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Abstract: The contributions of heterotrophic and autotrophic prey to the diet of
Euphausia pacifica were examined in coastal waters off northeastern Japan in May and
October 1999. The autotrophic contribution was estimated from gut pigment contents,
and the heterotrophic contribution from the volume of each taxonomic group in the
stomach. Our observations suggest that heterotrophic prey, especially copepods, were
more important than autotrophic prey in both seasons. The contributions of
heterotrophic prey items in adult E. pacifica ranged from 57-79% in May and from
27-93% of the total ingested carbon in October. The contribution of copepods was
largest, ranging from 54-77% in May and from 27-93% in October. We discuss the
contribution of athecate ciliates, another possible heterotrophic prey of importance, to
the diet of E. pacifica.
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Introduction

Euphausia pacifica is the dominant euphausiid species in the subarctic northwestern
North Pacific (Mauchline and Fisher, 1969). It plays an important role in transferring
energy from lower to higher trophic levels in the sea because many endemic and migrant
predators, including pelagic and demersal fish, marine mammals, seabirds and benthic
organisms, depend on this species for food (Nemoto, 1962; Odate, 1991; Nicol and
Endo, 1997; Yamamura et al., 1998). Detritus, diatoms, dinoflagellates, silicoflagellates,
tintinnids, foraminiferans, chaetognaths, echinoderm larvae, copepods, amphipods, other
crustaceans and euphausiid ommatidia were found in the stomachs of this species
(Ponomareva, 1963; Mauchline and Fisher, 1969; Endo, 1981; Nakagawa et al., 2001).

Mauchline (1967) pointed out three food types utilized by euphausiids: (1) material
such as diatoms, dinoflagellates, and tintinnids filtered by the mouthparts from the water,
(2) zooplankton, and (3) detrital material obtained from bottom sediments. Previous
studies suggested that heterotrophic prey items contributed to the diet of E. lucens (Stuart
and Pillar, 1990; Gibbons et al., 1991), E. superba (Price et al., 1988; Nishino and
Kawamura, 1994; Atkinson and Snyder, 1997; Atkinson et al., 1999; Perissinotto et al.,
2000), E. pacifica (Nakagawa et al., 2001) and Meganyctiphanes norvegica (Bamstedt
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and Karlson, 1998; Lass et al., 2001). These studies proposed that copepods contributed
to the diet of euphausiids.

Perissinotto et al. (2000) estimated autotrophic carbon from gut pigment contents and
heterotrophic carbon from dry weight of stomach contents of E. superba, and they
suggested that the heterotrophic component of the diet of E. superba was substantial and
often much larger than the autotrophic component when chlorophyll-a concentrations were
low. Nakagawa et al. (2001) suggested that copepods were the most important prey
items of E. pacifica in terms of carbon throughout the year in Sanriku waters,
northwestern North Pacific, based on calculated carbon contents of prey items in the
stomach. However, ingestion of phytoplankton by E. pacifica is underestimated by this
method because phytoplankton cells are broken by mastication and only a small fraction
remains intact in the stomach (Nakagawa et al., 2001). On the other hand, Ohman
(1984) suggested that diatoms were optimal food items and copepods were suboptimal
ones of E. pacifica from results of laboratory experiments.

The present study aimed at investigating the in situ contributions of heterotrophic and
autotrophic prey items to the diet of E. pacifica in the coastal waters off northeastern
Japan using conversion of volume to carbon for the former and gut pigment analysis for
the latter.

Materials and methods

Euphausiid surveys were carried out at 3 stations during 12—19 May and at 5 stations
each along transects at 40°'N and 38 20'N during 11-21 October 1999 in the subarctic
northwestern North Pacific (Fig. 1). The vertical profiles of temperature and salinity
were determined using STD. Simultaneously with STD casts, a 100-m/{ water sample
was collected from each of 6 depths (0, 10, 20, 30, 50, 75 and 100 m), filtered through a
Whatman GF/F glass filter, and analyzed by the Turner Designs fluorometer for
chlorophyll-a. Chlorophyll-a was represented as mean integrated value over the surface
100 m. A 10-100-m/ subsample was taken from this sample depending on
microplankton abundance, allowed to settle for 24 h, and then the numbers of different
groups of ambient microplankton were enumerated with a modified Utermohl method
(Taniguchi, 1977).

E. pacifica was collected by using a ring net, with a mouth diameter of 130 cm and
mesh aperture of 0.45 mm (Watanabe, 1992). Tows were made obliquely from 500 m to
the surface, while tows at stations shallower than 500 m were made from near the bottom
to the surface. The towing duration ranged from 8 to 33 min.

A total of 88 adults and 66 juveniles were sorted randomly from the collections for
gut pigment analysis, and then were frozen and kept at —80 C. The remainder were
preserved in 5% buffered formalin. Not all collections supplied enough E. pacifica in
suitable condition for gut pigment analysis (e.g. Stns 5 and 30 in October). The
procedure for chlorophyll-a and phaeopigment determination used was a modification of
the method of Holm-Hansen et al. (1965). Samples were extracted in 6 m/ 90% acetone
for 24 hours at — 25 C and the fluorescence was determined before and after acidification
on a Turner Designs fluorometer. A large percentage of the chlorophyll pigments are
resolved into phaeophorbides in the guts of copepods, with the conversion efficiency of
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Fig. 1. Locations of sampling stations in this study in May and October, 1999.
Underlined numbers show sampling stations in May.

100% on a molar basis (Shuman and Lorenzen, 1975). Thus a conversion factor of 1.51
was applied to phaeopigment values because the molecular weight of phaeophorbide is
66.3% that of chlorophyll (Dagg and Wyman, 1983). The amount of plant materials
consumed by euphausiids can be expressed as the total gut pigment (chlorophyll-a+1.51 x
phaeopigmets), and the unit was ng chlorophyll-a equiv. indiv. .

After analyses for gut pigment contents, their total length, from the anterior tip of the
rostrum to the distal end of the telson, was measured, and stomachs were dissected out
and the contents spread on glass slides. Prey organisms were identified under a
dissecting microscope, enumerated and the size was measured to calculate relative
contributions of various prey types in carbon weight.

The carbon content of autotrophic prey consumed by E. pacifica was estimated from
gut pigment contents with the carbon: chlorophyll-a ratio of 30 (Strickland, 1960;
Geider, 1987). The carbon content of heterotrophic prey was estimated according to
Nakagawa et al. (2001) as follows. Tintinnid carbon was estimated from lorica volume
according to Verity and Langdon (1984). Foraminifera carbon was estimated from cell
volume with a conversion factor of 89 fg C um ™' (Michaels et al., 1995). Invertebrate
eggs found in the stomachs were thought to be copepod eggs and the carbon content was
estimated from egg size with a conversion factor of 0.14 pg C um™’ (Kigrboe et al.,
1985). Total length of copepods was measured when intact ones were found in the
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stomach. Only 6 individuals of intact copepods were found and measured from 91
individuals of krill examined. In addition, when copepod mandibles occurred, the
number of pairs of a size was taken as the number of individuals. In most cases, a pair
or pairs of mandibles with the same size were found in the stomachs, when only a single
mandible was present it was nevertheless counted as one copepod. The carbon content of
copepods was obtained by estimating the prosome length from width of the mandible
blade (Karlson and Bamstedt, 1994), then dry mass was calculated from the prosome
length and it was assumed that carbon weight is 46% of the dry mass (Vidal, 1980). The
carbon content of intact copepods was calculated from total length with the equation of
Hirota (1986). Daily rations of E. pacifica were calculated according to Nakagawa et al.
(2001), assuming a gut passage time of 1.08 h and a 12-h feeding period per day
(Willason and Cox, 1987).

Results

Vertical profiles of temperature and salinity at each station in May are shown in
Fig. 2. Surface water temperatures in May ranged from 7-12.8C. Stns 3 and 35 were
located in the Transition area (Kawai, 1955), with temperature at 100 m-depth more than
5'C (Fig. 2). However, water mass at Stn 3 was affected greatly by cold Oyashio water
compared with the other stations because the temperature at 100 m-depth was as low as
6.6C (Fig. 2). Stn 18 was located at the edge of a warm-core ring, where a thermostad
temperature of 8-9C existed at 40-160 m-depth (Fig. 2). In October, surface water
temperatures ranged from 19.5-23.1C along 38°20'N and 17.2-18.8 along 40'N (Fig. 3).
All stations in October were located in the Transition area. The thermoclines were at
20-40 m-depth at Stns 2 and 3, and 40—50 m-depth at Stns 28 and 29 (Fig. 3).

Mean concentration of chlorophyll-a and abundance of diatoms in May were higher
than those in October (Figs. 4 and 5). Diatoms in May were abundant at Stn 3 where
considerable influence of Oyashio water was recognized (Fig. 4). Higher abundances of
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Fig. 2. Vertical profiles of temperature (solid line) and salinity (dotted line) at each
station in May 1999.
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Fig. 4. Mean concentration of chlorophyll-a and abundance of microplankton in the
upper 100 m in May 1999.

diatoms, tintinnids and foraminiferans in May were found at Stn 3, while higher values of
dinoflagellates, silicoflagellates, naked ciliates and copepods were found at Stn 18 which
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Fig. 5. Mean concentration of chlorophyll-a and abundance of microplankton in the
upper 100 m in October 1999.

was located at the edge of the warm-core ring. In October, the mean concentration of
chlorophyll-a, and abundances of dinoflagellates, silicoflagellates, tintinnids and naked
ciliates along 38°20'N were highest at Stn 1. The mean abundances of dinoflagellates,
tintinnids and naked ciliates decreased toward Stn 5, namely from inshore to offshore
(Fig. 5). The highest values of diatoms and copepods were found at Stn 2, and that of
foraminiferans at Stn 3. The higher values of chlorophyll-a along 40'N in October were
found at Stns 30 and 27 (Fig. 5). Mean abundances of diatoms and silicoflagellates were
higher at Stn 28. Dinoflagellates, tintinnids and naked ciliates were highest at Stn 27, and
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Fig. 6. Chlorophyll-a concentration (A), and numbers of tintinnids (B) and copepods (C) in the
stomach of one Euphausia pacifica individual as functions of their concentrations or
abundances in the water column in May (O) and October (@). Vertical and horizontal
bars represent * 1 SE.

foraminiferans were highest at Stn 29.

Identifiable prey items found in the stomach contents of E. pacifica were classified
into 7 taxonomic groups (diatoms, dinoflagellates, silicoflagellates, tintinnids,
foraminiferans, copepods and invertebrate eggs). Gut pigment contents as a measure of
consumed phytoplankton ranged from 39-55 and from 9-35 ng chl-a equiv. krill ' in
May and October respectively, with higher values in May (Fig. 6A). Gut pigment
contents increased with the increase of pigment concentration in the water column.
Higher numbers of tintinnids, 3-6 cells krill ', were found in the stomachs in May, while
the numbers were low, 0.2-0.9 cells krill”', in October (Fig. 6B). Tintinnids in the
stomachs also increased with their increasing mean abundance in the water column, except
for Stn 35 in May. The mean number of copepods in the stomachs ranged from 1.1-1.2
and from 0.2-1.0 indiv. krill ' in May and October respectively (Fig. 6C). The numbers
of copepods in the stomachs increased with their ambient abundance up to 50 indiv. [ ',
and then saturated at more than that value. The mean numbers of invertebrate eggs in
the stomachs ranged from 0.1-0.9 and less than 0.5 indiv. krill”' in May and October
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respectively. Foraminiferans were only found in the stomachs at Stn 27 in October, 0.16
indiv. krill ™.

Percent composition of intact identifiable prey items by carbon was calculated. In
May, the contribution of heterotrophic prey items was higher than that of autotrophic prey
items at all three stations, with the former comprising from 57-79% of the total ingested
carbon, and copepods proved to be most important prey item, comprising from 54-77%
(Fig. 7). The daily ration of E. pacifica in May ranged from 42.8-62.3 ug C
krill”' day ', which corresponds to 1.8-2.7% body carbon. It was lowest at Stn 18,
which was located at the edge of the warm-core ring. Daily rations at Stn 3, 2.4% body
carbon, and at Stn 35, 2.7%, were higher than at Stn 18, 1.8%. The contribution of
heterotrophic prey items of adult E. pacifica along 38 20'N and 40°N in October ranged
from 53-93% of the total ingested carbon, except for Stn 2 where an exceptionally low
value, 26.8% was obtained (Fig. 8). The daily ration of adult E. pacifica in October
ranged from 7.5-59.2 ug C krill”' day ' along 38°20'N and 40°N, comprising from 04—
3.0% body carbon. Daily rations along 40'N, 1.4-3.0% body carbon, were higher than
those along 38°20'N, 0.4-0.9% body carbon. For juvenile E. pacifica, the contribution
of heterotrophic prey items ranged from 0-99.6% of total ingested carbon along 38'20'N
and 40'N lines, and the contribution of autotrophic prey items of juvenile E. pacifica was
higher than that of adults, except for Stn 4 at which adult E. pacifica was not sampled,
and Stns 2 and 3 (Fig. 8). Daily ration of juveniles ranged from 0.3-59.2 ug C
krill ' day ' along 38°20'N and 40'N, comprising from 0.1-13.8% body carbon.

Discussion

Euphausiids masticate foods with their mandibles (Ponomareva, 1963; Mauchline,
1967; Nemoto, 1967) and their foregut is known to have functions to masticate and store
foods (Suh and Nemoto, 1988; Suh and Toda, 1992; Suh et al., 1994). Food organisms
in the stomach of euphausiids were broken to various degrees according to their body
structure. For analyzing the diet and feeding of E. pacifica, examination of gut contents
and faecal materials has been conducted by using a light microscope (Ponomareva, 1963;
Endo, 1981), which provided qualitative, not quantitative information. Previous studies
have reported that copepods were consumed by euphausiids (e.g. Mauchline and Fisher,
1969), but the ingested mass of copepods was not examined quantitatively. The copepod
mandibles, which are composed of silica and chitin (Sullivan et al., 1975), are highly
resistant to mastication and digestion (Karlson and Bamstedt, 1994). By measuring a
specific size character of the identified copepod mandible and converting the size to mass,
total copepod mass eaten by euphausiids can be obtained (Karlson and Bamstedt, 1994).
Enumeration of such mandibles in the stomach contents of euphausiids has been used to
quantify predation on copepods by euphausiids (Stuart and Pillar, 1990; Gibbons et al.,
1991; Bamstedt and Karlson, 1998; Nakagawa et al., 2001).

Copepod is one of the prey items of E. pacifica in Japanese waters including the Sea
of Japan (Ponomareva, 1963; Endo, 1981). Endo (1981) reported that tintinnids and
copepods were the main prey items in the fall, based on the frequency of occurrence of
food organisms. Nakagawa et al. (2001) suggested that copepods were by far the most
important prey item by carbon calculated from their mandibles throughout the year.
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They estimated the carbon weight of prey items other than copepods from their
biovolumes in the stomachs of E. pacifica. The highest daily ration of phytoplankton
was 0.04% body carbon in their study, which is at least one order of magnitude lower
than that of previous studies, 0.8-6.3% (Ohman, 1984; Willason and Cox, 1987).
Therefore, phytoplankton carbon was underestimated. In the present study, the gut
pigment contents were analyzed to estimate phytoplankton contribution. Then the highest
daily ration of phytoplankton was 0.8% body carbon in May, which was in the lower
range of the previous studies.

The contributions of heterotrophic prey items of adult E. pacifica ranged from 57—
79% of the total ingested carbon in May and from 27-93% in October, while the
contribution of copepods ranged from 54—77% in May and from 27-93% in October. In
April, the contribution of heterotrophic prey in the Oyashio water was 66% with copepods
being the most important (unpublished data). Our observation suggests, therefore, that
the heterotrophic prey, especially copepods, was more important than autotrophic prey
throughout the year.

In the present study, the mean number of identifiable prey items in the stomachs
increased with their increasing mean abundance in the water column except for copepods
at densities more than 50 indiv. [ ' (see Fig. 6). Mean gut pigment contents (GP) and
mean number of copepods (C) in the stomachs showed a significant correlation, while
their regression equation was GP =-2.12 + 3741 xC (n=10, r=0.80, p<0.01). This
means that when E. pacifica is feeding actively, it feeds on both phytoplankton and
copepods. However, the relative contribution of heterotrophic prey, especially copepods,
at Stns 27, 28 and 29 in October was higher than that at any station in May. The daily
rations of phytoplankton in October were lower than in May (3.0-7.5 and 12.8-18.5 ug C
krill "' day ' in October and May, respectively), and those of copepods were not different
between these two months (30.2-50.3 and 23.3-45.8 ug C krill "' day ' at those stations in
October and May) in spite of the smaller number of copepods in the stomachs in October.
Therefore, higher contributions of copepods in October might be caused partly by
decreased ingestion of phytoplankton and partly by ingesting larger copepods. Gibbons et
al. (1991) suggested that E. lucnes may be a preferentially herbivorous omnivore, and
capture small and slow-moving copepods on an incidental encounter basis. However, in
the present study, E. pacifica consumed larger copepods at Stns 28 and 29 in October,
whose prosome length ranged from 0.77-1.0 mm. Begon et al. (1990) indicated that
predators should choose the prey that gives the optimum ratio of energy gain per energy
expenditure. This implies that prey as large as possible should be advantageous.
Therefore, our results suggested that E. pacifica chose larger copepods in October when
chlorophyll-a concentration and copepod abundance were low.

In October, a lower contribution of heterotrophic prey, 26.8%, was obtained at Stn 2.
The mean abundance of autotrophic preys (diatoms and dinoflagellates) in the water
column was high at Stn 2. Stuart and Pillar (1990) suggested that E. lucens only eats
copepods when the ambient concentration of chlorophyll-a falls below a threshold value.
Nakagawa et al. (2001) suggested that E. pacifica suspension-feed on phytoplankton when
phytoplankton are abundant, and shift their food preference to copepods when
phytoplankton decrease below the threshold density. Perissinotto et al. (2000) suggested
that the heterotrophic component of the diet of E. superba is substantial and often much
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larger than the autotrophic component at low chlorophyll-a concentrations. In the present
study, therefore, E. pacifica might have shifted its main prey item from heterotrophic prey
to autotrophic prey at Stn 2 in October.

Stuart and Pillar (1990) reported that gut passage time was 385 min for
phytoplankton and 76.9 min for copepod mandibles. E. lucens fed on copepods with a
mean prosome length of 0.86 mm. In the present study, the mean prosome length of
copepods consumed by E. pacifica was 0.39 mm, which is much shorter than that given
for E. lucens. The total length of adult E. lucens ranges from 10—18 mm (Mauchline
and Fisher, 1969), and individuals examined by Stuart and Pillar (1990) are about the
same size as adult E. pacifica or a little smaller than in the present study, 9-20 mm.
Although there is a size difference in copepods, it might be better to apply the result of
Stuart and Pillar (1990) that gut passage time was about 2 times longer for copepods than
for phytoplankton to E. pacifica in the present study. Therefore, we recalculated the
contributions of autotrophic and heterotrophic prey using 1.08 h for autotrophic prey and
2.16 h for copepods. Then the contributions of heterotrophic preys ranged from 41-65%
and 16-86% of total ingested carbon in May and October respectively, and those of
copepods ranged from 37-62% and 15-86% respectively. These values still support the
hypothesis that the heterotrophic prey items, especially copepods, were the most important
prey items except at Stn 18 in May and Stns 1 and 2 in October where autotrophic prey
(dinoflagellates and silicoflagellates at Stn 18 in May and Stn 1 in October, diatoms and
dinoflagellates at Stn 2 in October) were abundant in the water column.

Nakagawa et al. (2001) suggested that the nauplii and early stage of copepodites
were consumed by E. pacifica because the small mandibles of copepods were abundant in
the stomachs. Ohman (1984) suggested that copepods were not entirely consumed by
E. pacifica because of the escape responses of adult Pseudocalanus and/or the difficulty
E. pacifica has in handling and macerating the copepod exoskeleton. Therefore, large
mandibles in the stomachs may be overestimated in calculating ingested carbon because
E. pacifica may not ingest whole bodies of large copepods. To understand the more
detailed contribution of heterotrophic prey items, it is necessary to investigate the gut
passage time of copepods, and whether E. pacifica feed on whole copepods.

In the present study, we could not identify and quantify the detrital contents such as
athecate protozoans, marine snow and other digested organisms in the stomach. Athecate
protozoans were a major dietary item of E. superba in incubation experiments using
natural and enriched seawater (Atkinson and Snyder, 1997). Our unpublished
experiments also suggested that E. pacifica ingest naked ciliates actively. The
contribution of naked ciliates cannot be neglected because of their appreciable abundance
in the water column. In the present study, the preservation method we used, 5%
formalin, could lead to severe losses of athecate protozoans (Leakey et al., 1994,
Stoecker et al., 1994). Kato (1995) reported that the biomass ratio of naked ciliates/
tintinnids ranged from 3 to 123 with a median of 8.7 in the sea area off northeastern
Japan. We calculated the carbon content of naked ciliates that might be ingested by
E. pacifica by multiplying the carbon content of tintinnids found in the stomachs by 8.7,
assuming that naked ciliates and tintinnids were equally ingested in proportion to their
numbers, and a gut passage time of 1.08 h and a 12-h feeding period per day. The
contribution of naked ciliates for adult E. pacifica then ranged from 11-28% in May and
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was less than 4% in October. These results suggest that naked ciliates can be one of the
major prey items, at least in May. Therefore, the importance of naked ciliates as a prey
of E. pacifica needs to be quantified by experimental studies in the field and laboratory.
On the other hand, although marine snow can be an important prey item for E. pacifica
(Dilling et al., 1998; Dilling and Alldredge, 2000), we could not calculate the carbon
contribution of marine snow because we do not have data on its natural abundance.

In conclusion, we could improve our understanding of contribution of prey organisms
to the diet of E. pacifica by converting volume to carbon weight for heterotrophic prey
and by gut pigment analysis for autotrophic prey.
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