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Abstract The distribution, feeding and oxygen con-
sumption of Calanus sinicus were studied in August 2001
on a transect across Yellow Sea Cold Bottom Waters
(YSCBW) and two additional transects nearby. The
distribution of C. sinicus adults and copepodites
stage CV appeared to be well correlated with water
temperature. They tended to concentrate in the YSCBW
(>10,000 ind. m)2) to avoid high surface temperature.
Gut pigment contents varied from 0.44 to 2.53 ng
chlorophyll a equivalents (chl a equiv.) ind.)1 for adults,
and from 0.24 to 2.24 ng chl a equiv. ind.)1 for CV
copepodites. We found no relationship between gut
pigment contents and the ambient chl a concentrations.
Although the gut evacuation rate constants are consis-
tent with those measured for other copepods, their low
gut pigment contents meant an estimated daily herbiv-
orous ingestion of <3% of body carbon in the YSCBW
and <10% outside the YSCBW. However, based on
estimates of clearance rates, C. sinicus feeds actively
whether in the YSCBW or not, so the low ingestion rates
probably reflect shortage of food. Oxygen consumption
rates of C. sinicus ranged from 0.21 to 0.84 ll O2

ind.)1 h)1, with high rates often associated with high
temperature. From the oxygen consumption rates, daily
loss of body carbon was estimated to be 4.0–13.7%,
which exceeds our estimates of their carbon ingestion
rates. C. sinicus was probably not in diapause, either
within or outside the YSCBW, but this cold-water layer
provides C. sinicus with a refuge to live through the hot,
low-food summer.

Introduction

Calanus sinicus is distributed widely in the Northwest
Pacific Ocean, from Japan to the South China Sea
(Anon. 1977; Uye 2000). It generally dominates the
mesozooplankton in the Inland Sea of Japan, the Bohai
Sea, the Yellow Sea and the East China Sea. Being
primarily a herbivore and an important food species for
fish (e.g. sardine, anchovy, etc.), it occupies a key trophic
position between the phytoplankton and higher levels,
such as fish larvae and pelagic fish in this area (Meng
2003). Its population dynamics was one of the principal
foci of the Chinese GLOBEC Yellow Sea and East
China Sea Program.

This copepod occurs continuously throughout the
year in the Inland Sea of Japan, the Bohai Sea, the
Yellow Sea and the East China Sea, but both its abun-
dance and distribution show a strong seasonal variation.
Its numbers are highest in May–June, when it is found
from the coast to the offshore Pacific. In summer,
however, its population declines sharply and becomes
limited to the shelf water, especially the near-shore area,
where the population is almost absent (Anon. 1977; Uye
2000; Wang et al. 2003). Although some biological
attributes of C. sinicus have been demonstrated in pre-
vious studies (Uye 2000, and references cited therein),
the oversummering mechanism is still unclear.

C. sinicus has been considered a warm-temperate
and coastal copepod (Chen and Zhang 1965; Hulse-
mann 1994), with a wide tolerance range of tempera-
ture and salinity (Huang and Zheng 1986; Huang et al.
1993; Uye 2000). However, temperature is conceivably
one of the most important limitations to its population
development in summer (Wang et al. 2003). Hatching
of C. sinicus is possible between 5�C and 22.6�C, and
�23�C is probably the upper limit for its reproduction
(Uye 1988; Huang et al. 1993). Further, an upper
thermal limit for occurrence of this copepod is 26–27�C
(Huang and Chen 1985; Huang et al. 1991; Lin and
Chen 1992).
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The Yellow Sea is one of the main population dis-
tribution centers of C. sinicus in the shelf waters of the
Northwest Pacific. Although the surface water temper-
ature in most parts of the Yellow Sea was above the
upper thermal limit (>26�C) in mid-summer, the Yellow
Sea Cold Bottom Waters (YSCBW) provide an optimal
oversummering site for this copepod (Wang et al. 2003).
Some behaviors exhibited by the C. sinicus population in
YSCBW indicated that this copepod may habe been in
diapause, with a near lack of diel vertical migration,
much lower reproduction rates and with copepodite
stage CV dominating the population (Sun et al. 2002).
However, whether this can be considered true diapause
is unclear. The clutch size of C. sinicus was still at a
comparatively high level in summer within the YSCBW,
and the low reproduction rate was mainly due to the low
temperature, the low food concentration and the strong
thermocline (Zhang et al. 2002; Wang et al. 2003). Thus,
further work is needed to clarify the mechanism by
which C. sinicus populations oversummer.

A cruise was designed to study the oversummering
strategy of C. sinicus in August 2001. This paper pre-
sents data on the activities of herbivorous feeding and
respiration of C. sinicus in and outside the YSCBW.

Materials and methods

The cruise was conducted by the R.V. ‘‘Beidou’’ from 11 to 24
August 2001. The research area, transects and stations are shown in
Fig. 1. Two stations (A7 and B3), where the ship was anchored for
27–30 h, were chosen to study the copepod diel feeding rhythms
and ingestion rates.

Temperature and salinity were recorded with a CTD (Sea Bird
Electronics, SBE-19). Seawater samples (500 ml) for the measure-
ment of chlorophyll a (chl a) were collected from depths of 0, 10,
20, 30, 50 m and the bottom and filtered through GF/F glass-fiber
filters. The filters were then extracted in 90% aqueous acetone for
24 h at 0�C, and the extracts were measured in a Turner Designs
fluorometer in accordance with the method of Yentsch and Menzel
(1963).

Zooplankton samples were collected at each station with an 80-
cm-diameter closing net (mesh size: 300 lm). Vertical tows were
made in different layers: 10–0 m, 20–10 m, 40–20 m, 60–40 m and
the bottom to 60 m, to study the vertical distribution pattern.
Samples were preserved in 5% neutralized formalin seawater
solution. All Calanus sinicus were counted under a dissecting
microscope.

Zooplankton samples for gut pigment analysis were collected
with the same type of net, but with a sealed cod-end towed verti-
cally from the bottom to the surface. Immediately after sampling, a
portion of the cod-end contents was passed through a 500-lm
screen and gently rinsed with filtered (GF/C) seawater to remove
debris and phytoplankton cells that may have adhered to the ani-
mals. The contents were then filtered on the GF/C filters and kept
frozen at )30�C in the dark until being transferred to the labora-
tory. This operation took ca. 3–5 min.

In the laboratory, samples were thawed in the dark and then
sorted under a dissecting microscope; about 30 adults and 40
CV-stage C. sinicus were individually picked. Following brief
grinding in a glass tube, copepods were rinsed into a 10-ml glass
centrifuge tube, and gut pigment was extracted in 90% aqueous
acetone for 24 h in the dark at )30�C. Then, the tubes were
centrifuged for 10 min, and the fluorescence of the suspension
from each tube was measured before and after acidification with
10% HCL using a Turner Designs model II fluorometer. Total
gut pigment content (GPC) is expressed in chlorophyll a equiv-
alent weight. A mean carbon/chlorophyll ratio of 50 (Zhang,
unpublished data) was used to convert chl a into phytoplankton
carbon.

Diurnal variations in GPC were investigated at the anchor
stations to study diurnal feeding rhythms. At each station, samples
were collected at 3-h intervals for a complete daily cycle, and the
GPC was measured as above. Night was defined as the time from
sunset to sun rise.

Within 3–5 min after capture, living samples for gut evacuation
experiments were gently rinsed with filtered seawater to wash away
phytoplankton cells and placed in several 2-l beakers containing
0.45-lm-filtered seawater. Beakers were kept in a dark incubator
set to the temperature of the layer in which C. sinicus were most
abundant. Initially, and after 10, 20, 30, 60, 90 and 120 min, ani-
mals were taken from the respective containers, filtered on the GF/
C filters and frozen at )30�C in darkness. Subsequent treatments
and measurements were the same as gut pigment analysis. The gut
evacuation rate constant (k) was calculated by using a negative
exponential equation (Mackas and Bohrer 1976). Assuming that
the animals were feeding at a constant rate, ingestion rates (I) were
calculated from the expression: I=GPC·kl(1)b¢), where GPC was
the average value over a daily cycle and b’¢ was the pigment
destruction rate. Pigment loss was assumed to be constant and
equal to 33% (Dam and Peterson 1988).

Oxygen consumption rates of C. sinicus were determined by a
water-bottle method. Zooplankton was collected with the same
type of net as that for samples used in feeding measurements.
Seawater for washing and incubation was collected by a large water
sampler from the same layer, filtered through a cellulose acetate
filter (0.45 lm), aerated to near saturation (lasting 2–3 h), and
preserved at the same temperature as that of the sampling layer.
Immediately after the collection, undamaged specimens were gently
washed and transferred into the glass bottles (500 ml) filled with
filtered seawater. Twenty individuals were incubated in each bottle.
Specimens were transferred by pipettes during the experiments. The
bottles were sealed, wrapped with aluminum foil, and kept at in situ
temperature for 24 h. Control bottles without zooplankton were
prepared concurrently.

Fig. 1 Map of the research area. Numbers indicate sampling
stations; letters preceding numbers indicate transects. Stations A7
and B3 are anchor stations (vessel anchored >24 h). Isolines
indicate bottom water temperature; shading indicates the area
where the bottom water temperature was <11�C
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At the end of incubation, two 100-ml water samples
were siphoned out for duplicate determination of dissolved
oxygen. The copepods were inspected under a dissecting micro-
scope to determine whether they were still alive, filtered on a
GF/C filter to remove seawater adhering to the body, and stored
frozen at )30�C for later weighing and elemental analyses
ashore.

Dissolved oxygen was determined by a Winkler titration
method (Strickland and Parsons 1968). Frozen copepod specimens
were dried at 60�C for 24 h and weighed to obtain dry weight.
Carbon content was measured with a P-E 240C elemental analyzer
using acetanilide as a standard.

Results

Hydrographic conditions and chl a

During the study period, the presence of YSCBW
resulting from summer stratification was apparent. For
transect A, through the YSCBW, the seasonal thermo-
cline was well developed and was located between 10 and
35 m depth. Surface temperatures were in the range of
ca. 25–28�C, and bottom temperatures were ca. 12–15�C
inshore and �8�C in the YSCWM (Fig. 2). On two
additional transects outside the YSCBW, the thermo-
clines were less evident and the bottom temperatures
were higher than 15�C (Fig. 2). According to the

boundary determined by Weng and Wang (1982), seven
stations (stations A3, A4, A5, A6, A7, A7¢, A8) were
located in the YSCBW.

The chl a concentrations were at a comparatively low
level (<0.5 mg m)3 on average at most stations) during
the study period. Spatially, the chl a concentrations were
lower in the YSCBW-occupied area than in that outside
the YSCBW, and lower below the thermocline than
above it (Fig. 3).

Distribution of Calanus sinicus

C. sinicus was found at all stations, but its abundance
varied greatly from 120 to 25,220 ind. m)2 (Fig. 4). It
resided mainly in the area of the YSCBW, with low
numbers in the coastal and southern area. The vertical
distribution of C. sinicus (Fig. 5) shows a concentration
in the deep, cold layer occupied by the YSCBW. Even
through the distribution center of the population
moved up somewhat to the middle layer during dark-
ness, very few C. sinicus were found above the ther-
mocline. On transects B and C, the copepod also
mainly resided in deeper waters, but abundances were
much lower.

Fig. 2 Temperature (�C) profiles on transects A, B and C
Fig. 3 Vertical distribution of chlorophyll a concentration
(mg m)3) on transects A, B and C
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Feeding of C. sinicus

The gut pigment contents of C. sinicus during the study
period are shown in Fig. 6. The minimum and maximum
values were 0.44 and 2.53 ng ind.)1 for adults and 0.24
and 2.24 ng ind.)1 for CV copepodites, respectively.
There was no apparent correlation between the gut pig-
ment contents and the ambient chlorophyll concentra-
tions. Chlorophyll was always less abundant than
phaeopigment in the gut of C. sinicus, averaging 20.4%
(range: 11.7–38.5%) of total pigment contents. The dif-
ference in the percentage compositions of chlorophyll was
not related to differences in ambient chlorophyll levels.

Diel variation in the gut pigment contents ofC. sinicus
was observed at two anchor stations (Fig. 7). At sta-
tion A7, located in the YSCBW, the diurnal amplitudes
in gut pigment of adults and CV copepodites were only
0.72 and 0.14 ng ind.)1, respectively. But at station B3,
outside the YSCBW, C. sinicus exhibited pronounced
diel feeding rhythms and the diurnal amplitudes were
4.20 ng ind.)1 for adults and 1.20 ng ind.)1 for CVs.

Four experiments were carried out to estimate gut
evacuation rate constants of C. sinicus at the two anchor
stations (Fig. 8). Gut pigment contents decreased shar-
ply during the initial 20–30 min, and slowed or stopped
thereafter. Copepods that were starved for 60–120 min
still contained some pigment in the gut. The gut evacu-
ation rate constant was calculated using data obtained
for the first 30 min to effects of food deprivation. At
station A7, where the experimental temperature was
10�C, the estimated gut evacuation rate constant was
0.0320 and 0.0283 min)1 for adults and CVs, respec-
tively. At station B3, the rates increased to 0.0373 min)1

for adults and 0.0388 min)1 for CVs at 18�C.
Daily individual pigment-specific ingestion rates are

shown in Table 1. Individual ingestion rates at sta-
tion A7 were lower than those measured at station B3
for both adults and CVs. Assuming a carbon-to-chl a
ratio of 50 and a 70% assimilation efficiency (Conover
1978), Daily pigment-specific ingestion rates were con-
verted to carbon units. Daily carbon ingestion derived
from herbivorous feeding by C. sinicus accounted for ca.
2.7–2.8% and ca. 8.0–9.1% of their body carbon weight
at stations A7 and B3, respectively (Table 1).

We have estimated the clearance rates of C. sinicus
from the average concentrations of chl a in the water
column in which >95% of C. sinicus lived (from the
bottom to 20 m and 10 m for stations A7 and B3,
respectively) and the estimated ingestion rates. The
clearance rates of adults were higher than those of CVs at
both stations (Table 2). For the same stage, however, no
significant difference appeared between the two stations.

Oxygen consumption rates of C. sinicus

Oxygen consumption rates of C. sinicus were determined
at six stations (Table 3). At stations A2, A7, A9 and B3,
animals for experiments were collected below the ther-

Fig. 4 Calanus sinicus. Horizontal distribution of abundance (ind.
m)2). The isolines indicate the bottom water temperature (�C)

Fig. 5 Calanus sinicus. Vertical distribution of density (ind. m)3)
on transects A, B and C. The time above the station number
indicates the sampling time
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mocline, where C. sinicus tended to concentrate. At
stations A7¢ and A8, animals were collected from the
thermocline. Oxygen consumption rates varied from
0.21 to 0.84 ll O2 ind.)1 h)1; they generally increased
with increasing water temperature. Results from the
stations in the YSCBW area indicated that the animals
collected from the thermocline (water temperature: ca.
15–28�C) showed higher oxygen consumption rates than
those collected below the thermocline (water tempera-
ture: <11�C). However, for the animals living at the
same temperature, oxygen consumption was lower in the
YSCBW (station A7¢) compared with outside the YS-
CBW (station B3).

In order to calculate daily metabolic loss as a per-
centage of body carbon, oxygen consumption rates were

converted to CO2 evolution rates, using a respiratory
quotient (RQ) value of 0.97 (protein metabolism, cf.
Gnaiger 1983), i.e. oxygen consumption rate·0.97·12/
22.4, where 12/22.4 is carbon mass (g) in 1 mol of CO2

(22.4 l). The daily metabolic loss of body carbon for C.
sinicus thus estimated ranged from 4.0% to 13.7%,
which was higher than the daily carbon ingestion derived
from herbivorous feeding during the study period
(Table 3).

Discussion

This paper reported on the distribution, feeding and
respiration of the oversummering population of Calanus

Fig. 6 Calanus sinicus. Gut
pigment contents in relation to
mean chlorophyll a
concentrations. The sampling
time at each station was the
same as that in Fig. 5

Fig. 7 Calanus sinicus. Diel
variation in the gut pigment
contents at anchor stations (A7,
B3). Times of sunrise and sunset
were 0518 and 1842 hours

Fig. 8 Calanus sinicus. Results
of the gut evacuation
experiments. The experimental
temperatures were 10�C at
station A7 and 18�C at
station B3
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sinicus in the Yellow Sea. Together, our data on vertical
distribution and ingestion, clearance and respiration
rates show that the copepods had reduced their meta-
bolic losses by entering the YSCBW. Below we discuss
the lines of evidence suggesting that they were active
there and not in a state of diapause.

Distribution

Population density of C. sinicus decreased to a very low
level in most parts of the Yellow Sea, but a high
abundance of adults and CVs resided in the YSCBW
during the study period. This distribution pattern is in
agreement with previous studies in the Yellow Sea
during the same season (Anon. 1977; Wang et al. 2003).
Although C. sinicus performs pronounced diel vertical
migration (Uye et al. 1990; Huang et al. 1992), the
vertical distribution pattern indicated that few animals
appeared above the thermocline, whether in the daytime
or at night, especially in the area occupied by the
YSBCW, during the study period. A possible explana-
tion for these observations is that C. sinicus was
avoiding the high temperature above the thermocline

(Huang and Chen 1985; Lin and Chen 1992; Huang
et al. 1993). Furthermore, the presence of a pronounced
thermocline possibly affected the vertical migration of
copepods (Williams 1985).

Feeding

The gut fluorescence method is one approach to measure
in situ phytoplankton ingestion rates of zooplankton,
although it is not free of methodological problems. One
inaccuracy of this method is that pigment destruction
indeed occurs during gut passage and that the degree of
pigment destruction varies greatly (e.g. Conover et al.
1986; Head and Harris 1992; McLeroy-Etheridge and
McManus 1999). We did not measure the pigment loss
level during this study and chose to correct for pigment
destruction using an estimated average value of 33%
(Dam and Peterson 1988).

Compared with previous reports, the gut pigment
contents of C. sinicus during this study period were at
relatively lower levels, ranging from 0.24 to 2.53 ng
ind.)1. The maximum value observed under laboratory
and field conditions was 21.6 and 28.2 ng ind.)1,
respectively (Uye and Yamamoto 1995). Typical pigment
levels for C. sinicus in the field are 1–10 ng ind.)1 (Wang
et al. 1998; Li and Wang 2000; Li et al. 2002a, 2003).

As reported previously by investigators (Uye and
Yamamoto 1995; Li et al. 2002a, 2003), C. sinicus
exhibited diel feeding rhythms, with a peak in ingestion
during the period of darkness at station B3, outside the
YSCBW. However, at station A7, within the YSCBW,
diel feeding rhythms did not become apparent, with the
diurnal amplitude in gut pigment only 0.74 and 0.12 ng
ind.)1 for adults and CVs, respectively. Except for the
endogenous physiological rhythms, external factors such
as change in light intensity, food availability and risk of
predation have been considered as potential triggering
components of copepod diel feeding variation (Huntley
and Brooks 1982; Stearns 1986; Bollens and Stearns
1992; Dam and Peterson 1993; Bollens et al. 1994). As
discussed before, C. sinicus mainly lived below the
thermocline, where the diurnal change in light intensity
was insignificant in the present study. The main preda-
tors of C. sinicus in the Yellow Sea are the planktivorous
fish anchovy and sierra, but they exerted negligible im-
pact on the population dynamics of this copepod (Meng
2003). For food availability, the vertical profiles of chl a
concentrations showed that the maximum value oc-
curred on the underside of the thermocline at station B3.

Table 2 Calanus sinicus. Clearance rates based upon measured
pigment-specific ingestion rates (Table 1). Average concentrations
of chlorophyll a in the water column from the bottom to 20 m and
10 m for stations A7 and B3, respectively

Station Stage Average concentrations of
chlorophyll a (mg m)3)

Clearance rate
(ml ind.)1 day)1)

A7 Adults 0.06 545
CVs 363

B3 Adults 0.22 534
CVs 321

Table 1 Calanus sinicus. Estimates of mean gut pigment content
(GPC, ng ind.)1), gut evacuation rate constant (k, min)1) and
pigment-specific ingestion rate. The fractional loss of pigment
during passage through the gut was 0.33 (Dam and Peterson 1988)
(CV copopodite stage V)

Station Stage GPC k Ingestion rate
(ng pigment
ind.)1 day)1)

Ingestion rate
(% body
carbon day)1)

A7 Adults 0.71 0.0320 48.8 2.8
CVs 0.54 0.0283 32.5 2.7

B3 Adults 2.28 0.0373 182.5 9.1
CVs 1.31 0.0388 109.6 8.0

Table 3 Calanus sinicus.
Oxygen consumption rates and
metabolic loss of body carbon

Station Temperature
(�C)

Dry weight
(lg ind.)1)

Oxygen consumption
(ll O2 ind.

)1 h)1)
Metabolic loss of
body carbon (% day)1)

A2 12 151.9 0.29±0.05 4.8
A7 9 123.0 0.21±0.05 4.0
A7¢ 18 138.9 0.32±0.04 5.6
A8 27 157.2 0.84±0.02 13.7
A9 12 132.9 0.26±0.03 4.7
B3 18 144.3 0.64±0.23 13.2
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However, for station A7, the maximum value was above
the thermocline and with much lower concentrations
(<0.1 mg chl a m)3) below it (Fig. 9). This indicated
that C. sinicus lived in a continually food-limited envi-
ronment at station A7. When food is limited, copepods
usually feed continuously to obtain the minimum food
requirements (Calbet et al. 1999). Thus, the reasons for
the difference in feeding behaviors between the two
stations may be related to the concentrations and ver-
tical distributions of food.

If the feeding activity of copepods were a function of
food concentration, then one would expect to see gut
pigment level positively correlated to ambient chloro-
phyll levels, because food was limited in the Yellow Sea
in summer. Results from this study did not support this
expectation. There was no apparent correlation between
the concentration of chl a and the gut pigment content
of C. sinicus. The same results have been reported pre-
viously for C. sinicus (Uye and Yamamoto 1995) and
other copepods (Dagg and Wyman 1983; Dam and
Peterson 1993). Absence of correlation may be due to
individual variance, diel feeding rhythms, food avail-
ability and/or feeding synchronization (Uye and
Yamamoto 1995, and references cited therein).

Although gut evacuation rate constants were esti-
mated only at the two anchor stations, our results
showed that the gut evacuation rate constant increased
with temperature, as reported by other investigators
(Kiørboe et al. 1982; Dam and Peterson 1988; Uye and
Yamamoto 1995). Dam and Peterson (1988) described
the gut evacuation rate constant of copepods (E, min)1)
in relation to temperature (T, �C) such that:

E ¼ 0:0117þ 0:001794T ð1Þ

Based on the data from the Inland Sea of Japan, Uye
and Yamamoto (1995) also proposed a linear regression
equation for C. sinicus such that:

E ¼ 0:0222þ 0:00278T ð2Þ

Results of their study (ca. 0.0283–0.0320 and 0.0373–
0.0388 min)1 at 10�C and 18�C, respectively) were lower
than the values calculated from Eq. 2 (0.0500 and
0.0722 min)1, respectively), but close to those from
Eq. 1 (0.0296 and 0.0443 min)1, respectively). The rea-
sons for the difference between our results and those of
Uye and Yamamoto (1995) may be related to both the
gut pigment contents and phytoplankton concentrations
being at low levels in the present study (Tirelli and
Mayzaud 1999, and references cited therein).

Although the daily individual pigment-specific
ingestion rates at station A7, in the YSCBW, were less
than one-third of those at station B3, outside it, there
was no significant difference in the clearance rates (i.e.
feeding effort) of C. sinicus between the two stations.
Calculated from the data reported by Uye and Ya-
mamoto (1995), the clearance rates of C. sinicus ranged
from 202 to 1,066 ml ind.)1 day)1 in the Inland Sea of
Japan in June. Previous studies on the herbivorous
ingestion rates of mesozooplankton in the Yellow Sea
indicated that the clearance rates of large copepods
(dominated by C. sinicus) were about 213–318 ml ind.)1

day)1 in spring and 146–371 ml ind.)1 day)1 in autumn
(Li et al. 2002b). Clearance rates estimated in the present
study, whether within the YSCBW or not, fell within the
data range cited above. This suggests that C. sinicus still
feeds actively in summer, even in the YSCBW. Thus, the
low ingestion rate may be mainly due to the lack of food.

Respiration

Ikeda et al. (2001) demonstrated that 93–96% of the
variance in oxygen consumption rates could be attrib-
uted to body mass and temperature. Comparing our
results for all stations to the rates calculated from the
empirical model of Ikeda et al. (2001), there is no sig-
nificant difference between our data and the model (a
covariance test: F=1.14; df=5,5; P>0.05). However,
oxygen consumption rates did not always increase with
the temperature (Table 3). For example, the rate at
station B3 was twice as high as that at station A7¢, at the
same temperature. Possibly C. sinicus for the station A7¢
experiments only ascends into the warmer thermocline
occasionally and lives in the cold, deep water most of the
time (>95% of C. sinicus occurred below the themo-
cline). As a result of being in a cold environment for a
long time, C. sinicus living in the YSCBW reduce their
metabolic rates to a very low level. Although these
individuals possibly enter the upper warm water occa-
sionally, they are unlikely to adjust their metabolic rates
to a comparable level as quickly as the permanent

Fig. 9 Vertical profiles of chlorophyll a concentrations (mg m)3)
and temperature (�C) at the two anchor stations (A7, B3)
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inhabitants. Such an influence of prior environmental
temperature on metabolic rates has also been reported
for Calanus finmarchicus (Halcrow 1963).

Carbon budget

A comparison of the daily herbivorous carbon rations
of C. sinicus and the cost of respiration indicated that
C. sinicus could not meet their metabolic requirements
on a herbivorous diet alone, which is consistent with
some previous results for copepods (Dagg et al. 1980;
Dam et al. 1993; Li et al. 2003). Copepods are known to
be omnivorous, and predation on microzooplankton
has been commonly observed (e.g. Gifford 1993; Ohman
and Runge 1994; Atkinson 1996). Gut content analysis
of C. sinicus indicated that 16% of gut items, by weight,
were ciliates and flagellates in the Bohai Sea in summer
(Yang 1997). Unfortunately, grazing on microhetero-
trophs by C. sinicus was not measured in the present
study. According to Sun et al. (2002), CV copepodites
dominated the C. sinicus population, and egg produc-
tion of females declined to its lowest seasonal level in the
YSCBW during the study period. Furthermore, if the
specimens collected from the YSCBW were cultured in a
food-enriched environment at the same temperature,
CV copepodites could develop to adults and egg pro-
duction could return to normal level (Pu et al. 2002).
This suggests that lack of food is one of the important
factors limiting the development of the C. sinicus pop-
ulation.

In general, copepod growth increases with tempera-
ture (Hirst and Bunker 2003). However, when food is
limited, the animals will be subjected to greater stress at
high than at low temperatures, because they need more
energy to meet the high metabolic requirements. In this
case, low temperature may be more propitious to
maintain the population. The results from the present
study also showed that, though the herbivorous inges-
tion rates of C. sinicus were lower in the YSCBW than
outside it, the deficit of energy between feeding and
metabolism was smaller inside the YSCBW than outside
it (1.3% and 4.1–5.2% of body carbon per day,
respectively). This may be one of the reasons why C.
sinicus can keep a steady population in the YSCBW in
summer.

Although some biological attributes, such as the low
amplitude of migration, much lower reproduction rates,
and copepodite stage CV dominating the population,
implied that C. sinicus may be inactive in the YSCBW in
summer (Sun et al. 2002), the results from this paper
indicated that both feeding and metabolism were at
normal levels, which suggests that the population was
not in diapause, whether inside or outside the YSCBW.
As discussed above, the low ingestion rates and respira-
tion rates in the YSCBW may be mainly due to the cold,
low-food concentration environment. Uye (2000) sug-
gested that shelf waters provide a suitable habitat for
C. sinicus, because temperature, phytoplankton food

supply and depth are ideal. In the YSCBW, though the
phytoplankton was at a lower level, the cold temperature
caused the energy consumption of C. sinicus to decline to
a much lower level. So, in view of the energy budget, the
YSCBWmay provide C. sinicus with a compatible refuge
to live through the hot, low-food summer. The sub-
sequent development of the C. sinicus population in the
Yellow Sea also supports this suggestion (Anon. 1977).

In conclusion, the oversummering C. sinicus mainly
reside in the central, cold (<12�C), bottom waters of the
Yellow Sea. Their physiological condition, examined by
feeding and respiration rates, indicates that the animals
were hiding in the YSCBW to ‘‘cut their losses’’, but
were not in diapause.
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