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INTRODUCTION

Marine copepods are the most abundant zooplank-
ton in pelagic waters, and play an important role in the
biogeochemical cycling of carbon and trace metals in
marine ecosystems. Zooplankton grazing can strongly
influence the fate of carbon and trace metals associ-
ated with phytoplankton biomass (Fowler & Knauer
1986). During grazing, metals which are assimilated
into grazer biomass enter the organic cycling in the
sea, and may have longer residence times in the sur-

face waters (Whitfield & Turner 1987, Fisher et al.
1991, Reinfelder & Fisher 1991). Metals that are
egested with sinking fecal pellets will be exported out
of the surface waters (Fowler & Knauer 1986), enrich-
ing the deep-water dissolved-metal pool through re-
mineralization and release (Fisher et al. 1991, Lee &
Fisher 1992). Cellular metals regenerated in the dis-
solved state during grazing may be recycled many
times and re-utilized by the phytoplankton community
(Hutchins et al. 1993, Hutchins & Bruland 1994, Lee &
Fisher 1994, Wang & Fisher 1998a,b). The relative
importance of these different biogeochemical path-
ways is metal-specific and can vary greatly with graz-
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effect of starvation on metal AEs. The AE of Cd in the copepods was significantly correlated with its
distribution in the algal cytoplasm, whereas no such relationship was found for Se and Zn. This study
also indicated that the metal AEs were positively related to the gut transit-time of food particles and
the gut passage-time of metals in the copepods, implying a more efficient digestion and absorption
when the food particles and metals were retained longer in the digestive tract. The gut physiology of
copepods may thus considerably affect metal assimilation in diverse food environments. Most un-
assimilated Cd and Zn was lost by copepods through feces egestion, whereas excretion contributed
substantially to the loss of unassimilated Se from the copepods. Excretion was a major route by which
assimilated metals were depurated and turned over from the copepods. The relative contribution of
fecal egestion to the total metal loss from copepods increased with increasing food concentration.
Physiological responses of metal uptake by marine copepods in response to phytoplankton blooms
may thus influence the fate of metals in aquatic systems.
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ing conditions (Hutchins et al. 1995). Information on
the uptake, assimilation, egestion, and regeneration of
carbon and trace elements is therefore important in
evaluating the processes regulating the biogeochemi-
cal fate of these elements in the ocean.

Several recent studies have measured the assimila-
tion efficiencies (AEs) of trace metals from ingested
phytoplankton in marine copepods (Fisher et al. 1991,
Reinfelder & Fisher 1991, Hutchins et al. 1995, Wang et
al. 1996, Wang & Fisher 1998a). A few studies have
demonstrated that the assimilation of trace elements is
governed by cytoplasmic distribution in prey cells
(Reinfelder & Fisher 1991, Hutchins et al. 1995). This
‘liquid’ digestive strategy may allow marine copepods
to process ingested food materials rapidly and mini-
mize their energy expenditure (Kiørboe et al. 1985,
Wang et al. 1996). Physiological control of metal assim-
ilation by marine copepods has generally been
assumed to be minimal, but this remains essentially
untested; for example, it is not known whether the gut
passage-time of metals in copepods can influence
metal assimilation. In marine bivalves, it has been
shown that the AEs of trace elements are highly
dependent on gut passage-time (Decho & Luoma 1991,
Wang et al. 1995, Wang & Fisher 1996), presumably
because longer retention may enable food materials to
be more thoroughly digested and efficiently absorbed
by animals with both extracellular and intracellular
digestive strategies (Wang & Fisher 1996).

The rates and routes of trace-metal release from
biogenic particles into the dissolved state have also
been quantified for zooplankton debris (Lee & Fisher
1992, 1994, Reinfelder et al. 1993, Wang et al. 1996,
Wang & Fisher 1998a). There are, however, relatively
few studies on the routes of trace-metal loss from
marine copepods after ingestion of particulate metals
(Hutchins et al. 1995, Wang et al. 1996, Schmidt et al.
1999). Although these previous studies suggested that
metal regeneration by copepod grazing contributed
substantially to the dissolved-metal pool, no study has
quantitatively compared the relative importance of
egestion versus excretion in the overall metal loss
from copepods, including both unassimilated and
assimilated metals. The biogeochemical fates of
egested and excreted metals are not yet fully under-
stood. It is generally difficult to separate completely
excretion from egestion of metals in experimental
studies because of the difficulty of fully recovering
metals associated with fecal material. To address this
difficulty, fecal material would have to be removed
immediately after egestion by the copepods, thus
avoiding recycling of the lost metal into the aqueous
phase. With this method, it is possible to assess quan-
titatively metal loss from fecal pellet egestion or
excretion into the dissolved phase.

Calanus sinicus is one of the dominant zooplankton
species in Chinese coastal waters, and plays an impor-
tant role in marine ecosystem dynamics in the region.
The relatively large size of the adults of this species 
(1 to 2 mm in length) enable its metal assimilation
responses to changes in its food environment to be
examined on an individual basis. Although previous
studies have quantified the metal AE and physiological
turnover rate in a few species of marine copepods (e.g.,
Acartia sp., Temora longicornis), none has measured
the assimilation and physiological turnover of metals
for individual copepods. In this study, we examine the
effects of food concentration, algal diet species, and
the physiological condition of the copepods (starva-
tion) on the AEs and the physiological turnover rates of
Cd, Se, and Zn. Two phytoplankton species, Thalas-
siosira weissflogii and Prorocentrum minimum, were
examined. The loss of unassimilated and assimilated
metals through egestion or excretion was quantita-
tively evaluated in various food environments for indi-
vidual copepods.

MATERIALS AND METHODS

Adult female Calanus sinicus were collected by net-
towing (500 µm nylon mesh) from Port Shelter, Clear
Water Bay, Hong Kong. The copepods were main-
tained in the laboratory in 30 psu glass-fiber-filtered
(GFF) seawater and fed with the algal food. All exper-
iments were carried out at 20 to 22°C and 30 psu.

Radiolabeling of phytoplankton. Two species of
phytoplankton, Thalassiosira weissflogii (CCMP 1048)
and Prorocentrum minimum (CCMP 696), were main-
tained in clonal cultures in f/2 medium (Guillard &
Ryther 1962) at 18°C with a illumination of 100 µE m–2

s–1 on a 14:10 h light:dark cycle. Cells in late log-stage
were collected onto a 3 µm polycarbonate membrane
and resuspended in 50 ml 0.2 µm-filtered seawater
enriched with f/2 levels of N, P, Si (for T. weissflogii
only), and vitamins, and f/20 levels of trace metals
without addition of Cu, Zn, and EDTA. The initial cell
concentration in the media was generally 2 × 104 cells
ml–1. The amounts of radioisotope additions were
37 kBq of 109Cd (in 0.1 N HCl, corresponding to 89 nM),
55.5 kBq of 75Se(IV) (in distilled water, corresponding
to 1.8 nM), and 74 kBq of 65Zn (in 0.1 N HCl, corre-
sponding to 2.1 nM). The pH of the seawater was
adjusted to 8.0 by adding 0.5 N Suprapur NaOH.

After 4 to 5 d growth for Thalassiosira weissflogii, or
7 d growth for Prorocentrum minimum, cell densities
reached 1 to 2 × 105 cells ml–1 (3 to 4 divisions) and were
considered to be uniformly radiolabeled. Cells were
then collected by filtration onto 3 µm polycarbonate
membranes and resuspended in 0.2 µm filtered unla-
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beled seawater. Cell density was counted before the
cells were fed to the copepods. The distribution of ra-
dioisotopes in various cellular fractions was determined
by differential centrifugation, as described in Fisher et
al. (1983) and Reinfelder & Fisher (1991). Briefly, the
weakly-bound surface metals were removed by 0.1 mM
EDTA. The cells were then suspended in distilled water
and frozen. They were later thawed and centrifuged at
2000 ×g (15 min) and 20000 ×g (20 min) sequentially.
The supernatant after 20000 ×g centrifugation was de-
fined as the cytosolic fraction.

Assimilation and physiological turnover of metals
by copepods. Before the assimilation experiments,
copepods were allowed to evacuate their guts for 1 h
without the presence of food particles. Individual
female copepods were then added to well dishes, each
containing 1 individual copepod and 10 ml GFF sea-
water. There were 6 replicate individuals for each
experimental treatment. The radiolabeled algal cells
were then added to the 10 ml GFF seawater at differ-
ent concentrations. After feeding on the radiolabeled
food particles for various lengths of time (from 10 to 
60 min: see below), the copepods were removed,
rinsed with filtered seawater and immediately placed
in 2 ml filtered seawater. The radioactivity of the cope-
pods was immediately counted, and they were
returned to 10 ml of filtered nonradioactive seawater to
depurate their ingested radiolabeled food materials for
12 h, under the same conditions and in the presence of
nonradioactive food. Any fecal pellets egested during
the radioactive feeding and depuration periods were
also immediately removed, rinsed with filtered seawa-
ter, and assayed for radioactivity. The total amount of
radioactivity ingested by the copepods during the
radioactive feeding period was calculated as the sum
of the radioactivity detected in the copepods and in the
produced feces. The radioactivity in the copepods was
measured every 1 to 4 h over the 12 h depuration
period. The seawater and food were replaced each
time radioactivity in the copepods was counted. The
original seawater was then counted for radioactivity.

In food-quantity experiments with Prorocentrum
minimum and Thalassiosira weissflogii, 3 cell concen-
tration treatments were prepared: 2 × 103, 8 × 103, and
4 × 104 cells ml–1 (equivalent to 0.054, 0.215, and
1.076 mg C l–1 for T. weissflogii, and 0.174, 0.694, and
3.470 mg C l–1 for P. minimum). The copepods were fed
with the radioactive food particles for 20 min. In the
experiment examining the influences of different
radioactive pulse-feeding durations on metal assimila-
tion, the copepods were fed with T. weissflogii at a
concentration of 4 × 104 cells ml–1 for 10, 30, and
60 min, respectively. In the experiment examining the
effects of the physiological condition of copepods on
metal assimilation, the copepods were starved for 18 h,

and then fed with the radiolabelled T. weissflogii for
20 min at a concentration of 4 × 104 cells ml–1. The ‘con-
trol’ copepods were fed continuously with diatoms
before the experiments.

Ingestion rate and gut transit-time of food particles.
To quantify the ingestion rate of copepods feeding on
algal cells at different algal concentrations, Thalas-
siosira weissflogii and Prorocentrum minimum were
grown under the same conditions as used for radiola-
beling. The cells were collected onto 3 µm polycarbon-
ate membranes and resuspended into filtered seawa-
ter. Individual copepods were added to the deep-well
dishes containing 10 ml of GFF seawater. There were 6
replicate individual copepods to each treatment. The
copepods were allowed to feed on the cells in the dark
for 1 h. Density before and after feeding was calculated
with a Coulter counter. Ingestion rate (IR, µg carbon
copepod–1 h–1) was calculated by the following equa-
tion (Omori & Ikeda 1992):

IR  =  WV(C0–Ct)/t (1)

where W is the carbon dry weight of the cell (µg), V is
the volume of seawater (ml), C0 and Ct are the concen-
trations of algal cells before and after feeding (cells
ml–1), respectively, and t is feeding period (h). There
was a decrease in cell density of about 10 to 20% after
1 h feeding at different food concentrations.

The time required for the copepods to produce their
first feces was also examined at different food concen-
trations. Copepods were first allowed to evacuate their
gut contents for 1 h in the absence of food particles.
Individual copepods were then added to separate well
dishes, each containing 10 ml of GFF seawater and
various concentrations of diatoms or dinoflagellates.
Any feces produced by the copepods were checked
under a microscope every 2 min following the addition
of copepods to the dishes. The time required for the
first appearance of feces was defined as the gut transit-
time of food particles (FPT).

Radioactivity measurements. Radioactivity was
measured with a Wallac 1480 NaI(Tl) gamma detector.
All measurements were related to appropriate stan-
dards and calibrated with spillover. The gamma emis-
sion of 109Cd was determined as 22 keV, of 75Se as
264 keV, and of 65Zn as 1115 keV. Counting times were
adjusted to yield a propagated counting error of <5%.

RESULTS

Trace-metal assimilation from ingested food
particles

The retention of Cd, Se, and Zn in individuals of
Calanus sinicus following a radioactive pulse-feeding
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is shown in Figs 1 & 2. Depuration of the ingested
radioactive food particles resulted in a rapid loss within
the first 2 h, followed by a gradual loss. No major dif-
ference in the depuration pattern was observed among
different metals or different treatments. AE was calcu-
lated as the y-intercept of the regression between the
natural log of the percentage of metals retained in the
copepods and the time of depuration between 4 and
12 h (Wang & Fisher 1999). Because there was negligi-
ble loss of metals through fecal egestion after 6 h depu-
ration, the gut passage-time (GPT) of each metal was
defined as the time at which 90% of egested metal was
recovered in the cumulative feces, assuming a 100%
recovery at 6 h depuration (Wang & Fisher 1999).

The calculated metal AEs for the copepods are
shown in Table 1. Differences in food concentration
significantly affected the assimilation of Cd, Se, and
Zn. For all 3 metals, AEs decreased significantly with
increasing food concentration from 2 × 103 to 4 ×
104 cells ml–1 (p < 0.05, 1-way ANOVA), except for
Se in copepods feeding on P. minimum. The AEs of
Zn appeared to be most affected by a change in food
concentration; for example, its AE decreased by 2.2
to 2.7× after a 20× increase in food concentration.
Metal AEs were comparable between the 2 different
algal diets. AEs of the 3 metals were fairly compara-
ble at the lowest food concentration; at higher algal
concentrations, the AEs of Se were higher than those
of Cd and Zn. Differences in the radioactive feeding
period (10 to 60 min) had little influence on the
assimilation of Cd and Zn, but a relatively higher AE

230

Fig. 1. Calanus sinicus. Retention of Cd, Se, and Zn following
pulse ingestion of the radiolabeled diatom Thalassiosira
weissflogii and the dinoflagellate Prorocentrum minimum at
different food concentrations. (■ ) 2000 cells ml–1; (Z) 8000
cells ml–1; (D) 40000 cells ml–1. Data are means + SD (n = 6)

Food type AE (%) K (d–1)
Cd Se Zn Cd Se Zn

T. weissflogii (food conc.)
2 × 103 cells ml–1 67.9 ± 12.2** 81.2 ± 7.4** 79.0 ± 11.3*** 0.39 ± 0.11 0.63 ± 0.14 0.49 ± 0.21
8 × 103 cells ml–1 53.3 ± 7.0** 71.0 ± 6.6** 44.0 ± 11.1*** 0.61 ± 0.14 0.66 ± 0.16 1.15 ± 0.50
4 × 104 cells ml–1 34.5 ± 3.0** 55.6 ± 5.8** 29.6 ± 4.4*** 0.68 ± 0.19 0.64 ± 0.43 0.59 ± 0.18

P. minimum (food conc.)
2 × 103 cells ml–1 79.3 ± 4.5** 72.5 ± 6.9 69.7 ± 10.2** 0.57 ± 0.18 0.35 ± 0.12 0.78 ± 0.20
8 × 103 cells ml–1 76.0 ± 3.7** 66.4 ± 8.2 47.3 ± 4.7** 0.66 ± 0.20 0.63 ± 0.24 0.64 ± 0.24
4 × 104 cells ml–1 57.2 ± 11.2** 61.7 ± 3.6 31.0 ± 12.3** 0.50 ± 0.21 0.61 ± 0.14 0.74 ± 0.53

T. weissflogii (4 × 104 cells ml–1) (duration of radioactive feeding)
10 min feeding 18.8 ± 3.2 66.7 ± 1.5* 29.5 ± 6.1 0.72 ± 0.28 0.64 ± 0.21 1.14 ± 0.63
30 min feeding 16.2 ± 4.0 64.1 ± 3.5* 28.1 ± 3.6 0.72 ± 0.22 0.64 ± 0.13 0.87 ± 0.36
60 min feeding 20.0 ± 2.7 70.5 ± 1.3* 29.9 ± 3.0 0.68 ± 0.10 0.63 ± 0.13 0.61 ± 0.31

T. weissflogii (4 × 104 cells ml–1) (starved and fed)
Starvation 18.3 ± 4.4 60.0 ± 8.4 33.7 ± 12.3 0.54 ± 0.51 0.32 ± 0.12 0.61 ± 0.35
Feeding 22.8 ± 2.4 68.1 ± 7.1 31.2 ± 3.7 0.61 ± 0.16 0.35 ± 0.22 0.63 ± 0.33

Table 1. Calanus sinicus. Assimilation efficiencies (AE) and physiological turnover-rate constants (K ) of Cd, Se, and Zn in cope-
pods feeding on the diatom Thalassiosira weissflogii and the dinoflagellate Prorocentrum minimum at different food concentra-
tions (calculated from Figs 1 & 2). AEs and K of copepods with different radioactive feeding durations and of starved and fed
copepods are also shown. Values are means ± SD (n = 6). Statistically significant effects of different treatments are indicated by

*p < 0.05, **p < 0.01, and ***p < 0.001 1-way ANOVA
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of Se was found in copepods after a radioactive feed-
ing period of 60 min. There was little variation in the
AEs of any metal between starved and fed copepods,
suggesting that starvation has a negligible influence
on the assimilation of these metals. Among the dif-
ferent experiments with T. weissflogii as diet (food
concentration, duration of radioactive feeding, and
starvation), the AEs of metals were quite comparable
at the same food concentration (4 × 104 cells ml–1).

Taking all experiments into consideration (including
those with the 2 algal diets), there was a significant
correlation between metal AE and metal distribution in
the algal cytoplasm for Cd (Fig. 3), in spite of the
higher AE of copepods at the lower food concentration.
No relationship was found for Se and Zn however. One
likely explanation is that there was no great variation
in their cellular distribution among the different treat-
ments. When all 3 metals were considered, a signifi-
cant relationship between metal AE and metal distrib-
ution in the algal cytoplasm was found for copepods
feeding on Thalassiosira weissflogii (Fig. 4), suggest-
ing that variation in metal partitioning in the algal
cytoplasm was critical for the inter-elemental variation
in assimilation.
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Fig. 2. Calanus sinicus. Retention of Cd, Se, and Zn following
different durations of radioactive pulse-feeding on the radio-
labeled diatom Thalassiosira weissflogii (40000 cells ml–1). (■ )
10 min radioactive pulse feeding; (Z) 30 min radioactive
pulse feeding; (D) 60 min radioactive pulse-feeding. Data are

means + SD (n = 6)

Fig. 3. Calanus sinicus. Relationship between metal assimila-
tion efficiency of the copepod and metal distribution in the
algal cytoplasm. (D) Copepods feeding on the diatom Thalas-
siosira weissflogii at different concentrations; (■ ) copepods
feeding on the dinoflagellate Prorocentrum minimum at dif-
ferent concentrations; (Z) copepods feeding on T. weissflogii
with different durations of radioactive pulse-feeding;
(R) copepods feeding on T. weissflogii (starved and fed cope-
pods). Data are means ± SD (n = 6 for metal assimilation effi-

ciency, n = 2 for metal distribution in the algal cytoplasm)

Fig. 4. Calanus sinicus. Relationship between metal assimila-
tion efficiency of the copepod and metal distribution in the
cytoplasm of the diatom Thalassiosira weissflogii. (D) Cd; (■ )
Se; (Z) Zn. Data are means ± SD (n = 6 for metal assimilation
efficiency, n = 2 for metal distribution in the algal cytoplasm)



Mar Ecol Prog Ser 218: 227–238, 2001

The GPTs of Cd, Se, and Zn in the copepods
decreased with increasing food concentration
(Table 2). Metal AE appeared to be correlated with
GPT (Fig. 5), implying a more efficient assimilation
with an increase in metal GPT. A linear
relationship between Zn, AE and GPT was
observed, whereas no apparent relation-
ship was found for Se in our experiments.
There was no relationship between GPT
and metal distribution in the algal cyto-
plasm for Cd, Se, or Zn.

Physiological turnover rate of trace
metals

The physiological turnover-rate con-
stant of trace metals was calculated as the
slope of the linear regression between the
natural log of the percentage of metals

retained in the copepods and the time of depuration
between 4 and 12 h (Table 1). No major difference in
physiological turnover-rate constant was observed for
any of the 3 metals at different food concentrations,
or with different radioactive pulse-feeding times, or
between the starved and fed copepods. The turnover
rate constants were somewhat similar between the 2
algal diets and among the 3 metals, and ranged
between 0.32 and 1.15 d–1.

Partitioning of metals between egestion and
excretion

By measurement of the radioactivity of fecal pellets
immediately egested by the copepods and of the ambi-
ent water, it was possible to separate the relative con-
tribution of metal loss from copepods due to fecal pel-
let egestion and aqueous excretion (Fig. 6). Within the
first hour of depuration, >75% of unassimilated Cd and
Zn were found in the feces, with <25% of metal lost
through excretion. For Se, >20% was lost via excretion
throughout the depuration period. Differences in food
concentration had a marked effect on the relative
importance of these 2 processes (Fig. 6). Metal loss
through defecation increased substantially with an
increase in food concentration. The partitioning of lost
metal in fecal pellets and the dissolved state was com-
parable between Thalassiosira weissflogii and Proro-
centrum minimum. With an increase in depuration
time, the relative contribution of excretion to metal loss
from the copepods also increased, particularly for P.
minimum, implying that excretion is a dominant path-
way for metal loss from the copepods during the phys-
iological turnover period. Excretion was the dominant
route for Se loss in copepods feeding at 8000 cells ml–1

of the diatom T. weissflogii and in copepods feeding at
various concentrations of the dinoflagellate P. mini-
mum.
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Food type FPT (h) GPT (h)
Cd Se Zn

T. weissflogii
2000 cells ml–1 0.16 ± 0.05 1.62 ± 0.65 3.45 ± 0.92 3.43 ± 0.92
8000 cells ml–1 0.10 ± 0.02 0.96 ± 0.02 2.13 ± 0.77 1.79 ± 0.82
40000 cells ml–1 0.10 ± 0.01 0.92 ± 0.01 0.92 ± 0.01 0.95 ± 0.01

P. minimum
2000 cells ml–1 0.44 ± 0.11 2.39 ± 0.47 3.59 ± 0.75 3.67 ± 0.81
8000 cells ml–1 0.23 ± 0.03 1.77 ± 0.81 4.06 ± 0.46 2.34 ± 0.85
40000 cells ml–1 0.13 ± 0.03 0.95 ± 0.01 1.68 ± 0.98 0.95 ± 0.37

Table 2. Calanus sinicus. Gut transit-time of food particles (FPT) and gut pas-
sage-time (GPT) of Cd, Se, and Zn in copepods feeding on the diatom Tha-
lassiosira weissflogii and the dinoflagellate Prorocentrum minimum at differ-

ent food concentrations. Values are mean ± SD (n = 6)

Fig. 5. Calanus sinicus. Relationship between metal assimila-
tion efficiency and gut passage-time (GPT) of metals. (D)
Copepods feeding on the diatom Thalassiosira weissflogii at
different concentrations; (■ ) copepods feeding on the
dinoflatellate Prorocentrum minimum at different concentra-
tions; (Z) copepods feeding on T. weissflogii with different
durations of radioactive pulse feeding; (R) copepods feed-
ing on T. weissflogii (starved and fed copepods). Data are 

means ± SD (n = 6)
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Ingestion rate and gut transit-time of food particles

The ingestion rates of copepods were significantly
related to food concentration (Fig. 7). For example,
the ingestion rate at the highest food concentration
was 8× (for Thalassiosira weissflogii) and 3.6× (for
Prorocentrum minimum) higher than the ingestion
rate measured at the lowest food concentration. No
maximum ingestion rate was reached within the food
concentrations examined in our study. The measured
gut-transit time of food particles (FPT) was inversely
related to food concentration, and was similar
between the 2 algal diets at the highest food concen-
tration (Table 2). At lower food concentrations, FPT
was about 2× longer in copepods feeding on P. mini-
mum than on T. weissflogii. The shortest FPT was
0.1 h, measured at the highest food concentration,
whereas the longest FPT was 0.44 h in copepods feed-
ing on P. minimum at the lowest food concentration.
Furthermore, the AEs of Cd, Se and Zn appeared to
be correlated with FPT, e.g., AE increased with
increasing FPT until it reached a maximum beyond

which AE was independent of FPT (Fig. 8). The GPT
of metals was also positively correlated with the FPT
of food particles for both T. weissflogii and P. mini-
mum diets.
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Fig. 6. Calanus sinicus. Cumulative partitioning of metal loss
into fecal pellets and dissolved state (excretion) during the
depuration period at different food concentrations of the
diatom Thalassiosira weissflogii and the dinoflagellate Proro-
centrum minimum. At 2000 cells ml–1: (D) metal in the fecal
pellets; (s) metal in the dissolved state; at 8000 cells ml–1: (■ )
metal in the fecal pellets; (h) metal in the dissolved state; at
40000 cells ml–1: (Z) metal in the fecal pellets; (y) metal in

the dissolved state. Data are means ± SD (n = 6)

Fig. 7. Calanus sinicus. Ingestion rate (IR) at different food
concentrations of the diatom Thalassiosira weissflogii (D) and
the dinoflagellate Prorocentrum minimum (■ ). Data are

means ± SD (n = 6)

Fig. 8. Calanus sinicus. Relationship of metal assimilation effi-
ciency and the gut transit-time of food particles (FPT).
(D) copepods feeding on Thalassiosira weissflogii; (■ ) cope-
pods feeding on Prorocentrum minimum. Data are means

± SD (n = 6)
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DISCUSSION

Trace-metal assimilation from ingested food
particles

In previous studies, assimilation efficiencies (AEs)
have been measured for copepods as a composite,
because of the small size of the individuals used in the
experiments (Fisher et al. 1991, Reinfelder & Fisher
1991, Wang et al. 1996, Wang & Fisher 1998a). Both
short-term (0.5 to 1.0 h: Wang et al. 1996, Wang &
Fisher 1998a) and long-term (6 to 18 h: Fisher & Rein-
felder 1991, Reinfelder & Fisher 1991) radioactive feed-
ing were employed to quantify metal AEs. The AEs
measured in this study for individual Calanus sinicus
were generally comparable to a previous study on
another marine copepod, Temora longicornis (Wang &
Fisher 1998a). For example, the AEs of Cd, Se, and Zn
were 33 to 53, 50 to 59, and 52 to 64%, respectively, in
the copepod T. longicornis feeding on diatoms and
phytoplankton assemblage (Wang & Fisher 1998a),
compared with 34 to 57%, 56 to 62%, and 30 to 31%
for C. sinicus feeding on diatoms and dinoflagellates at
a similar algal biomass in this study. This study also
indicated that metal AEs were generally comparable in
C. sinicus feeding on the diatom Thalassiosira weiss-
flogii and the dinoflagellate Prorocentrum minimum,
suggesting that differences between the 2 algal spe-
cies had little influence on the metal assimilation of the
copepod. Wang & Fisher (1998a) similarly reported
that different algal diets did not appreciably affect
metal assimilation in the marine copepod Temora
longicornis. However, when T. longicornis fed on Fe
oxide particles, the measured metal AEs were about
2× lower than for individuals feed on phytoplankton
(Wang et al. 1996).

In this study, food quantity had a significant effect on
metal assimilation by the copepod Calanus sinicus.
Thus, a possible physiological influence of metal accu-
mulation may be achieved by feeding copepods at dif-
ferent food densities. In contrast, Wang et al. (1996)
found that food concentration (Thalassiosira pseudo-
nana, ranging from 0.016 to 0.8 mg C l–1) had little
effect on the assimilation of Cd and Se by the neritic
copepods Acartia tonsa and Temora longicornis. The
assimilation of Zn by these copepods was however
reduced from 70 to 50% by an increase in food con-
centration from 0.016 to 0.8 mg C l–1. The present work
also indicated that AE of Zn in C. sinicus was most
affected by a change in food concentration. The AE of
Zn decreased from 79 to 30% in copepods feeding on
Thalassiosira weissflogii when food concentration
increased from 0.054 to 1.076 mg C l–1, and decreased
from 70 to 31% in copepods feeding on Prorocentrum
minimum when food concentration increased from

0.174 to 3.470 mg C l–1. For Se, the food concentration
of P. minimum did not influence its assimilation by C.
sinicus. The influence of food concentration on metal
assimilation in copepods therefore appears to be
metal-specific and food-specific. Different variables
such as ingestion activity, metal passage-time and gut
transit-time of food particles may all be responsible for
the underlying effects of food concentration on metal
assimilation. Conflicting results have also been
obtained on the influence of food concentration on C
assimilation in marine copepods. Conover (1966)
showed that C assimilation by C. hyperboreus was rel-
atively constant (about 70%) over a food concentration
range of 0.1 to 2.4 mg C l–1. A few later studies have
also indicated that food concentration has little influ-
ence on carbon assimilation in copepods feeding on
different food particles (Abou Debs 1984, Wang et al.
1996). As significant influence of food concentration on
carbon assimilation was however found by Gaudy
(1974) and Landry et al. (1984). For example, the C
assimilation of the copepod C. pacificus decreased
from 85 to 68% and N assimilation from 92 to 74%
when the algal concentration (T. weissflogii) increased
from 103 cells ml–1 to 8 × 103 cells ml–1.

In this study, the gut-transit time of food particles
(FPT) was found to be significantly dependent on food
concentration, in contrast to an earlier study by Ellis &
Small (1989), who found that the gut-evacuation rate of
Calanus marshallae was not dependent on food con-
centration (Thalassiosira weissflogii, ranging from 500
to 4000 cells ml–1). The FPT estimated for C. sinicus
was <0.44 h, consistent with the estimation by Dam &
Peterson (1988) for Temora longicornis based on the
relationship between FPT and temperature. The FPT
in marine copepods is, however, species-specific, rang-
ing from 0.3 h to >2 h, as measured by gut fluorescence
or radiotracer techniques (Kiørboe et al. 1982). In the
present study, the difference in FPT accounted at least
partially for the variation in metal AE; thus, longer
retention of food particles in the copepod’s gut resulted
in more efficient metal assimilation.

Very few studies have distinguished the gut transit-
time of food particles (FPT, defined as the first appear-
ance of fecal pellets) and the gut passage-time of met-
als (GPT, defined as the time of recovery of 90% of
unassimilated cumulative feces) in marine copepods.
Wang & Fisher (1998a) estimated that the GPT of met-
als in the copepod Temora longicornis was 4 to 15 h,
compared to an FPT of <0.5 h for food (Dam & Peterson
1988). Consistent with this, our study indicated that the
FPT was shorter than the GPT of metals in Calanus
sinicus (1 to 4 h for all 3 metals). The longer residence
time of metals in the copepod’s gut implies that metal
digestion may be decoupled from food digestion as a
result of a more complicated chemical digestion (e.g.,
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desorption, extracellular digestion and mixing of the
gut contents). Metal AEs in C. sinicus were correlated
with the GPT of the metals, indicating that the differ-
ences in metal AEs were also partially attributable to
the differences in the metal’s residence time in the
copepod’s gut. Similar results have also been observed
for marine bivalves in which metal AE increased with
increasing metal GPT as a result of more efficient
assimilation (e.g., intracellular digestion) when the
metal was retained longer in the digestive tract (Wang
& Fisher 1996, Roditi & Fisher 1999, Chong & Wang
2000).

Metal partitioning in algal cytoplasm has been con-
sistently implied to have a crucial effect on metal
assimilation in marine copepods and other herbivores
(Reinfelder & Fisher 1991, Wang & Fisher 1996, 1999).
Reinfelder & Fisher (1991) suggested that zooplankton
characterized by a short gut residence-time (<30 min)
probably employed a ‘liquid’ digestive strategy in
which only the soluble form of metals was bioavailable
and easily assimilated. Cell-wall and membrane-
bound metals were enriched in fecal pellets and
rapidly exported out of the surface waters (Fisher &
Reinfelder 1995). Thus, the subcellular distribution of
trace elements may largely determine whether they
are assimilated or exported with sinking biogenic par-
ticles (Hutchins et al. 1995). There was, however, lim-
ited evidence to demonstrate that for a specific metal
its assimilation is directly affected by metal distribution
in the algal cytoplasm (Hutchins et al. 1995). In the
present study, significant correlation was only found
for Cd between its AE and distribution in the algal
cytoplasm, although metal partitioning in the diatom’s
cytoplasm appeared to account for the variations in
metal assimilation among the 3 metals. Furthermore, a
significant difference in metal AEs was documented in
copepods feeding at different food concentrations,
even though the metal cytoplasmic distribution was
constant among the different food concentration treat-
ments. Differences in metal partitioning in algal cyto-
plasm, while critical to explaining the inter-elemental
variation of AE (Reinfelder & Fisher 1991, 1994), may
therefore not be responsible for the variation in AEs of
Se and Zn in copepods in response to different food
environments. The feeding physiology of the copepods
such as the GPT of metals and the FPT of food may also
account for AE variation under diverse food conditions.

In copepods, metal accumulation from ingested par-
ticles is determined by metal AE, metal concentration
of the food particles, metal efflux rate, and the cope-
pod’s ingestion rate (Wang et al. 1996). Food concen-
tration can directly affect all 4 of these physiological
and geochemical parameters. A pronounced variation
in a copepod’s feeding rate was noted for various algal
diets and at different food concentrations. In our study,

the ingestion rate of copepods on the dinoflagellate
Prorocentrum minimum was somewhat higher than
copepods feeding on the diatom Thalassiosira weiss-
flogii, and increases with an increase in food density.
Other experimental studies have established that
ingestion rate generally increases with increasing
phytoplankton abundance and algal cell size (Paffen-
höfer 1984, Cowles et al. 1988). The observed relation-
ship between the ingestion/absorption rate and food
concentration may be attributable to the adaptation of
digestive enzymes, such that the copepods can modify
their rates of digestion by varying the amount and
activity of digestive enzyme at different food levels
(Abou Debs 1984). It is likely that the decrease in metal
AE with increasing food concentration may potentially
maintain the amount of metal taken up by the cope-
pods, whereas the copepod’s ingestion rate will in-
crease with increasing food concentration.

Regeneration of trace metals

Biologically-mediated regeneration is critical to
metal cycling in marine and freshwater systems
(Hutchins et al. 1993, Hutchins & Bruland 1994, Twiss
& Campbell 1995, Twiss et al. 1996, Wang & Fisher
1998b). The present results have demonstrated that
the physiological turnover of assimilated trace metals
in Calanus sinicus is relatively independent of algal
diet or the amount of food ingested, similar to the
results of previous studies on other copepods (Wang et
al. 1996). However, the excretion rate of metals mea-
sured over a longer depuration period (d) increased
with increasing food density (Wang & Fisher 1998b).
The relative importance of different routes of metal
regeneration (egestion as packed fecal pellets and
excretion into the dissolved state) can considerably
affect the fate and distribution of metals in the water
column. Although previous studies have considered
the partitioning of ingested metals in different com-
partments, namely copepods, dissolved state, and
feces (Hutchins et al. 1995, Wang et al. 1996), this
study has provided the first realistic kinetic budget for
ingested metals in copepods, egested feces, and excre-
tion, by carefully recovering the egested feces at fre-
quent time intervals. Hutchins et al. (1995) demon-
strated the importance of Fe regeneration by marine
copepods, e.g., about 50% of ingested Fe was parti-
tioned into the dissolved state and 25% each of
ingested Fe was partitioned into the copepods and
fecal pellets after 4 h depuration. Wang et al. (1996)
found that a significant fraction of Am, Co, Se and Zn
was recovered in the water after 4 h depuration, with
metals in the fecal pellets accounting only for a minor
fraction. Because a relatively high density of grazers
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was used in these previous studies (0.5 to 1.0 individu-
als ml–1), it is possible that metals associated with the
egested fecal pellets may have been desorbed and
contributed to the metals in the dissolved state (Fisher
et al. 1991, Lee & Fisher 1992).

In our study, egested fecal pellets were measured for
each individual copepod, and were removed immedi-
ately after they had been produced; thus, the potential
desorption of metals from the fecal pellets was kept to
a minimum. In addition, in our experiment comparing
metal AEs with different durations of pulse radioactive
feeding (10 to 60 min), the ingestion rate was calcu-
lated as the sum of the radioactivity in the copepods
and the radioactivity in the egested feces collected
during the radioactive feeding period. The production
of radioactive feces increased with the duration of
radioactive feeding (with a typical copepod gut-transit
time of <10 min at the food concentration employed).
Because we did not find any significant difference in
metal AEs with different durations of radioactive feed-
ing (except for Se), it was unlikely that the egested
metals were desorbed into the dissolved state within
the time frame of feces collection. Consequently, our
estimation of the relative importance of egestion ver-
sus excretion in the overall metal loss from copepods
may be a true reflection of these 2 processes.

Although our calculations indicated that egestion
represents a major pathway by which unassimilated
Cd and Zn are returned to the ambient environment,
excretion may be a dominant route by which assimi-
lated and incorporated metals are regenerated into the
dissolved state (Wang & Fisher 1998b). Similar to ear-
lier studies (Wang et al. 1996, Wang & Fisher 1998a),
there was very little radioactivity detected in the
egested feces after 6 h depuration in non-radioactive
waters, indicating that excretion dominated the loss of
assimilated metals. Recent studies have demonstrated
that the physiological turnover rate in marine cope-
pods is exceedingly high (0.3 to 2.6 d–1), and thus can
contribute markedly to the dissolved metal pool in the
water column (Wang & Fisher 1998a,b, Xu et al. 2001).
The present study also indicated that the route of metal
regeneration is metal-specific, and is presumably
affected by different algal diets and food concentra-
tion. The relative significance of egestion increases
with increasing food concentration, as a result of inef-
ficient assimilation by the copepods. Hutchins & Bru-
land (1994) suggested that an abundance of prey can
lead to a less efficient assimilation of ingested nutrients
(i.e., gluttonous feeding), resulting in a greater degree
of incorporation of partially digested materials into
fecal pellets and a possibly higher remineralization
rate.

Differences in food concentration may also affect the
fate of metals realeased into the water column by graz-

ing copepods. A lower food concentration results in a
higher metal AE, and a decrease in metal loss by eges-
tion, thus effectively reducing metal export by sinking
fecal pellets. In our study, we also found that fecal pel-
lets were smaller at lower food concentrations, similar
to observations by Dagg & Walser (1986). Because the
sinking rate of fecal pellets is highly dependent on
their size, smaller pellets may be retained longer in the
surface waters, further increasing the potential of
metal cycling into the dissolved state. Conversely,
larger pellets produced at higher food concentrations,
coupled with a higher rate of metal loss by egestion,
may facilitate the export of metals to deeper waters.
The production of fecal pellets in coastal surface
waters is generally high (e.g., 3 × 105 total pellets m–2

d–1 in the Northeast Pacific: Knauer et al. 1979). Cou-
pled with the relatively high concentration of metals in
freshly produced feces (Krishnaswami et al. 1985),
fecal pellets can play an important role in transporting
metals to deeper waters, and may contribute to the
removal of metals from surface waters and possibly the
enrichment of the deeper waters or sediments. The
amount of resorption of metals from sinking pellets
remains unknown. Furthermore, fecal pellets contain-
ing unassimilated metals and other nutrients may
serve as an important food source for bacteria, proto-
zoans, or benthic animals (Bulter & Dam 1994), espe-
cially in areas below the photic zone (Urrere & Knauer
1981).

In summary, our study has demonstrated that metal
assimilation in the marine copepod Calanus sinicus is
significantly affected by food concentration, but not by
difference in radioactive pulse-feeding time and star-
vation. Metal AEs determined for the 2 algal diets
(diatom Thalassiosira weissflogii and dinoflagellate
Prorocentrum minimum) were generally comparable.
Extrapolation of these laboratory results to field condi-
tions using a mixture of algal foods remains to be stud-
ied. The distribution of metals in the algal cytoplasm
may be important in accounting for the variability of
Cd assimilation in copepods observed in different
batches of experiments and between the 2 algal diets.
Dependence of the metal AEs on the gut transit time of
food materials and gut passage-time of metals sug-
gests that the gut physiology is another critical para-
meter in determining metal AEs under diverse food
conditions. It is also likely that the acidic gut environ-
ment may affect metal assimilation in marine copepods
(Xu et al. 2001). The physiological turnover rate of
trace metals was relatively independent of the amount
of food ingested and the species of alga used as food.
The routes of metal loss in copepods (egestion and
excretion) were metal-specific and strongly affected
by algal diet species and food concentration. For Cd
and Zn, egestion by fecal pellets was the major route
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for the loss of unassimilated metals, whereas both
excretion and egestion were equally important for the
loss of unassimilated Se from the copepods. Excretion
into the dissolved state was nevertheless the dominant
pathway for the loss of assimilated metals in the cope-
pod. The relative importance of different routes of
metal depuration from copepods may be important to
our understanding of the fate of metals in surface
waters.
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