu-
tion of water temperatures was similar between the
two stations (Figs. 4-10, 13, 22 and 25). Therefore,
seasonal difference in nighttime depth of adult £. pa-
cifica may be due to not only temperatures but al-
so other factors such as seasonal food conditions be-
cause adult E. pacifica tends to ingest diatoms pos-
itively when they are abundant in the surface layer
as mentioned later in Chapter 6.

Endo (1981) suggested that adult E. pacifica
needs not to descend to deeper layers in the cold-
er regions because it can reduce metabolic expendi-
ture in the shallow cold layers, while it needs to de-
scend to the deeper layers below the thermocline in
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the warmer regions, referring to the hypothesis by
McLaren (1963). Endo's results seems to be con-
sistent with the present ones, i.e. median depth dur-
ing daytime of immature and adult stages in April,
where the thermocline did not develop, was signifi-
cantly shallower (P <0.01; Mann-Whitney) than that
in other months and thus distance of diurnal ver-
tical migration tended to be shorter in April (Fig.
4-13). However, median depth during daytime of
large adults was shallow (97m) at St. 2 where the
surface temperature was higher than 15C, while
that was quite deep (326) m at St. 9 where temper-
atures lower than 3C dominated in the total wa-
ter column (Fig. 4-13). In addition, median depth
during daytime of immature and adult stages was
quite deep (250-500m) in spite of the occurrence of
a thermocline above 50m depth at St. 14 in July (Fig.
4-17). On the other hand, median depth during day-
time of immature and adult stages at the offshore
stations where the concentration of chlorophyll a
from 0 to 75m was higher than 50mg m™® was sig-
nificantly shallower (P < 0.05; Mann-Whitney) than
that where concentration was lower than 50mg m™
(Fig. 4-28). Therefore, it is suggested that the me-
dian depth during daytime depends not only vertical
distribution of temperatures but also on the illumina-
tion caused by the density of phytoplankton which
could affect the vulnerability to visual predators in
the shallow layer.

Chapter 5. Biomass, production and metabolism of
Euphausia pacifica

Euphausia pacifica is an important fisheries re-
source and food item for many fishes off the north-
eastern Pacific coast, and their biomass and produc-
tion has been actively studied (Brinton and Reid,
1986; Gomez-Gutierrez and Robinson, 1997; Heath,
1977: Tanasichuk, 1998a). Off the Japanese coast, bio-
mass and production of the species have been stud-
ied only in Toyama Bay, Japan Sea (Iguchi and Ike-
da, 1999), but such studies have not yet been con-
ducted off the Pacific coast of northeastern Japan.

In this chapter, biomass, production (growth, eggs,
moults) and metabolism (routine and diurnal verti-
cal migration) of E. pacifica were investigated along
the coastal waters off northeastern Japan, and char-

acteristics of carbon budgets of E. pacifica off north-
eastern Japan are discussed comparing with the
same species from other regions as well as other eu-

phausiid species.
Materials and Methods

The analyses of biomass and production of Eu-
phausia pacifica were based on bimonthly samples
collected using Norpac nets (diameter: 0.45m; mesh
size: 0.34mm) and 5.5m long cylindrical-conical nets
(diameter: 1.3m; mesh size: 045mm; Watanabe, 1992)
along the coastal waters off southeastern Hokkai-
do (41°-43°N), Sanriku (38°-41°N) and Joban (36°
-38°N) on the R. V. Wakataka-maru (Tohoku Nation-
al Fisheries Research Institute, Fisheries Research
Agency), Tankai-maru and Hokko-maru (Hokkaido
National Fisheries Research Institute, Fisheries Re-
search Agency) from March 1997 to February 1998.
The March survey was conducted only off Sanri-
ku. The abundance of eggs and calyptopis stage
(ca. <1 to 2mm body length) was determined from
the Norpac net collections, those of furcilia (ca. >
2 to 6mm), immature (ca. >6 to 10mm) and adult
(ca. >10mm) stages were determined from the cy-
lindrical-conical net collections. Norpac nets were
vertically towed from 150m to the surface at Im s™.
The cylindrical-conical nets were obliquely towed
at a ship speed of 2 knots from 15m above the sea
bottom to Om where the sea depth was shallower
than 300m, and towed from 150 to Om where the sea
depth was deeper than 300m. Cylindrical-conical net
was towed only at night at all stations because post-
calyptopis stages migrate below the 150m depth in
the daytime, but mostly occur at < 150m depth at
night (see Chapter 4), except at stations along the
zigzag acoustic survey lines between 100 and 300m
isobaths off Sanriku and Joban in March and April
(Miyashita et al., 1998). Water temperature and sa-
linity from 0 to 300m depth were measured by CTD
(Sea-Bird). More details on sampling methods, the
results of seasonal changes in oceanographic fea-
tures and the distribution and spawning activity of
E. pacifica using the same samples can be found in
Chapter 3.

The body length (BL: the distance between the
tip of the rostrum and distal end of the telson) was
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divided into Imm increments (24 size classes over
the entire range of <1 to 24mm BL). The relation-
ship between BL (mm) and dry weight (DW) for
E. pacifica was calculated as DW =9.954 x 10"BL*",
according to Iguchi and Ikeda (Iguchi and Ikeda,
1995). Carbon contents of each developmental stage
and size class of E. pacifica were calculated accord-
ing to Iguchi and Ikeda (1998).

Average biomass (B) of each coastal area and en-
tire survey area during entire survey period was

calculated as

]
Il
M »

((Bi+Bi+l) X di‘ i+1/2> / Z di, i+1 (51)

Il
-

where B; is biomass of ith survey, d,, ;;, is days be-
tween 7th survey and (;+1)th survey. The entire
study period was 313 days (six sampling periods)
for the coastal areas off southeastern Hokkaido and
Joban, and 356 days (seven sampling periods) for
the coastal area off Sanriku. The entire study peri-
od for the entire survey area was presumed to be
356 days (seven sampling periods) on the assump-
tion that the biomass and production off Sanriku
in March 1997 stands for the average off all three
coastal areas in the same month.

The somatic production of E. pacifica was comput-
ed as the sum of growth increments of 24 size class-

es multiplied by the abundance of each size class:

S

P,=% ((CWy —CW;) /D; x N;) (52)

=1

where P, is the daily somatic production (mg C m?

day™), i is the size class, CW; and CW,, are carbon
weight (mg C) at the beginning and end of the size
interval, D; is the developmental time (days) from
CW.: to CW.,, N.: is the average abundance (ind.
m™) of each size class and s is 24.

To obtain CW, BL data were converted to dry
weight (DW) using the allometric equation, then to
carbon units by multiplying carbon content data for
each BL class mentioned above. Monthly size-fre-
quency distribution of E. pacifica along the three

coastal areas is shown in Fig. 5-1. E. pacifica spawns

near the marginal area of the Oyashio Current (T,
=57) throughout the year (see Chapter 3), so con-
tinual occurrence of small size individuals off Sanri-
ku and Joban throughout the year (Fig. 5-1) may be
due to transportation from the adjacent spawning
area, although spawning occurs limitedly in spring
in the both areas (see Chapter 3). Discrete cohorts
are difficult to follow on the basis of such consid-
erable overlap of small size ranges. Therefore, the
growth rates of individuals for =10mm size classes
(corresponding to larval and immature size) were
estimated to be 0.lmm day " throughout the year as
reported by many field studies (Heath, 1977; Bollens
et al., 1992; Brinton, 1976; Iguchi et al., 1993; Smiles
and Pearcy, 1971). The growth rates for > 10mm
size classes (corresponding to adult size) were esti-
mated from the population size-frequency distribu-
tions of adult stage over the whole coastal area us-
ing the software application (Macdonald and Green,
1988), assuming that the seasonal growth rate was
common in the three coastal areas because adult Fu-
phausia pacifica could migrate between coastal areas
with the seasonal change of waters masses accord-
ing with the Oyashio Current and may not spend its
entire life history in each individual area (see Chap-
ter 3).

The estimations of moult and egg production
needed the assumption of habitat temperatures for
each developmental stage of E. pacifica. The me-
dian depths of eggs and the calyptopis stage are
shallower than 50 m in the Sanriku waters in both
spring and summer regardless of the difference of
water masses, except along the coastal waters in
spring (7-8C dominated throughout the water col-
umn) where their median depths are deeper than
100 m (see Chapter 4). The median depths of the
furcilia stage are at the surface layer at night and
shallower than 150m during daytime in the Sanriku
waters in both spring and summer regardless of the
water masses. Therefore, the daily average temper-
ature that E. pacifica encounters was estimated to
be the average temperature from 0 to 50m for eggs
and calyptopis stage and from 0 to 150m for furcilia
stage for each coastal area in each month. The me-
dian depths of immature and adult stages are at the
surface layer at night and about 150m during day-
time in the Sanriku waters in spring (see Chapter
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4), therefore the daily average temperature for im-
mature and adult stages was estimated to be the av-
erage temperature from 0 to 150m for each coast-
al area in March, April 1997 and February 1998. In
summer, their median depths during daytime are
about 300m, and those depths at night are deeper
than the surface layer due to avoidance of high sur-
face temperatures (see Chapter 4). The average
temperature at the upper limit depth of Dgy, (80%
range of abundance from the median depth; Pennak,
1943) at night in summer was 17.4, 14.8 and 9.9C for
immature stage, small adults (=< 15mm) and large
adults (>15mm), respectively. Therefore, the daily
average temperature was estimated to be the aver-
age temperature from the depth of 17C to 300m for
immature stage, from the depth of 15C to 300m for
small adults and from the depth of 10C to 300m for
large adults during June-December 1997.

The production of moults is given by the equation:

S

P,=% (ax DW, x N, /1P, (53)

=1

where P, is the moult production (mg C m® day™),
DW,; is the dry weight of each size class, NV, is the
average abundance of each size class, a is the per-
cent loss in body DW per moulting (4.0%; Iguchi and
Tkeda, 1999) multiplied by carbon content of moults
(23% of dry weight; Iguchi and Ikeda, 1998), and IP;
is the intermoult period (days) of immatures and
adults (>6mm) estimated from log,/P; = 0.321BL
+ 10°3HMBT where T is in C (Iguchi and Ikeda,
1995).

The production of eggs was computed by the

equation:
P,=E x CW,/D, (54)

where P, is the egg production (mg C m* day "), E
is the average abundance of eggs (number m?), De

is the average hatching time calculated from De
= 80925 x e ™7 [estimated from the relationship
between hatching times and temperatures (Table 1
in Iguchi and Ikeda, 1994)] and CWe is the carbon
weight of an egg (24 1 g C; Iguchi and Ikeda, 1998).

The metabolism (M: mg C m? day') was par-

titioned into two components; routine metabolism
(M,.,) and diurnal vertical migration metabolism
(My,) developed by Iguchi and Ikeda (1999). M.,
was represented by the mean routine oxygen con-
sumption rate (R: ul O, indiv.? hr?) of E. pacifi-
ca placed in a pressurized (40 atm) and unpressur-
ized (1 atm) annular respirometer by Torres and
Childress (1983), combined with the body exponent
(0.85) of oxygen consumption rates obtained for an
allied species E. superba by Ikeda (1984),i.e. R = a
DW*®. @ =103 at 8C (Torres and Childress, 1983).
Mg, is the amount of oxygen consumed in the di-
urnal vertical migration (R* g1 O, indiv." km™),
which was calculated from the equation of net cost
of transport as a function of weight (mg DW) of an-
imals established for pelagic crustaceans ("multiple-
paddle" propulsive system as compared with "undu-
latory" propulsion system of fish): R' = 2874 DW **
(Torres, 1984; the original equation based on energy
units was modified using the oxycalorific equivalent
of 1 cal = 208.33 ul O, and water content of E. paci-
fica (80%) by Iguchi and Ikeda (1999)). R'is inde-
pendent of temperature in theory (cf. Morris ef al.,

1990). Thus, each metabolism is given by equation:

M., =ax24x10%x b x L DW'®X N, (55)
My, =d x10°%x2874% b x £ DW,?x N, (56)

where @ (1.03 at 8C) for each habitat temperature
mentioned above is computed using the mean @,, =
2.1 obtained in the experiment of Torres and Chil-
dress (1983), b (097 x 12/22.4) is conversion factor
for oxygen (volume) to carbon (weight) assuming
protein metabolism (RQ = 0.97; Gnaiger, 1983), DW,
is the dry weight of each size class, &, is the average
abundance of each size class, d is diurnal vertical mi-
gration distance (km) defined as above.

The carbon assimilated by E. pacifica (A: mg C
m* day") is defined as A =P+ M=P,+ P, + P, +
M., + Myg,, assuming no leakage of soluble organic
matter from the body. The amount of ingested car-
bon (I: mg C m? day") was computed by adopting
an assimilation efficiency value of 84 % determined
on E. pacifica by Lasker (1966), ie. [ = A/0.84.

Each production and metabolism (PM) of each
coastal area and entire survey area during entire

survey period was calculated as
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S
PM = 2 ((PM+PM+1) X di, i+1/2) (57)

=1

where PM; is daily each production and metabolism
of ith survey, d, ;, is days between 7th survey and
(7+1) th survey.

Results

Biomass

Off southeastern Hokkaido, the monthly bio-
mass of E. pacifica increased from April to October,
peaked at 852mg C m™ in October and decreased
after that (Fig. 5-2). Off Sanriku, the biomass was
high in April (509mg C m®) and February (1,055

mg C m™®), but was low from June through Decem-

Kenji Taki

ber (112-209 mg C m™®). Off Joban, the biomass was
high in April (254mg C m™), June (591mg C m™),
and February (453mg C m™), but was low from Au-
gust through December (90-104mg C m™®). The rel-
ative contribution of large adults ( >15mm) to the
total biomass tended to be high in each coastal area
when the total biomass was high.

Large adults of E. pacifica were most abundant
in October off southeastern Hokkaido, and abundant
in February, April and June off Sanriku and Joban
(Fig. 5-2). So, high biomass tended to be recognized
when large adults were abundant in each coastal ar-
ea.

Annual mean biomass was 381mg C m™> 314mg
C m* and 258mg C m* off southeastern Hokkaido,
Sanriku and Joban, respectively (Table 5-1).

Annual mean biomass peaked among 13-19mm

size classes commonly in each coastal area, with a
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Fig. 5-5. Seasonal changes in the average length of each cohort of adult Eu-
phausia pacifica estimated by size-frequency distributions in all coastal areas
off northeastern Japan. Roman numerals indicate the cohort number. Lines:

Hypothetical growth. Vertical bars:

SD.

Table 5-1. Carbon budget (mg C m?) of E. pacifica along the three coastal areas off northeastern Japan during

the survey period (313 or 356 days)

SE Hokkaido (313 days) Sanriku (356 days) Joban (313 days) Entire area (356 days)
Mean biomass (8) 381 314 258 309
(% of P) (% of A) (% of P) (% of A) (% of P) (% of A) (hof P) (% of A)
Somatic production (P,) 197 51.5% 25.7% 2178 56.3% 28.3% 1591 70.9% 30.0% 1983 57.7% 27.8%
Egg production (P,) 1636 42.7% 21.3% 1414 36.5% 18.4% 410 18.3% 7.7% 1199 34.9% 16.8%
Moult production (~P,) 221 5.8% 2.9% 280 1.2% 3.6% 243 10.8% 4.6% 255 7.4% 3.6%
Gross production (P=P+P +P,) 3829 49.9% 3872 50.3% 2243 42.3% 3438 48.2%
Routine Metabolism (M,,) 2520 32.8% 2783 36.1% 2257 42.5% 2614 36.7%
Diurnal vertical migration metabolism ( Mg,) 1325 17.3% 1044 13.6% 805 15.2% 1074 15.1%
Gross metabolism (M=M,+My,) 3846 50.1% 3827 49.7% 3062 57.7% 3688 51.8%
Assimillation (A=P+M) 7674 7699 5306 7126
Ingestion (/=A/0.84) 9136 9166 6316 8483
PgB 5.17 6.94 6.17 6.41
P:B 10.05 12.34 8.70 11.12
PM 1.00 1.01 0.73 0.93
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second smaller peak among 3-bmm size classes off
southeastern Hokkaido (Fig. 5-3). The relative bio-
mass of size classes >10mm was considerably high,
contributing 76.6-83.6% to the total in each coastal
area.

Monthly mean biomass in all survey stations var-
ied between 104 mg C m? (in December) to 685mg
C m™ (in February), and the annual mean biomass
was 309mg C m™? (Table 5-1).

Somatic

Seasonal growth pattern

In the monthly average length-frequency distribu-
tions of adult E. pacifica in the all three coastal ar-
eas, two modal size groups were generally recog-
nized (Fig. 5-4). It was difficult to rationally divide
the size distribution for February into two mod-
al groups based only on the length-frequency data.
The groups for February were divided by consider-
ing the sequence of modal groups from June to De-
cember. Based on the modal growth pattern, aver-
age growth follows this pattern (Fig. 5-5): cohort I of

Oct Dec Feb

Daily production (mg C m™)

15 |
10F

0=

Mar. Apr June Aug Oct Dec Feb
1997 1998

Fig. 5-6. Seasonal changes in daily production of somatic, moult and
egg of Euphausia pacifica along the three coastal areas off northeastern
Japan. The symbols are the same as shown in Fig. 5-3.
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Table 5-2. Relative contribution (%) of each size class of E.pacifica to mean biomass
(B), somatic producition (P,), moult production (P,), routine metabolism (M,,), diurnal
vertical migration metabolism (My,) and assimilation (4) achieved during survey period
off SE Hokkaido

Size
Development  Class %B WP, %P, BM i, %M g, % A
stage” (mm)
Calyptopis 0~1 0.004 0.8 0.03 0.04 0
1~2 0.1 22 0.5 0.5 0
2~3 0.7 8.3 3.1 23 0.9
Furcilia 3~4 41 303 173 124 6.0
4~-5 46 245 16.1 1.2 6.4
5~6 24 9.8 5.8 42 35
Immatures 6~7 12 40 21 1.6 2.1
7~8 13 3.9 22 1.8 25
8~9 13 3.3 20 1.6 20 =10 mm
9~10 0.8 1.7 0.9 0.8 12 40.6
Small adults  10~11 1.2 0.9 1.1 1.1 15
11~12 20 1.7 15 1.7 25
12~13 53 25 43 4.6 6.5
13~14 85 2.3 75 1.7 9.6
14~15 74 0.8 50 5.8 6.5
Large adults 15~16 105 0.7 5.6 7.6 85
16~17 16.1 0.7 8.9 11.8 14.0
17~18 15.2 05 8.2 1.2 12.9
18~19 9.1 0.4 47 6.6 7.0
19~20 48 0.4 20 3.1 33
20~21 14 0.2 04 08 0.9
21~22 20 0.1 0.7 1.3 1.3
22~23 0.2 0.03 0.1 0.1 0.2 > 10 mm
23~24 0.04 0 0.01 0.02 0.02 59.4
Total 100 100 100 100 100 100

*Developmental stages should be considered as a rough guide.
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Table 5-3. Relative contribution (%) of each size class of E.pacifica to mean biomass
(B), somatic producition (P,), moult production (P,), routine metabolism (M,), diurnal
vertical migration metabolism (M) and assimilation (A4) achieved during survey peri-
od off Sanriku

Size
Development  Class %B WP, %P, M 4 %M g, % A
stage” (mm)
Calyptopis 0~1 0.002 04 0.01 0.02 0
1~2 0.1 1.5 0.3 0.3 0
2~3 1.2 12.2 3.8 34 3.2
Furcilia 3~4 2.7 16.8 7.1 6.3 6.8
4~5 2.6 11.6 6.5 52 49
5~6 2.1 7.4 5.2 4.1 34
Immatures 6~7 2.6 7.7 4.6 3.8 6.0
7~8 4.0 10.0 6.7 55 6.6
8~9 42 9.0 5.9 5.0 6.3 <10 mm
9~10 39 75 54 47 5.1 446
Small adults  10~11 44 1.8 5.0 4.6 55
11~12 5.2 1.4 5.3 5.1 55
12~13 6.8 1.3 6.4 6.3 6.6
13~14 7.6 1.2 6.4 6.7 6.6
14~15 8.6 1.4 6.5 71 6.5
Large adults 15~16 8.9 1.5 6.1 7.0 6.0
16~17 6.9 1.1 44 53 47
17~18 7.2 1.4 42 5.4 4.6
18~19 6.2 1.8 33 44 3.7
19~20 44 15 2.1 3.0 24
20~21 6.7 1.1 2.7 43 3.7
21~22 2.7 0.4 1.2 1.8 15
22~23 1.0 0.1 04 0.6 05 > 10 mm
23~24 0.002 0 0.001 0.001 0.001 55.4
Total 100 100 100 100 100 100

*Developmental stages should be considered as a rough guide.
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Table 5-4. Relative contribution (%) of each size class of E.pacifica to mean bio-
mass (B), somatic producition (P,), moult production (P,), routine metabo-
lism (M,,), diurnal vertical migration metabolism (My,) and assimilation (A4)

achieved during survey period off Joban

Size
Development  Class %B WP, %P, DM i, %M 4, % A
stage” (mm)
Calyptopis 0~1 0.007 1.0 0.02 0.03 0
1~2 0.1 14 0.2 0.3 0
2~3 0.7 6.8 1.7 1.7 1.4
Furcilia 3~4 2.2 134 43 40 49
4~5 28 12.3 6.3 53 48
5~6 34 11.7 7.1 5.8 53
Immatures 6~7 25 7.2 43 3.6 5.1
7~8 3.2 79 5.1 43 5.6
8~9 5.0 10.8 75 6.4 76 =10 mm
9~10 3.6 6.8 48 42 5.4 46.9
Small adults  10~11 45 2.8 5.7 5.1 6.0
11~12 55 2.3 6.3 5.8 6.4
12~13 73 29 74 7.2 7.6
13~14 114 5.4 10.1 10.3 10.6
14~15 6.2 0.9 48 52 49
Large adults 15~16 5.8 1.0 3.9 45 3.7
16~17 79 1.6 5.0 6.0 458
17~18 10.3 1.8 6.1 1.7 6.0
18~19 6.6 0.9 3.8 49 3.8
19~20 54 0.7 2.8 3.8 3.2
20~21 4.2 0.4 2.1 3.0 22
21~22 1.1 0.1 05 0.8 0.7
22~23 04 0.03 0.2 0.3 02 > 10 mm
23~24 0 0 0 0 0 53.1
Total 100 100 100 100 100 100

*Developmental stages should be considered as a rough guide.

about 13mm in March shows rapid growth through
about 16mm in April to about 18mm in June with
the growth rate being 0.077mm day " from March to
April and 0.019mm day " from April to June. This
cohort then shows no growth after June to Decem-
ber, and is likely to connect to cohort II of about
18mm in March if the seasonal growth pattern could
be supposed to be invariable between years. Cohort
II showed rapid growth (0.046mm day') to about
20mm in April. There are two new cohorts in June
(cohort III) and December (cohort IV) which seem
to be spring-hatched and fall-hatched, respectively
(see Chapter 3). Cohort III of about 12mm in June
shows slow growth (0.008mm day ") to about 14mm

in February. Cohort IV of about 10mm in December

also shows slow growth (0.016mm day') to about
11lmm in February. Both of these newly-appearing
cohorts are likely to connect to the cohort I of about
13mm in March if the seasonal growth pattern could

be supposed to be invariable between years.

Production

Off southeastern Hokkaido, the production due to
growth (P,) was remarkably high (235mg C m™)
in October, but was almost less than 3mg C m™? in
other months (Fig. 5-6). Higher P, was observed in
April (70mg C m™® and December (9.0mg C m™)
off Sanriku and in June (99mg C m™®) and February
(76mg C m™® off Joban. The seasonal change off

Sanriku and Joban was less dramatic than off south-
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eastern Hokkaido. High P, tended to be observed
when high abundance of larvae occurred in each
coastal area, and vice versa (see Chapter 3).

Off southeastern Hokkaido, the production due
to moults (P,) was high (24mg C m™®) in Octo-
ber, but was almost less than 0.5mg C m™ in other
months (Fig. 5-6). Higher P, was observed in Feb-
ruary (20mg C m™) off Sanriku and, in June (1.6mg
C m™® and next February (L.Img C m™®) off Joban.
The seasonal change of P, synchronized well with
that of the biomass (Fig. 5-2) in each coastal area.

Off southeastern Hokkaido, the production due to
eggs (P,) was remarkably high (240mg C m™® in
October, but was remarkably low in other months
(Fig. 5-6). Off Sanriku, P, was 11.3mg C m™ in
April and 81mg C m™ in June, but was remarkably
low in other months. Off Joban, P, was 7.6mg C m*

in April but remarkably low in other months. The

seasonal change of P, depended strongly on that of
abundance of eggs in each coastal area (see Chapter
3).

The total production (P = P, + P, +P,) dur-
ing the survey period off southeastern Hokkaido
(3829mg C m™®) was comparable with that off San-
riku (3,872mg C m™®), but rather higher than that
off Joban (2,243mg C m™®) (Table 5-1). The rank
of P : B ratio during the survey period was Sanri-
ku (12.34) > southeastern Hokkaido (10.05) > Joban
(8.70). The production due to growth during the
survey period ranged from 2,178mg C m* off Sanri-
ku to 1,591mg C m™ off Joban, contributing the high-
est proportion (51.5-70.9%) to the total production
in each coastal area. The production due to moults
during the survey period ranged from 280mg C m™
off Sanriku to 221mg C m off southeastern Hokkai-
do, contributing the lowest proportion (5.8-10.8%) to
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Fig. 5-7. Seasonal changes in carbon loss due to routine metabolism
(M.,,) and diurnal vertical migration metabolism (M) of E. pacifi-
ca along the three coastal areas off northeastern Japan. The symbols

are the same as shown in Fig. 5-3.
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Table 5-5. Relative contribution (%) of each size class of E.pacifica to mean biomass (B),
somatic producition (P,), moult production (P,), routine metabolism (M,,), diurnal ver-
tical migration metabolism (#;,) and assimilation (A4) achieved during survey period off

entire surveyarea

Size
Development  Class %B WP, %P, M 4, %M 4, % A
stage” (mm)
Calyptopis 0~1 0.004 0.6 0.02 0.01 0
1~2 0.1 1.6 0.3 0.2 0
2~3 09 95 2.9 2.3 1.9
Furcilia 3~4 2.8 19.0 8.8 7.1 5.8
4~5 3.1 15.0 8.6 6.6 53
5~6 24 8.9 58 44 3.7
Immatures 6~7 20 6.4 3.8 3.0 45
7~8 2.8 7.6 5.0 4.0 4.8
8~9 3.3 78 53 44 50 <10 mm
9~10 25 52 3.8 3.1 35 424
Small adults  10~11 3.2 1.8 40 3.6 4.0
11~12 4.0 1.8 46 42 45
12~13 6.1 2.2 6.0 58 6.6
13~14 8.2 2.7 75 7.6 8.3
14~15 75 1.4 5.6 6.2 6.2
Large adults 15~16 8.8 1.4 55 6.7 6.6
16~17 10.0 1.3 5.8 7.4 8.1
17~18 10.6 1.5 6.0 7.9 8.0
18~19 79 1.6 43 5.8 53
19~20 55 1.4 2.7 3.9 34
20~21 52 0.8 24 3.6 28
21~22 24 0.3 1.1 1.7 1.4
22~23 0.7 0.1 0.3 0.5 04 > 10 mm
23~24 0.02 0 0.004 0.01 0.01 57.6
Total 100 100 100 100 100 100

*Developmental stages should be considered as a rough guide.

the total production in each coastal area. The pro-
duction due to eggs (1,636mg C m™?) during the sur-
vey period off southeastern Hokkaido was slight-
ly higher than that off Sanriku (1,414mg C m™®), but
about 4 times higher than that off Joban (410mg C
m?). The total production across the entire sur-
vey area was 3438mg C m™ and the P : B ratio was
11.12.

The relative contribution of each size class to the
total somatic production during the survey peri-
od was high among 3-5mm size classes (25.8-54.8%)
commonly in each coastal area (Tables 5-2-4). How-
ever, the relative contribution of size classes >
10mm was only 11.1-20.7% in each coastal area. The
relative contribution of each size class to the to-
tal exuvial production during the survey period

was high among 3-5mm size classes (33.4%) and

13-19mm (39.9%) off southeastern Hokkaido (Ta-
ble 5-2). On the other hand, it was nearly constant
across the wide size range (3-18mm) off Sanriku
and Joban (Tables 5-3 and 4).

Metabolism

Off southeastern Hokkaido, the routine metabo-
lism (M,,) was highest (23.3mg C m™ in October,
but was less than 2mg C m™? in April and Decem-
ber (Fig. 5-7). Higher M,, was observed in Febru-
ary (219mg C m™®) off Sanriku and in June (152mg
C m?®) and February (11.lmg C m™® off Joban. The
seasonal change of M, synchronized well with that
of the biomass (Fig. 5-2) in each coastal area.

Off southeastern Hokkaido, the diurnal vertical
migration metabolism (M) was highest (10.6mg

C m?®) in October, but was less than Img C m? in
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April and December (Fig. 5-7). Higher M, was ob-
served in February (7.5mg C m™®) off Sanriku and in
June (50mg C m™®) off Joban. The seasonal change
of My, synchronized well with that of the biomass
(Fig. 5-2) and M, in each coastal area. The total
metabolism (M = M,,, + M,,) during the survey pe-
riod off southeastern Hokkaido (3,846mg C m™?) was
comparable with that off Sanriku (3,827mg C m™),
but higher than that off Joban (3,062mg C m™®) (Ta-
ble 5-2). The routine metabolism during the sur-
vey period ranged from 2,783mg C m™ off Sanriku
to 2,257mg C m” off Joban, contributing the highest
proportion (32.8-42.5%) to the assimilation in each
coastal area. The diurnal vertical migration metabo-
lism during the survey period ranged from 1,325mg
C m? off southeastern Hokkaido to 805mg C m” off
Joban, contributing 13.6-17.3% to the assimilation in
each coastal area. The total metabolism across the
entire survey area was 3,688mg C m > contributing
51.8% to the assimilation.

The relative contribution of each size class to the
total routine metabolism during the survey peri-
od was high among 3-5mm size classes (23.6%) and
16-18mm (23.1%) off southeastern Hokkaido, but
it was nearly constant across the wide size range
(3-18mm) off Sanriku and Joban (Tables 5-2-4).
The relative contribution of each size class to the to-
tal diurnal vertical migration metabolism during the
survey period was similar to that to the total routine
metabolism in each coastal area, but the relative con-
tribution among 16-18mm (27%) was about 2 times
higher than that among 3-5mm (12.4%) off south-
eastern Hokkaido.

Assimilation and ingestion

The assimilation (4) during the survey period off
southeastern Hokkaido (7,674mg C m™®) was com-
parable with that off Sanriku (7,699mg C m™®), but
rather higher than that off Joban (5,306mg C m™)
(Table 5-1). The assimilation across the entire sur-
vey area was 7,126mg C m > The ingestion (/) dur-
ing the survey period ranged from 9,166mg C m™
off Sanriku to 6,316mg C m off Joban, and the in-
gestion across the entire survey area was 8483mg C
m>.

The relative contribution of larval size class ( <

10mm) to the assimilation (thus also to the inges-

tion) during the survey period ranged from 41 to
47% in the coastal areas (Tables 5-2-5).

Discussion

Characteristics of biomass

High biomass was recognized when large adults
were abundant in each coastal area (Fig. 5-2). The
relative contribution of large adults to the total an-
nual mean biomass was 51% across the entire sur-
vey area, while their relative contribution to the to-
tal annual mean abundance was only 2.6%. There-
fore, the biomass is thought to be strongly affected
by the occurrence of large adults which have a rela-
tively high weight per individual. Annual mean bio-
mass was low in the low latitudes due to the influ-
ence of the warmer Kuroshio waters through sum-
mer and fall which large adults avoid (see Chapter
3).

The biomasses of several euphausiid species from
several regions are shown in Table 5-6. Water con-
tent and carbon content are assumed to be 80 % and
43 %, respectively and converted to carbon weight
(mg) per square meter or dry weight (mg) per
1,000 cubic meters from original units in the litera-
ture (Brinton and Reid, 1986; Gomez-Gutierrez and
Robinson, 1997; Heath, 1977, Tanasichuk, 1998a; Go-
mez-Gutierrez et al., 1996; Hirota et al., 1982; La-
vaniegos, 1995; Mauchline, 1977; Siegel, 2000; Tanasi-
chuk, 1998b). The annual mean biomass of E. paci-
fica in the coastal waters off northeastern Japan was
lower than that at Saanich Island (Heath, 1977) and
off Oregon (Mauchline, 1977) in the upstream Cali-
fornia Current, but higher than that off southern Cal-
ifornia (Brinton, 1976) and off Baja California (Go-
mez-Gutierrez and Robinson, 1997) in downstream
California Current. The tendency for the biomass of
E. pacifica to be higher in the higher latitudes of the
eastern Pacific is identical with the trend along the
coastal waters off northeastern Japan.

The annual mean biomass of 1,090mg C m? for
E. pacifica in Toyama Bay was about three times
higher than that found along the coastal waters off
northeastern Japan (Iguchi ef al., 1993). The annu-
al mean abundance of eggs of E. pacifica was 2,749
inds m? in Toyama Bay (calculated from Table 1 in
Iguchi et al. (1993)), which is nearly identical with
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the value of 2,894 inds m™? for the entire survey area
off northeastern Japan. However the annual mean
abundance of adults in Toyama Bay (822 inds m™®)
is about seven times higher than that of the entire
survey area off northeastern Japan (122 inds m™),
so such large difference in annual mean biomass is
thought to attribute to the large difference in an-
nual mean abundance of adults. The mortality rate
of fall-winter hatching may be higher than that of
spring hatching off northeastern Japan because of
unfavorable feeding condition during fall and win-
ter as shown by the low abundance of phytoplank-
ton, microzooplankton and mesozooplankton (Kasai
et al., 2001; Kotani et al., 1996; Odate, 1994). There-
fore, the annual average recruitment rate off north-
eastern Japan is suggested to be lower than that in
Toyama Bay where spawning occurred limitedly in
spring phytoplankton bloom (Iguchi ef al., 1993).

Off the Pacific coast of Japan, the biomass of E.
pacifica is much higher than that of southern warm-
er species in Sagami Bay (Hirota et al., 1982; Hi-
rota et al., 1990) (Table 5-6). However, no latitudi-
nal trend is found between different species in the
global level. For example, the biomass of subarctic
species such as Thysanoessa rachi and T. inermis
in the north Atlantic (45-60°N) is much lower than
the mean biomass of subarctic-transitional E. pacifi-
ca off northeastern Japan (36-43°N). It should not-
ed, however, that subarctic species in the north At-
lantic studied by Lindley (1978; 1980; 1982) were on-
ly sampled the upper 10m layer by day and night,
which may have led to underestimation of euphau-
siid biomass due to the vertical migratory behavior.
The survey using with the same gear and methods
is needed to compare the biomass of euphausiid spe-
cies correctly.

Characteristics of production and assimilation

The relative contribution of larval and immature
specimens ( <10mm) of E. pacifica to the total so-
matic production during the survey period was high
(79-89%), although their contribution to the total an-
nual mean biomass was only 14-24% in each coastal
area. This is due to the high growth rate of larvae
and immature specimens as compared to adult spec-
imens. This tendency was also recognized for E. pa-
cifica from Barkley Sound, where the annual produc-

tion due to growth and moults of larval and imma-
ture specimens ( <9mm) showed the high propor-
tion to the total (25-72% and 7-46%), although their
annual mean biomass showed the low proportion to
the total (14-24%) from 1991 to 1997 (Tanasichuk,
1998a).

Annual P, : B, P, B and P, : B ratios of sever-
al euphausiids are shown in Table 5-6. The previous
measurements were standardized to carbon units by
assuming the same carbon content as E. pacifica in
this study: 43% of DW for the body, 23% of DW for
moults, and 47% of DW of eggs.

The annual P, : B ratio tends to be high (ca. 9-15)
for euphausiids that show continuous occurrences of
larvae throughout the year and high growth rates,
such as E. pacifica and Thysanoessa spinifera off
Barkley Sound (Tanasichuk, 1998a; 1998b), E. pacifi-
ca off Oregon (Mauchline, 1977), N. simplex off Baja
California (Gomez-Gutierrez and Robinson, 1997; La-
vaniegos, 1995) and Nyctiphanes australis off Storm
Bay, Tasmania (Hosie and Ritz, 1983). Meanwhile,
the annual P, : B ratio tends to be low (ca. 1-4) for
euphausiids which have short spawning periods
and slow or long stagnated growth, such as E. su-
perba (Miller et al., 1985; Siegel, 1992), M. norvegi-
ca (Lindley, 1982; Mauchline, 1985) and Thysanoessa
spp. (except for 7. longicaudata in the North Atlan-
tic Ocean) (Lindley, 1978; 1980). The P, : B ratio
(5.2-6.9) of E. pacifica along the coastal waters off
northeastern Japan was intermediate between these
two groups due to the stagnant growth of adults
during summer-winter coupled with the continu-
ous occurrence of larvae which show high growth
rate throughout the year off Sanriku and Joban and
the considerably numerous larvae occurring in Octo-
ber off southeastern Hokkaido (see Chapter 3). In
Toyama Bay seasonal growth pattern of adult £. pa-
cifica is similar to that off northeastern Japan but
the occurrence of larval stages was limited only in
spring (Iguchi et al., 1993). So, P, : B ratio in Toya-
ma Bay (3.8) is rather lower than that off northeast-
ern Japan (Table 5-6).

The annual P, : B (ca. 1.0) of E. pacifia both in
the eastern and western Pacific Ocean was much
lower than that of N. australis (4.2) in Storm Bay
and E. lucens (3.2-3.3) in the Benguela Current.

This was mainly due to the long interval of moults
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in E. pacifica as compared with that in V. australis
The interval in E. pacifica was 3-10
days for larvae-immatures and 8-22 days for adults

and E. lucens.

along the coastal waters off northeastern Japan, and
was 3-4 days for larvae-immatures and 4-6 days for
adults in V. australis and E. lucens.

Iguchi and Ikeda (1999) showed that the relative
proportion of egg production to the total produc-
tion (P, + P, + P,) in E. pacifica was 20.6% in Toya-
ma Bay, which is comparable to the value of 26.5%
for the same species in the northern North Pacif-
ic (Lasker, 1966) and thus supposed that E. pacifi-
ca is a euphausiid characterized by a higher invest-
ment of carbon in egg production. E. pacifica along
each coastal area off northeastern Japan also showed
high proportion of egg production (18-43%) to the
total production despite the limited spawning sea-
son. The low exuvial production due to relatively
long interval of moults mentioned above is thought
to increase the relative proportion of egg production
in E. pacifica. The annual P, : B ratio (1.6-4.5) of
E. pacifica along the coastal waters off northeastern
Japan was higher than that (1.1) in Toyama Bay.
This may attribute to unfavorable recruitment or
underestimation of biomass due to cohesive aggrega-
tion along the coastal waters off northeastern Japan
as compared with Toyama Bay mentioned above.

Metabolism of E. pacifica had been only calculat-

ed for Toyama Bay population by Iguchi and Ike-
da (1999). P : M ratio (0.73-1.0) along each coast-
al waters off northeastern Japan during survey pe-
riod was significantly higher than that in Toyama
Bay (0.41) (Table 5-1). One of the reasons attribute
to higher P, : B and P, : B ratios off northeastern
as mentioned above. The other reason is that both
M., : B and My, : B ratios along the coastal waters
off northeastern Japan (6.7-8.9 and 3.1-3.5, respective-
ly) is lower than that in Toyama Bay (10.0 and 4.8,
respectively). Lower M, : B and M, : B ratios off
northeastern Japan attribute to lower habitat tem-
peratures or lower coefficient @ in equations (5.5) (e.
g. average of 6.7C off northeastern Japan vs. 8.0C
in Toyama Bay for large adults) and shorter diur-
nal vertical migration or coefficient d in equation (5.
6) (e.g. average of 0.31km off northeastern Japan vs.
0.4-0.6km in Toyama Bay for large adults), respec-
tively. However it should be noted that the shorter
diurnal vertical migration is closely related to shal-
low sea bottom depths at onshore stations which
could interrupt descending toward deeper depths in
daytime usually conducted in offshore area.

Chapter 6. Feeding of Euphausia pacifica

Endo (1981) and Nakagawa et al. (2001) stud-
ied the seasonal changes in stomach contents of Eu-
phausia pacifica in Sanriku waters. Off northeastern

Table 6-1. Locations of stations, times of sampling, number of samples and total length of Euphausia pacifica exam-
ined for the southeastern Hokkaido and Joban waters

Number of Range of Mean total length
Latitude Longitude Depth (m) Day Time samples total length (mm) +SD
SE Hokkaido 42°20'N 143°45E 295 Apr. 15'97  2:47 20 13.5-21.0 17426
42°30N  145°00'E 1790 Jun. 21,97 21:58 9 11.7-18.9 16.1+£23
42°40N  144°55'E 540 Aug. 6,97 21:29 20 13.3-19.5 164116
42°40'N  144°55'E 540 Oct. 1,97 0:08 20 12.6-18.5 16.7+=1.6
42°40N  144°55'E 540 Dec. 9,97 18:21 10 12.0-18.4 14.6+20
42°40'N  144°55'E 540 Feb. 25,98 22:04 20 14.5-20.3 16.4+15
Joban 37°35'N  141°36'E 219 Apr. 2297 0:43 20 13.2-18.1 15.8+1.2
36°50'N 141°15°E 179 Jun. 24’97 0:09 20 12.5-22.3 16.8+2.2
36°50'N  141°16'E 200 Aug. 2,97 1:26 20 10.1-14.3 11.8%+1.1
36°50'N  141°17E 208 Oct. 5,97 20:43 20 12.0-17.0 134+13
36°50'N  141°17E 208 Dec. 11,97 22:40 8 10.0-12.6 11.2%+1.0
36°50'N  141°16'E 200 Feb. 28,98 22:35 20 14.0-17.2 15.7+1.0
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Japan, however, the food habits of E. pacifica have
been studied only in Sanriku waters. Studies on the
comparison of the food habits of E. pacifica between
different water masses is important to understand
the structure of marine ecosystems off northeastern
Japan.

In this chapter, seasonal changes in stomach con-
tents of E. pacifica was surveyed in the coastal wa-
ters off southeastern Hokkaido and Joban. From the
results, how diets and feeding behavior change ac-
cording to ambient food conditions were examined.
In addition, the significance of ingestion of copepods
by E. pacifica was compared between the coastal

waters off northeastern Japan.

Materials and Methods

Cylindrical-conical net samples collected bimonth-
ly from April 1997 to February 1998 in the south-
eastern Hokkaido waters (about 42°40'N) and the
Joban waters (about 36°50'N) (see Chapter 3) were
used for the analysis of stomach contents of Euphau-
sia pacifica (Table 6-1). The profiles of temperature
and salinity were determined using CTD (Sea-Bird)
or STD (Alec Electronics).

A 100 ml water sample was collected from each
of 6 depths (0, 10, 20, 30, 50, 75m), filtered through
a Whatman GF/F glass fiber filter, and analyzed by
the method of Yentsch and Menzel (1963) with a Hi-
tachi 139 spectrofluorometer for chlorophyll a. Chlo-
rophyll a was integrated over the upper 75 m, and
then averaged for each cruise.

Eight to ten adult E. pacifica were sorted ran-
domly from each station, and their total length, from
the anterior tip of the rostrum to the distal end of
the telson, was measured. A total of 207 stomachs
were dissected out and the contents spread on glass
slides. Stomachs were examined under a dissecting
microscope, and scored into 5 classes based on their
fullness: empty stomachs (class 0), less than 25%
full (class I), 25-50% full (class II), 50-75% full (class
1II), more than 75% full (class IV).

Food organisms were identified, enumerated and
dimensions measured to allow calculation of both
the total carbon content of the stomach contents
and the relative contribution of the various prey
types. The carbon contents of diatoms and dinofla-
gellates were estimated from cell volumes accord-

ing to Strathmann (1967). Tintinnid carbon was es-
timated from the lorica volume according to Verity
and Langdon (1984). Invertebrate eggs found in the
stomachs were thought to be copepod eggs and car-
bon content was estimated from the egg size using
a conversion factor of 0.14 pgC xm™ (Kiorboe et al.,
1985). Copepods in the stomach were identified from
their hard structures, mandibles, and their number
was determined from the number of pairs of man-
dible blades of a given size. Total length of cope-
pods was measured when found intact in the stom-
ach. The carbon content of copepods was obtained
by estimating the prosome length from the width
of the mandible blades using the equation of Karl-
son and Bamstedt (1994), then calculating the dry
mass from the prosome length of the copepod and
assuming that 46% of the dry mass was carbon (Vi-
dal, 1980). The carbon contents of intact copepods
in the stomach were calculated from the total length
using the equation of Hirota (1986).

Body carbon of E. pacifica was estimated from the
total length using the equation of total length vs. dry
weigh from Iguchi and Ikeda (1995) and conversion
factor from the dry weight to carbon weight in dif-
ferent size classes of E. pacifica from Iguchi and Ike-
da (1993).

Daily carbon ingestion of E. pacifica was calculat-
ed based on the gut passage time of 1.08 hr (Willason
and Cox, 1987) and constant feeding limited from

sunset to sunrise.
Results

Along the coastal waters off southeastern Hok-
kaido, waters with temperatures less than 2C oc-
curred from the surface to 300m depth and coast-
al Oyashio waters with salinities less than 33.0 PSU
occurred in the upper layer shallower than 100m in
April (Fig. 6-1). Surface water temperatures rose
from April to October. Surface water temperature
was about 13C but less than 5C in the deeper lay-
er than 75m in October. The surface water temper-
atures dropped after October and coastal Oyasshio
waters with temperatures less than 1C and salini-
ties less than 33.0 PSU in the upper layer than 50m.
Along the coastal waters off Joban, water tempera-
ture in the total water column rose from April to Oc-
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tober and the surface water temperature was about
22T in August and October. Waters with tempera-
tures higher than 5°C and salinities higher than 33.7
PSU were dominant from April to December. How-
ever, waters with temperatures less than 7C and sa-
linities less than 33.7 PSU occurred in the upper lay-
er than 30m.

Along the coastal waters off southeastern Hokkai-
do, chlorophyll ¢ concentration was extremely high,
117 u gl in the surface layer in April and it was 4.2
wgl! in 30m (Fig. 6-1). However, it was less than
0.5 u gl over the total water column in August. It
was 14 u gl over the surface layer in October and

0.8 ugl” in the upper layer than 50min December.

Apr. Jun.
Ch.a(lugf) 0 4 8 12 012345 0

It was less than 04 u gl in the total water column
in February. Along the coastal waters off Joban,
chlorophyll @ concentration was 1.7 x gl in the sur-
face layer in April and it was 0.7-09 u gl in 30-50m.
However, it was less than 0.3 gl in the total wa-
ter column from August to December. It was
0.91-0.96 x gl* in 30-50m. Thus, chlorophyll @ concen-
tration off the southeastern Hokkaido tended to be
higher than that off Joban throughout the year.
Along the coastal waters off southeastern Hokkai-
do, the percentage of E. pacifica with a half or more
stomach fullness (classes III and IV) was 100 % in
February and it was 80 % in April and August (Fig.
6-2). On the other hand, the percentage of E. pacifi-
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Fig. 6-1. Vertical profiles of water temperature, salinity and chlorophyll @ in the southeastern
Hokkaido waters (top) and Joban waters (bottom).
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Fig. 6-2. Seasonal change in the stomach fullness composition of

Fuphausia pacifica.

ca with empty or a quarter stomach fullness (classes
0 and I) was 79 % and 80 % in June and December,
respectively. Along the coastal waters off Joban, the
percentage of E. pacifica with a half or more stom-
ach fullness (classes III and IV) was 90 % and 100 %
in October and December, respectively. On the oth-
er hand, the percentage of E. pacifica with empty or
a quarter stomach fullness (classes 0 and I) was 65
% and 40 % in April and June, respectively.
Identifiable food items found in the stomach con-
tents of E. pacifica were classified into 9 groups (di-
atoms, dinoflagellates, tintinnids, invertebrate eggs,
copepod mandibles, foraminiferans, silicoflagellates,
copepod nauplii and appendicularian houses). Fre-
quency of occurrence of diatoms, dinoflagellates and
tintinnids tended to be high throughout the year off
both coastal waters and that of diatoms was gener-
ally higher than 70% off the southeastern Hokkaido
(Table 6-2). The frequency occurrence of copepod
mandibles off Joban was higher than that off south-
eastern Hokkaido throughout the year except Feb-

ruary and August. Copepod nauplii occurred only
in August off Joban and in October off southeastern
Hokkaido.

Along the coastal waters off southeastern Hokkai-
do, diatoms in the stomach of E. pacifica were abun-
dant (154 cells krill") (Fig. 6-3). Dinoflagellates
were abundant in August (24 cells krill'!) and Feb-
ruary (14 cells krill!). Tintinnids were abundant
in October (19 cells krill") and February (21 cells
krill!). Invertebrate eggs were abundant in Octo-
ber (05 inds krill") and February (04 inds krill™).
Copepods were abundant in August and October
(both 04 inds krill") but were lower than those off
Joban throughout the year.

Along the coastal waters off Joban, diatoms in the
stomach of E. pacifica were abundant in February
(121 cells krill ") and October (25 cells krill!) (Fig.
6-3). However they were scarce from April to Au-
gust and in December. Dinoflagellates were abun-
dant from April to August (34-85 cells krill ") but

were scarce from October to February (0.9-1.6 cells
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Table 6-2. Frequency of occurrence (%) of identifiable food items in gut contents of
Euphausia pacifica

Apr."97 Jun.97 Aug.'97 Oct’97 Dec.'97 Feb.'98
Diatoms
SE Hokkaido 100 67 20 75 80 80
Joban 80 5 15 90 100 100
Dinoflagellates
SE Hokkaido 65 0 100 75 20 100
Joban 45 30 40 55 100 100
Foraminiferans
SE Hokkaido 0 0 9 5 10 80
Joban 5 5 0 20 13 10
Tintinnids
SE Hokkaido 45 44 100 75 70 100
Joban 10 45 30 10 50 70
Invertebrate eggs
SE Hokkaido 15 0 40 20 20 45
Joban 0 15 35 20 30 25
Copepod mandibles
SE Hokkaido 0 11 35 10 0 25
Joban 20 35 15 35 25 20
Copepod nauplii
SE Hokkaido 0 0 0 5 0 0
Joban 0 0 35 0 0 0
Silicoflagellates
SE Hokkaido 5 0 5 70 0 10
Joban 35 0 10 5 100 45
Appendicularian houses
SE Hokkaido 0 0 10 10 0 0
Joban 35 5 0 70 88 0
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Table 6-3. Mean total volumes of diatoms, dinoflagellates and tintinnids, mean diameter of
invertebrate eggs, and mean prosome length of copepods in the stomach of Fuphausia paci-
fica individuals.

Apr’97  Jun’97  Aug’97 Oct'97 Dec.97 Feb.'98

Diatom volume ( X 10° £ m®)

SE Hokkaido 11.2(0.3) 3.71.7) 24(03) 9.9(1.0) 6.3(2.0) 3.5(0.4)
Joban 6.8(1.3) 0.3(0) 5.2(3.4) 1.8(0.2) 6.3(1.7) 1.6(0.1)
Dinoflagellate volume (X 10° £ m®)

SE Hokkaido 3717 3(2) 10(3) 201) 18(3)
Joban 8(3) 51(34) 25(10) 32(13) 319(191) 219(72)
Tintinnid volume ( X 10° g m®)

SE Hokkaido 167(34) 190(32) 19(4)  208(48) 398(116) 131(6)
Joban 761 18(1) 36(9) 66 20(3)  203(20)
Invertebrate egg diameter( ¢ m)

SE Hokkaido 184(133) 114(92) 80(46) 76(74) 117(68)
Joban 160(133) 35(18) 107(83) 85(54) 65(49)
Copepod prosome length( £ m)

SE Hokkaido 1163 525(109) 279(89) 432(117)
Joban 701(231) 541(90) 232(34) 470(130) 715(28) 351(82)

*Mean (standard error)

Table 6-4. Calculated carbon content ( 4 g C Krill-1) of each indentifiable food item in the stomach contents of
Euphausia pacifica™

Diatoms Dinoflagellates Tintinnids Invertebrate eggs Copepods Total

Apr. 0.061 0.005 0.011 0.138 0.000 0.215

Jun. 0.000 0.000 0.002 0.000 3.130 3.133

SE Hokkaido  Aug. 0.001 0.006 0.056 0.054 1.776 1.893
Oct. 0.004 0.008 0.034 0.015 0.184 0.246

Dec. 0.001 0.000 0.020 0.007 0.000 0.027

Feb. 0.002 0.019 0.156 0.070 1.672 1.933

Apr. 0.001 0.004 0.002 0.000 4713 4.781

Jun. 0.000 0.010 0.003 0.045 1.085 7.143

Joban Aug. 0.000 0.013 0.001 0.003 0.547 0.567
Oct. 0.002 0.004 0.000 0.018 5.010 5.035

Dec. 0.001 0.016 0.001 0.028 2.285 2.331

Feb. 0.008 0.018 0.010 0.006 0.565 0.608

*Note that carbon content of food items, except copepods of which figure could be estimated from indigested
mandible, was considerably underestimated because they were easily broken by digestion.

Table 6-5. Average body carbon, stomach contents carbon, and daily ration of Fuphausia pacifica of total identi-
fiable bood items and copepods

Average body G Stomach contents G Total daily ration Daily ration of Copepod
(mg C) (g Ckrill™) (% Body C d™") copepods (% Body C d™") contribution (%)

Apr.97 3.77 0.21 0.06 0.00 0.0

SE Hokkaido Jun.'97 292 313 0.86 0.86 99.9
Aug97 301 1.89 056 0.52 93.7

Oct.'97 318 0.25 009 0.07 74.7

Dec.97 2.13 0.03 002 0.00 0.0

Feb. 98 2.99 1.93 0.78 0.67 86.5

Apr.'97 2.62 4.78 1.79 1.79 99.8

Jun'97 333 7.14 1.85 1.84 99.2

Joban  Aug'97 1.07 057 049 047 96.9
Oct/97 1.60 504 360 358 995

Dec.97 0.90 233 344 337 98.0

Feb.'98 258 0.61 0.28 0.26 92.9
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krill!). Tintinnids were scarce throughout the year.
Invertebrate eggs were abundant in August (1.0
inds krill!) and December (0.6 inds krill"). Cope-
pods occurred throughout the year and were abun-
dant in August and October (both 0.8 inds krill")
but were scarce (0.25 inds krill") in February when
diatoms were abundant.

Mean total volumes of diatoms, dinoflagellates and
tintinnids, mean diameter of invertebrate eggs and
mean prosome length of copepods in the stomach of
E. pacifica varied between months and areas (Ta-
ble 6-3). Mean total volumes of diatoms off south-
eastern Hokkaido tended to be higher than those off
Joban, but mean total volumes of dinoflagellates off
Joban tended to be higher than those off southeast-
ern Hokkaido throughout the year. Mean prosome
length of copepods off southeastern Hokkaido (488 u
m) was not significantly smaller than that off Joban
(502 x m) (Mann-Whitney: P >0.05).

Copepods were the dominant food item by carbon
content when they occurred in the stomach (Table
6-4). Stomach content carbon off Joban tended to be
higher than that off southeastern Hokkaido. Stom-
ach content carbon off Joban was highest in June (7.1
«g) and higher in April and October (both high-
er than 4 ug). On the other hand, stomach content
carbon off southeastern Hokkaido was significantly
lower in April, October and December. The low car-
bon in August off Joban was due to the small mean
prosome length of copepods (232 ym) (Table 6-3)
despite the high number of copepods in the stomach
(Fig. 6-3). On the other hand, the high carbon con-
tent in October off southeastern Hokkaido was due
to just one copepod with large prosome length (1,163
um) in the stomach.

The daily ration (% body carbon day™) off south-
eastern Hokkaido was less than 1 % and tended to
be lower than that off Joban throughout the year
(Table 6-5). On the other hand, the daily ration off
Joban was high in October (3.6%), December (3.4%).

Discussion

Nakagawa et al. (2001) showed that copepods are
the most important food item, in terms of carbon, for
most of the year in Sanriku waters but E. pacifica

might have shifted its food preference to the abun-

dant diatoms in spring, rather than feed on cope-
pods whose escape behavior likely costs the euphau-
siids additional energy expenditure to catch and in-
gest them. E. pacifica tended to consume many di-
atoms when a high chlorophyll ¢ concentration oc-
curred in the surface or subsurface layers but tend-
ed to consume large number of copepods when the
chlorophyll @ concentration was low in the total wa-
ter column both in southeastern Hokkaido and Jo-
ban waters (Fig. 6-3). This tendency is well consis-
tent with that of E. pacifica off Sanriku (Nakagawa
et al., 2001). Therefore, it is suggested that E. pa-
cifica flexibly switches the feeding behavior accord-
ing to ambient food conditions in the wide range off
northeastern Japan.

Both the numerical number and carbon of cope-
pods in the stomach of E. pacifica off Joban were
generally higher than those off southeastern Hokkai-
do throughout the year (Fig. 6-3 and Table 6-5). Co-
pepods may be a more important food item for E.
pacifica off Joban where phytoplankton abundance is
lower than that off southeastern Hokkaido through-
out the year.

Assimilation of adult size (>10mm) of E. pacifica
during the entire feeding survey period (313 days)
was calculated to be 4,562mg C m™ and 2819mg C
m ™ off southeastern Hokkaido and Joban, respective-
ly (gross metabolism multiplied by relative contribu-
tion of >10mm for each area [see Tables 5-1-5]). As-
suming the assimilation efficiency of ingested food to
be 0.84 (Lasker, 1966), ingestion by adult E. pacifi-
ca during the entire feeding survey period was esti-
mated to be 5431mg C m? (4,562/0.84) and 3,356mg
Cm™ (2819/0.84) off southeastern Hokkaido and Jo-
ban, respectively (Table 6-6). On the other hand,
ingestion of copepods by adult size E. pacifica dur-
ing the entire feeding survey period is estimated to
be 395mg C m*? and 1,007mg C m* off southeastern
Hokkaido and Joban, respectively, using data of the
daily ration of copepods (% Body C d; Table 6-5)
and biomass of adult size (Fig. 5-2) in each month
(Table 6-6). Therefore, the copepod contribution
to the total food ingestion for adult size of E. paci-
fica is estimated to be 7.3% (395/5,431) and 30.0%
(1,007/3,356) off southeastern Hokkaido and Joban,
respectively.

Assimilation and ingestion by adult size of E. pa-
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cifica over the entire feeding survey period (313
days) is estimated to be 4,480 mg C m™ and 3,763
mg C m™? respectively off Sanriku by using the
same calculations as mentioned above (Table 6-6).
On the other hand, ingestion by adult size of E. pa-
cifica of copepods during the entire feeding survey
period off Sanriku is estimated to be 867 mg C m?
using data of the daily ration by E. pacifica of cope-
pods in Table 3 in Nakagawa et al. (2001) and bio-
mass of adult size (Fig. 5-2) in each month (Ta-
ble 6-6). Then, the copepod contribution to the to-
tal ingestion during the entire feeding survey peri-
od is estimated to be 19.3 % (867/4,480) off Sanri-
ku. Therefore, the importance of copepods as a food
item for E. pacifica is assumed to increase with the
warmer waters.

Several quantitative problems arise by the exam-
ination of stomach contents with a dissecting micro-
scope. Phytoplankton cells are broken by mastica-
tion and only a small fraction remains intact in the
stomach. Gut pigment analysis could help estimate
the amount of phytoplankton ingested. Daily inges-
tion of copepods was calculated by assuming a gut
passage time of 1.08 h (Willason and Cox, 1987) in
this study. However, different passage times have
been reported for phytoplankton and copepods for
E. lucens (Stuart and Pillar, 1990). So, the gut pas-
sage times for major food items by E. pacifica have
to be determined experimentally in the future. Co-
pepods were suggested to be entirely consumed
by E. pacifica in this study. However, the copepod
Pseudocalanus sp. was not entirely consumed by E.
pacifica in feeding experiments (Ohman, 1984). So,
there is a possibility that ingestion of copepods by
E. pacifica is overestimated by the present method.

In this study, unidentifiable detrial contents were
frequently found in the stomachs of E. pacifica.
They may be organisms without shells such as na-
ked flagellates and ciliates, marine snow, or other di-
gested organisms. The contribution of naked ciliates
as a food source of E. pacifica cannot be neglected
because the biomass ratio of naked ciliates/tintinnids
ranged from 3 to 123 in Sanriku waters (Kato, 1995).
Nakagawa et al. (2004) suggested that E. pacifica
ingests many naked ciliates and plays a role in link-
ing the microbial food webs to the classical grazing
food chains. In addition, Dilling et al. (1998) found

that E. pacifica assimilates natural marine snow
with a relatively high efficiency, similar to the values
observed when feeding on diatoms. Marine snow,
therefore, can be one of the factors that were not in-
cluded in the calculation of the carbon content of
food items.

As mentioned above, E. pacifica is found to be
able to utilize a wide variety of food sources. This
could sustain the continuous spawning (see Chap-
ter 3) throughout the year and make E. pacifica one
of dominant zooplankton species off northeastern Ja-
pan. However, it should be noted that the main re-
sources for spawning in the Oyashio area and its fron-
tal area during summer and autumn might not be
copepods but phytoplankton and microzooplankton
(Fig. 6-3) and ingestion of copepods might be more
important foods for small adults in the warmer wa-
ters where they can not obtain foods sufficiently in

the surface layer during the same seasons.

Chapter 7. General discussion

In this chapter, three key points are discussed
from the results obtained in Chapters 2-6. First, the
significance of the seasonal migration of Euphausia
pacifica off northeastern Japan is discussed from the
point of view of feeding, reproductive maturation
and segregation between developmental stages, com-
paring with the cases in Euphausia superba. Sec-
ondly, the mechanism of formation of fishing ground
in E. pacifica in the Sanriku and Joban coastal wa-
ters is discussed in relation to its seasonal horizon-
tal and vertical distribution pattern and physical en-
vironments. Finally, the impact on the primary and
secondary production by E. pacifica off northeastern
Japan was estimated and is discussed in comparison

with Neocalanus species.

Significance of seasonal migration of Euphausia pa-
cifica off northeastern Japan

It appears that seasonal change in the distribution
of adult Euphausia pacifica is clearly affected by that
of the Oyashio waters off northeastern Japan (Ta-
ble 3-2; Figs. 3-15-17). The northward shift of the
Oyashio waters along with that of the Kuroshio wa-
ters during early summer and fall seems to accel-

erate large adults to shift their distribution toward
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more northern, colder waters as mentioned in Chap-
ter 3. However, simultaneously, this shift might
provide them with more productive waters where
they can select mainly phytoplankton and microzoo-
plankton as food items (Fig. 6-3) which do not re-
quire high energy costs to be ingested compared
with copepods, along with the reduction of metabol-
ic requirements in the colder conditions (MacLaren,
1963). In addition, Oyashio area during summer and
fall, which is the main distributional area for adult
E. pacifica (Fig. 3-4), provides them with rather fa-
vorable feeding conditions partly because predomi-
nant macrozooplankton such as Neocalanus species
are dormant in the Oyashio area during these sea-
sons (Odate, 1994; Tsuda et al., 1999; 2004). These
favorable feeding conditions seem to enable adult £.
pacifica to conduct active copulation and spawning
in the Oyashio area during summer and fall (Figs.
34,10 and 11).

Eggs of E. pacifica seem to be rather neutral-
ly buoyant because they were generally distribut-
ed within 100 m or so in vertical range (Figs. 4-13,
17, 21 and 25). So, eggs of E. pacifica liberated in
the surface layer could remain to stay and hatch in
the warm surface layer in the Oyashio area during
summer and fall (Figs. 3-2 and 19). In addition, lar-
val stages also seem to stay throughout the day in
the shallow warmer layer by controlling their diur-
nal vertical migration (Fig. 4-17) and might accel-
erate their developmental time in the warmer con-
ditions (Ross, 1981). Thus, this summer-fall hatch-
ing could accelerate the growth and reduce the mor-
tality during its early developmental stages in the
warmer condition and then contribute to maintain-
ing the population of E. pacifica off northeastern Ja-
pan.

Euphausia superba off the Antarctic Peninsula is
suggested to conduct a seasonal migration between
the continental shelf area and oceanic waters for
spawning (Ichii ef al., 1998) and feeding (Ichii et al.,
1998; Siegel, 2000). This causes the segregation in
horizontal distribution between the developmental
stages, which might have a great effect on the re-
duction of intraspecific competition and parental can-
nibalism (Siegel, 2000). On the other hand, the seg-
regation in horizontal distribution might be attrib-
utable mainly to the difference of suitable temper-

ature range between developmental stages for Fu-
phausia pacifica off northeastern Japan. That is to
say, spawning and larval stages occur in the warm-
er side of the distribution of adult (Table 3-2) and
segregate their vertical distribution with that of
adults by the suitable temperature range (Fig. 4-27)
at night when adults mainly feed (Endo, 1981; Pono-
mareva, 1963). This horizontal and vertical segrega-
tion by water temperatures between developmental
stages might contribute to the reduction of intraspe-
cific competition and also cannibalism by adults.

On the other hand, when a suitable temperature
range overlaps in the total water column between
larval stages and adults such as in the coastal wa-
ters off Sanriku in spring, copulated females might
liberate their eggs in the deeper layers and larval
stages might control their diurnal vertical migration
to avoid encountering the aggregation of adults (Fig.
4-13).

In conclusion, seasonal change in distribution of
adult E. pacifica are affected by water temperatures.
This might provide adults with favorable feeding
condition to realize reproductive maturation after
spring and might cause the segregation of the hori-
zontal and the vertical distribution between develop-
mental stages which contributes to reduce the intra-
specific competition and also cannibalism by adults.

Characteristics of formation of fishing ground of E.
pacifica

Kodama (1995a) and Odate (1991) suggested that
the fishing ground tend to be formed at the surface
temperatures >5C because the cold water temper-
atures <5C are not suitable for E. pacifica based on
empirical data. In March 2001, the fishing ground
seemed to be formed avoiding the 0C isotherm
close to the shore (Fig. 2-18), so such extreme cold
temperatures may not be favorable for E. pacifi-
ca. These cold temperatures may cause E. pacifi-
ca to migrate southward toward off Sanriku and Jo-
ban regions along with the southward advection by
the Oyashio Current during late winter and spring,
which is well supported by the results in the cylin-
drical-conical net survey (Figs. 3-15-17). Howev-
er, the lower limit of suitable temperature range for
E. pacifica seemed to be much lower than 5C from
the result in the cylindrical conical net survey (Fig.
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3-19). On the other hand, it might be advantageous
for spawning adults to migrate toward warmer wa-
ters because warm conditions accelerate the devel-
opment of eggs and larval stages (Ross, 1981; Iguchi
and Ikeda, 1994) and might consequently contribute
to the reduction of mortality during early stages.
The benthpelagic swarms off Joban were usually
formed in the area with high surface temperatures
up to 15C after early summer (Figs. 2-13, 14 and
17). Fishing conditions of E. pacifica have been pre-
dicted generally using surface temperatures in San-
riku (Kodama, 1995a) but using benthic tempera-
tures in Joban (Ebisawa, 1995). Because tempera-
tures at daytime depth of adult E. pacifica are gen-
erally below 8C (Figs. 4-7) and its distribution need-
ed lower temperatures <8C in the benthic layer in
the Sanriku coastal waters (Figs. 4-6 and 7), lower
temperatures <8C are considered to be necessary
for its habitat. Fig. 7-1 shows the seasonal change
of average water temperatures at 0, 100 and 200m
from January to July throughout 18 years off Naka-
minato, Ibaraki Prefecture, one of the main ports.
The surface temperatures abruptly rose from May,
but the cold waters <8C derived from the Oyashio
Current intruded at 200m depth from May to June
when the fishing grounds are mainly formed in the

Joban coastal waters. On the other hand, daytime
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depth of adult E. pacifica is generally above 150m in
spring when thermocline is undeveloped and phyto-
plankton is abundant, but is below 200m from sum-
mer to autumn (Figs. 4-13, 17, 21 and 25). There-
fore, it is suggested that daytime depth of adults
shifts to deepen in early summer. From this evi-
dence, the typical seasonal pattern of formation of
fishing ground in the Joban coastal waters is as fol-
lows. The distribution of adult E. pacifica is blocked
by the waters with warmer temperatures >8TC in
the shallow layers, usually located north of Oshi-
ka Peninsula (ca. 38°20' N) and is not likely to ex-
tend to the Joban coastal waters during late winter
and spring. In early summer, however, adult E. pa-
cifica shift to deepen its daytime depth below 200m,
and then a part of them, whose southward distribu-
tion has been blocked by the warmer waters in the
shallow layer by early summer, might encounter the
cold water mass in the mid-layer, which intrudes to-
ward the Joban coastal waters, during the daytime
and be advected southward by this water mass.
And then, this advected population may mainly form
the fishable benthic swarms in the Joban coastal wa-
ters.

Odate (1991) showed that fishing depths in Joban
were shallower than 50 m depth from 1981 to 1984
when the southward shift of the Oyashio Current
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was strong. The fishing period in these years was
significantly earlier than other years (Fig. 2-9). So,
it is suggested that adult E. pacifica were advect-
ed by the surface layer with low temperatures <8
C toward the Joban coastal waters simultaneously
to the Sanriku coastal waters during late winter and
spring in such strong Oyashio years.

However, it may be difficult for large adults to
survive after summer in the benthopelagic form in
the warm Joban coastal waters as mentioned above.
This is also well supported by the low catch and
CPUE after July at Otsu Port (Fig. 2-11).

In conclusion, it is suggested that the fishing
ground or fishable aggregations in spring are main-
ly formed in the cold waters of the transitional area
as mentioned in the previous reports perhaps due to
the facilitation of copulation, spawning and growth of
larval stages in the warmer conditions. On the oth-
er hand, the fishing ground in the Joban coastal wa-
ters in early summer might be due to the encoun-
ter of E. pacifica which shift to deepen the daytime
depth with the intrusion of cold water mass derived
from the Oyashio Current in the mid-layer, and the
southward advection of E. pacifica toward the Joban

coastal waters by this intrusion.

Impact on the primary and secondary productions
by ingestion of E. pacifica off northeastern Japan
Other than Euphausia pacifica, Neocalanus species
(N. cristatus, N. plumchrus and N. flemingeri) are
also the dominant large grazing copepods occurring
off northeastern Japan and predominant components
of the zooplankton biomass (Conover, 1988; Mack-
as and Tsuda, 1999; Kobari et al., 2003). Kobari
et al. (2003) estimated that the annual production
and ingestion in carbon in Neocalanus species is 19.3
and 389 ¢ C m™ in the southeastern Hokkaido re-
gion. Therefore, production and carbon ingestion by
E. pacifica during the survey period (3.8 and 9.1g C
m?) corresponds to about one fifth and one fourth of
annual production and ingestion by Neocalanus spe-
cies, respectively, in this region (Table 5-1). Tani-
guchi (1981) showed that the annual primary pro-
duction in the subarctic and polar frontal (transition-
al) area in the northwestern Pacific is 100-150 g and
80-100g C m® respectively. Therefore, annual car-

bon ingestion by E. pacifica off southeastern Hokkai-

do (ca. 9.1g C m™ Table 5-1) is estimated to corre-
spond to ca. 6-9% of the annual primary production
in the subarctic area. While, the annual carbon in-
gestion by E. pacifica off Sanriku and Joban (ca. 9.2
and 6.3g C m% Table 5-1) is estimated to correspond
to ca. 6-11% of the annual primary production in the
polar frontal area.

Carbon ingestion by adult size of E. pacifica dur-
ing the survey period off southeastern Hokkaido,
Sanriku and Joban is estimated to be 54, 5.1 and
34g C m” (91%0594, 92%0554 and 6.3%0531; Ta-
bles 5-1 and 5), respectively. While, carbon inges-
tion by adult size of E. pacifica of copepods is calcu-
lated to correspond to 7.3, 19.3 and 30.0% of the total
off southeastern Hokkaido, Sanriku and Joban dur-
ing the feeding survey (Table 6-6). So, carbon in-
gestion during the entire survey period off south-
eastern Hokkaido, Sanriku and Joban is estimat-
ed to be 04, 098 and 1.01g C m™ (54 x 0.073, 5.1 X
0.193 and 34 x 0.3), respectively. Taniguchi (1981)
showed that secondary production in the subarc-
tic and polar frontal area in the northwestern Pacific
is 6.0-182g and 4.0-108g C m™ respectively. There-
fore, the annual carbon ingestion by adult size E. pa-
cifica of copepods off southeastern Hokkaido is esti-
mated to correspond to ca. 2-7% of the annual sec-
ondary production in the subarctic area. On the oth-
er hand, annual carbon ingestion by adult size E. pa-
cifica of copepods off Sanriku and Joban is estimated
to correspond to ca. 9-25 % of the annual secondary
production in the polar frontal area.

If carbon ingestion other than copepods is sup-
plied from phytoplankton, annual carbon ingestion
by adult size E. pacifica of phytoplankton off south-
eastern Hokkaido is calculated to correspond to ca.
3-5% of the annual production in the subarctic area.
While, if so, annual carbon ingestion by adult size
E. pacifica of phytoplankton off Sanriku and Joban
is calculated to correspond to ca. 2-5% of the annu-
al production in the polar frontal area. So, ingestion
impact by adult E. pacifica on secondary production
is suggested to be rather higher than that on the
primary production in the polar frontal area.

In conclusion, annual impact on primary produc-
tion by adult E. pacifica does not seem to be as high
as compared to that by Neocalanus species in the
Oyashio area. On the other hand, ingestion by small
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adults might have a significant effect on the second-
ary production in the transitional area during sum-
mer and fall. Conversely, secondary production in
the transitional area during summer and fall may
sustain the survival of small adults during the same
seasons, which could allow their active participation
in spawning in the transitional area during the fol-

lowing spring.
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