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ABSTRACT: Laboratory experiments employing gamma-emitting radiotracers assessed the retention
efficiency of ingested metals in the calanoid copepod Anomalocera patersoni and the retention of
excreted metals in fecal pellets. Adult copepods ingested the haptophyte Isochrysis galbana labeled
with 1°°Cd, ®Zn, ***Hg, **'Am and ?*’Pu at a rate of 3.79 mg algal C g~' animal dry wt h™'. Average
retention efficiencies were 30 % for Cd, 48 % for Zn, 21 % for Hg, 4.5 % for Am, and 0.8 % for Pu. Algal
cells resuspended into unlabeled seawater retained metals to varying extents, with depuration curves
conforming to a 2-compartment model; Cd was lost most rapidly. The fecal pellets produced by animals
feeding on radioactive I galbana lost essentially all of their *°°Cd, %3Zn, ' Am, and #*’Pu to unlabeled
seawater within 1 d. ***Hg was lost most slowly, again conforming to a 2-compartment model; its
retention half time was about 25 d in the slowly exchanging pool. Bactenal activity did not appear to
have an effect on metal retention in the fecal pellets. The retention efficiencies suggest that Cd, Zn, and
Hg should be recycled by copepods in surface waters as part of the organic cycle in the sea, while the
transuranic elements should be defecated and removed from surface waters by sinking biogenic debris.

INTRODUCTION

Cycling of elements in marine systems can be
strongly influenced by the resident biota. In surface
pelagic waters, plankton can strongly affect vertical
transport of elements (Fowler 1982, Fowler & Knauer
1986). Biogenic particle flux can account for much of
the vertical flux and hence control the residence times
of particle-reactive elements in the sea (Cherry et al.
1978, Santschi 1984, Wangersky 1986, Fisher et al.
1988, Moore & Dymond 1988, Murray et al. 1989).
Marine zooplankton play a major role in determining
the fate of metals, especially particle-reactive metals in
the water column (Fowler & Knauer 1986, Fisher &
Fowler 1987). By ‘packaging’ some elements into
rapidly sinking fecal pellets, crustacean zooplankton
such as euphausiids and copepods can effectively
remove metals from surface waters (Fowler 1977,
Fisher et al. 1983b, Fisher & Fowler 1987). Those metals
which, when ingested in food, show little assimilation
in these organisms and are mostly defecated have
relatively short residence times in surface waters, while
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metals which are assimilated enter the organic cycle in
the sea, are recycled in surface waters, and have longer
residence times in surface waters (Whitfield & Turner
1987).

To better understand the geochemical cycling of
metals in marine waters, therefore, it is important to
study the fate of ingested elements in those species
which are important components of the zooplankton
community, since models have shown that the zoo-
plankton in particular are most responsible for the flux
of particle-reactive elements from the mixed layer (Bru-
land & Coale 1986, Fisher & Fowler 1987). Specifically,
it is important to quantify the retention of ingested
metals in zooplankton and the retention times of
egested metals associated with fecal pellets. The latter
information would enable a more realistic appraisal of
the extent to which defecated metals would be trans-
ported to deep waters by sinking fecal pellets. Toward
this end, we have conducted experiments to examine
the fate of ingested metals in a marine copepod which
is abundant in the surface waters of the Mediterranean
Sea. Despite their importance in zooplankton com-
munities, copepods have been relatively little studied
with regard to their retention and excretion of ingested
metals.
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MATERIALS AND METHODS

Copepods were collected in August 1989 from sur-
face waters 5 km off Monaco using a 333 um nylon
mesh net, sorted by sequential seiving, and held over-
night in filtered aerated seawater to empty their guts.
Microscopic examination of the large fraction indicated
that virtually all specimens were adult Anomalocera
patersoni, a calanoid copepod.

The experimental copepods were fed radiolabeled
Isochrysis galbana cells which had been prepared as
follows. Log-phase cells, cultured in Mediterranean
surface seawater enriched with /2 nutrients (Guillard
& Ryther 1962) minus Cu, Zn, and EDTA, and which
had been sterile-filtered through 0.2 pm Nuclepore
polycarbonate membranes, were collected out of their
growth medium by centrifugation (9220 X g, 10 min).
Cells were then resuspended into 2 flasks, each con-
taining 100 ml fresh sterile-filtered surface water, to
give a cell density of ca 1.4 x10° ml™'. One flask
received 214.6 kBq '°°Cd (ty, = 462 d), 65.5 kBq *°Zn (tv,
= 244 d), and 3.7 kBq ?®*Hg (ty, = 47 d), all of which
were dissolved in 0.1 N HCI (total volume added: 44
ul). These radionuclide additions corresponded to addi-
tions of 6 ng total (including stable) Cd, 30 ng total Zn,
and 1.1 pg total Hg and yielded final concentrations in
the flasks of 0.5 nM Cd, 4.6 nM Zn, and 55 nM Hg. The
other flask received 37.0 kBq **'Am (t,, = 433 yr) plus
25.9 kBq 2*’Pu (t,, = 45 d), both in solutions dissolved in
3 N HNOj;. The 2*7Pu was adjusted to the (VI) oxidation
state (Lovett & Nelson 1981) prior to its addition to the
algal culture. These additions resulted in final concen-
trations of 12 nM for **Am and 21.5 pM for 2’Pu. The
pH of the flask was adjusted with NaOH prior to the
addition of the isotope so that after isotope addition
(total volume 1.005 ml) pH was 8.0. Radionuclides were
purchased from Amersham (1°°Cd, %3Zn, 2°3Hg, **!Am)
and from U.K.A.E.A. Harwell (**’Pu).

The cultures were maintained in the dark at 22 °C for
6 d (Cd/Zn/Hg exposure) or 4 d (Am/Pu exposure).
Following the uptake period, a 5 ml aliquot from each
culture was taken to determine by gamma counting the
quantity of isotope associated with cells (Fisher et al.
1983a), and a 1 ml aliquot was removed for cell counting.
From knowledge of cell counts, it was calculated that
each cell exposed to the transuranic elements contained
135 uBq #*!Am and 201 uBq **’Pu, and each of the other
cells contained 555 pBq 1°°Cd, 309 uBq ®°Zn, and 9.9 uBq
203Hg. Cells were centrifuged and resuspended into
unlabeled seawater so that Am/Pu-labeled cells and
Cd/Zn/Hg-labeled cells were pooled; 53.29 % of the
pooled cells had been labeled with Am/Pu and 46.71 %
labeled with Cd/Zn/Hg. Thus, the average cell con-
tained 259 uBq of '9°Cd, 144 uBq of %°Zn, 4.6 uBq of
203Hg, 72 pBq of **'Am, and 107 uBq of %’Pu,

Four erlenmeyer flasks, each containing 400 ml of
seawater with 1.14 x 10° stationary phase cells ml™},
were prepared. Isochrysis galbana cell density in these
feeding suspensions corresponded to 6.5 X 10% um? 17},
or 1.25mg C 17! (Pechenik & Fisher 1979), a level which
supports maximal ingestion rates in other calanoid
copepods (Kierboe et al. 1985). To each flask 200
copepods were added, and the flasks were incubated
in the dark for 18 h at 16 °C. A fifth flask containing
4 x 10* I galbana cells ml™! and no copepods was
incubated for 8 d under the same experimental condi-
tions to determine the rate of release of the metals from
the cells.

After feeding, cells were counted microscopically
with a hemacytometer to determine the quantity of
cells ingested. The fractionation of isotope between
dissolved and particulate phases was also determined
at this time (Fisher et al. 1983a). Additionally, the
copepods were collected on a 333 um mesh, placed in a
plastic counting vial containing unlabeled seawater,
and their radioactivity quickly determined. The
copepods were then resuspended into unlabeled sea-
water and fed unlabeled Isochrysis galbana cells for 6 h
to purge their guts of any remaining undigested
labeled food. These copepods were then recounted to
determine residual radioactivity in their tissues. Reten-
tion efficiency (RE) of ingested metal was determined
by dividing the radioactivity of the copepods after gut
evacuation (BqR) by the radioactivity ingested (Bql =
number of cells eaten (CI) X radioactivity cell™}); this is
essentially comparable to the assimilation coefficient or
utilization efficiency referred to in radioecological liter-
ature (e.g. Lowman et al. 1971).

Fecal pellets produced by the copepods during the
18 h feeding period were collected from each of the
flasks, pooled, and divided into 2 sealed plastic count-
ing vials each containing 5 ml of sterile-filtered sea-
water. After determining the radioactivity of each
group of fecal pellets, the volume of seawater in each
vial was increased to 50 ml. One of the vials was then
incubated at 15°C and the other at 2 °C. The fecal
pellets remained at the bottom of the vials, which were
left stationary. Periodically, 45 ml of water was gently
pipetted off the top from each vial and its radioactivity
counted, reflecting the release of isotope from the fecal
pellets. Radioactivity associated with the undisturbed
fecal pellets was also determined before the addition of
a fresh batch of 45 ml unlabeled filtered seawater and
further incubation.

Radioactivity was determined in a high-purity Ge
detector linked to a Cosynus multichannel analyzer
and a computer with spectra-analysis software {Inter-
technique, Grenoble). The detector was calibrated for
energy and counting efficiency with appropriate stan-
dards for each of the geometries used. Photon emis-
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sions of '9°Cd were determined at 88 keV, ®°Zn at 1115
keV, ?°Hg at 279 keV, and **’Pu at 97, 101, 114 and 117
keV. The emissions of 2*'Am at 60 keV were corrected
for the minor contribution of a 3’Pu peak at this
energy. Counting times varied from 2 to 60 min and
propagated counting errors were generally less than
5 % at the 1o level. However, as the depuration experi-
ments continued, decreased radioactivity in some of
the samples resulted in counting errors up to 30 %.

RESULTS

Copepods in the 4 flasks ingested variable amounts
of algal cells during the 18 h feeding period {Table 1),
with an average of ca 9.3 x 10* cells eaten ind.™}. This
corresponds to an average copepod ingestion rate of
3.79 mg algal C g ! animal dry wt h™?, or ca one third of
their dry wt d~!. An average of 42 + 14 % of the total
cells present in the flasks was consumed. Radioactivity
ingested per copepod was calculated by multiplying
the numbers of cells ingested by the mean radioactivity
per cell during the feeding period, taking into consider-
ation loss of radioactivity of each of the radionuclides
from the algal cells in the feeding suspensions (see
below). Although copepods ingested particulate °°Cd
> %5Zn > 27py > 241Am > 209Hg (i.e. Bq radioactivity
copepod”!, simply reflecting the activity of each
radionuclide in the algae), they retained ®°Zn > °°Cd >
21am > 2%Hg = ?37Pu (Table 1). Most significantly,
metal retention efficiencies (**Zn > !°°Cd > ?°*Hg >

21Am > 2%Pu) in the copepods ranged from 0.8
+0.2 % for 2’Pu to 48 = 17 % for ®Zn (Table 1).
Retention efficiencies for the transuranic elements
were about 1 order of magnitude lower than those for
the other metals. Because copepod body burdens of
21Am and 2°’Pu were so low (0.189 and 0.06 Bq
copepod™!, indicating 4.5 and 0.8 % retention re-
spectively; Table 1) after gut evacuation, it is unlikely
that dissolved '°°Cd, ®3Zn, or 2°*Hg released by the
algae or feces in the feeding suspension contributed
substantially to body burden in the copepods. In fact,
these particle-reactive transuranic elements have parti-
tion coefficients for abiotic and biological particulate
matter in seawater that are 1 to 2 orders of magnitude
higher than those of the transition metals studied here
(Fisher 1986, Clegg & Sarmiento 1989), suggesting that
the only significant source of the '°°Cd, ®*Zn, and ***Hg
for the copepods was ingested food.

The Isochrysis galbana cells lost varying amounts of
their radionuclide contents during the 18 h feeding
period. Cadmium displayed the lowest retention, with
an average of 25 + 7 % of 1°°Cd retained by cells in the
4 flasks, while ?*’Pu displayed the greatest retention,
with an average of 64 = 7 % retained (Fig. 1). I gal-
bana cells in the absence of copepods displayed a rapid
loss of metal within the first 18 h, after which the
activity per cell remained essentially constant (Fig. 2).
Given that the metals partition between 'dissolved’ and
particulate phases in accordance with an equilibrium,
most of this rapid metal loss within the first 18 h was
probably attributable to the lowering of the suspended

Table 1. Anomalocera patersoni. Algal cells ingested (ClI), radioactivity ingested (Bgl), radioactivity retained (BqR), and retention
efficiency (RE) for 5 metals in the copepod. Values are for individual copepods in each of 4 flasks. Means and standard deviations
(SD) also shown

Metal

1 2

CI (x 109 11.95 7.3
Bql Cd 19.517 11.923
Zn 13.806 8.428
Hg 0.405 0.247
Am 6.274 3.833
Pu 10.496 6.412
BgR Cd 2.880 4.465
Zn 4.320 4.695
Hg 0.051 0.098
Am 0.161 0.136
Pu 0.069 0.052
RE (%) Cd 14.8 37.4
Zn 31.3 55.7
Hg 12.6 39.7
Am 2.6 3.5
Pu 0.7 0.8

Flask

Mean SD

3 4
5.02 12.75 9.255 3.211
8.492 20.822 15.189 5.147
6.004 14.720 10.740 3.641
0.175 0.431 0.315 0.107
2.730 6.694 4.883 1.655
4.567 11.197 8.168 2.768
3.550 5.090 3.996 0.846
4.320 5.080 4.604 0.315
0.021 0.084 0.063 0.030
0.221 0.238 0.189 0.042
0.053 0.066 0.060 0.008
41.8 24.4 29.6 10.7
72.0 34.5 48.4 16.6
12.0 19.5 21.0 11.2
8.1 3.6 4.5 2.1
1.2 0.6 0.8 0.2
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Fig. 1. Isochrysis galbana. Retention of !°°Cd, ®°Zn, ?%“Hg,

241Am, and #*’Pu in algal cells in copepod feeding suspensions

after 18 h feeding. Values are mean percentages of the metal

contents per cell at time 0 of feeding from 4 experimental
flasks
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Fig. 2. Isochrysis galbana. Retention of °°Cd, %°Zn, ***Hg,

21am, and 2*"Pu in algal cells resuspended into unlabeled

seawater in the absence of copepods. Values are percentages
of metal radioactivity at time O of resuspension

cell density upon resuspension from radicactive water
to unlabeled water (in the absence of copepods by 23-
fold, from 140 x 10* ml™! to 6.1 x 10* ml™}; with
copepods by 12-fold, to 11.4 x 10* ml™1).

Fecal pellets produced during and after feeding on
radiolabeled food contained essentially all the radioac-
tivity excreted by the copepods. Loss of metals from

these fecal pellets over time is depicted in Fig. 3. '9°Cd
and %Zn are not shown in Fig. 3 since levels were
undetectable in fecal pellets after 18 h of depuration,
and the released radioactivity was quantitatively
recovered in the seawater. Most of the activity of the
other radioisotopes (*®*Hg, 2*!Am, **’Pu) was also
released rapidly into the dissolved phase, although
levels were still detectable in the fecal pellets. There
were no significant differences between radioactivity
of the pellets incubated at 2 °C and 15 °C, suggesting
that bacterial activity was either unimportant in release
of the metals or that bacterial activity was comparable
at the 2 temperatures. Only “°*Hg showed appreciable
long-term retention in fecal pellets, with over 20 % of
initial 2°°Hg content retained after 3 wk of depuration
(Fig. 3). By contrast, <1 % of the ?*!Am and ?*’Pu in
fecal pellets was retained after 3 wk depuration (Fig. 3).
Invoking a 2-compartment loss curve to describe 2°*Hg
release from the fecal pellets, retention half time of the
slowly exchanging pool of this isotope in the fecal
pellets was ca 25 d.
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Fig. 3. Anomalocera patersoni. Retention of *’Hg, ***Am, and

237py in fecal pellets produced by copepods feeding on

radioactive suspensions of Isochrysis galbana cells. '°°Cd and

55Zn in pellets were below detection limits after 1 d of depura-

tion. Dashed lines denote 2 °C incubations, continuous lines

15 °C incubations. Error bars denote 1 ¢ propagated counting
errors
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DISCUSSION

The efficiency with which Anomalocera patersoni
retained these metals was consistent with values
obtained for other adult calanoid copepods: Acartia
tonsa, Acartia hudsonica, and Temora longicornis fed
uniformly labeled diatoms (Thalassiosira pseudonanay,
in which Cd had a retention efficiency of 30 %, Zn a
retention efficiency of 47 % (when copepods were fed
algae in the same physiological state as the Isochrysis
galbana in this study), and Am a retention efficiency of
0.9 % (Reinfelder & Fisher 1991). While Pu and Hg were
not examined in the Reinfelder & Fisher study, Ag, a
Class B metal like Hg (Nieboer & Richardson 1980) with
very strong affinity for sulfur and protein, had a reten-
tion efficiency of 17 %, comparable to the Hg value in
Anomalocera patersoni. In the euphausiid Mega-
nyctiphanes norvegica, fed radiolabeled Artemia sp.,
inorganic Hg was assimilated into tissues with a 36 %
efficiency, while methyl Hg was assimilated with 97 %
efficiency (Fowler et al. 1976b}. Euphausiids also assimi-
lated ca 0 % of ingested Pu (Fowler et al. 1976a) and Am
(Fisher et al. 1983b), suggesting that the crustacean
zooplankters in general cannot assimilate these non-
essential actinides. Reinfelder & Fisher (1991) also
demonstrated a direct correlation between the retention
efficiency of ingested elements (C, Se, P, Cd, Ag, Am,
Zn, S) in copepods and the presence of the elements in
the cytoplasm of the copepods’ diatom food, suggesting
that the copepods obtained all their nutrition from the
cytosol. Elements associated with cell walls and plas-
malemmae were defecated.

Given these retention efficiencies, it could be
expected that the actinides would be rapidly defecated
by copepods ingesting them in their food. Rapidly sink-
ing fecal pellets would serve to depurate surface waters
of these elements and possibly enrich deeper waters or
sediments, depending on the sinking speeds of the
pellets and their retention of these elements. Thus,
these unassimilated elements would not enter into the
organic cycle in the sea and would not be recycled
much, if at all, in surface waters, leading to relatively
short residence times in surface waters. By contrast,
those elements which are assimilated in planktonic
organisms and thereby enter the organic cycle are
recycled appreciably in surface waters, and their
oceanic residence times are much greater (Whitfield &
Turner 1987). The contrast in biogeochemical behavior
between assimilated and unassimilated elements is
perhaps most apparent in the fate of ?'°Po and its
radioactive grandparent ?'°Pb. While both radionu-
clides are appreciably concentrated in phytoplankton
(Fisher et al. 1983c, 1987), only ?!°Po enters into the
cytoplasm of the cell (Fisher et al. 1983c), becomes
assimilated in marine zooplankton (Cherry et al. 1983),

and is recycled in surface waters (Tanaka et al. 1983).
Pb largely remains bound to the surface of algal cells
(Schultz-Baldes & Lewin 1976, Fisher et al. 1983c), is
not assimilated, being eliminated in fecal pellets
(Fowler 1977), shows negligible recycling, and has a
comparatively short residence time in surface waters
(Bacon et al. 1976, Tanaka et al. 1983, Todd et al. 1986).

In general, we speculate that Class A elements such as
the lanthanides, the actinides, Al, Sn, and others which
are particle-reactive and have a strong propensity for
hydrolysis would show little penetration into algal cyto-
plasm and negligible retention in zooplankters. This
would account for theirrelatively shortresidence timesin
the oceans (Broecker & Peng 1982). The Class B and
borderline metals (most of the transition metals), even
those with no apparent biological function (e.g. Cd, Hg,
Ag, Au, Pt), would be expected to show some assimilation
and therefore greater recycling in the mixed layer,
accounting for their longer residence times (Broecker &
Peng 1982). Consistent with thisidea, both Cdand Hgare
foundinthe cytoplasm of Isochrysis galbanacells (Davies
1974, Li 1980) and would therefore be expected to
assimilate in grazers, as shown in this report.

Retention of metals in zooplankton fecal pellets was
surprisingly low, and contrasts with findings of other
studies, especially for the transuranic elements where
retention half times have been observed to range up to
50 d in zooplankton fecal pellets (Fowler et al. 1976a,
Fisher et al. 1983b). This discrepancy may have been
due to the use of different food types and zooplankton
species in these studies. Of the 5 metals examined in
the present study only Hg was appreciably retained by
the fecal pellets after 1 d depuration. Reasons for the
different behavior of Hg from that of the other metals
are not clear, although it may be relevant that Hg has
an unusually strong affinity for S (Sillén & Martell 1964)
and may be bound to excreted protein contained within
fecal pellets. Both inorganic and methyl mercury were
retained to an even greater extent in euphausiid fecal
pellets than in copepod pellets in the present study
(Fowler et al. 1976b). Consistent with these observa-
tions, Gill & Fitzgerald (1988) estimated a rather short
oceanic residence time for Hg of about 350 yr, suggest-
ing that biogenic debris could effectively transport Hg
to deep waters. Gill & Fitzgerald (1988) also noted that
Hg has comparable vertical profiles and oceanic resi-
dence times to those of other particle-reactive metals
(including Pu and Pb) which also enter ocean surface
waters primarily via atmospheric deposition.

Given that the released metals were found in the
dissolved phase (i.e. < 0.2 um) in the water overlying the
fecal pellets, and given that Hg was still recovered in the
fecal pellets, it is possible to rule out the argument that
small pieces of fecal material simply broke off and
accounted for the observed loss. Instead, the results are
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consistent with the idea that the metals (Hg excepted)
were contained in a dissolved state and were initially
deposited by the copepods within the fecal pellets
(hence the high level of radioactivity detected in the
pellets when they were first produced), but diffused out
of the pellets over time; this hypothesis and the extent to
which it is diet-dependent remain untested, however.
This fecal-pellet 'pore water’ containing metals has not
been apparent in other studies of metal retention by
fecal pellets of euphausiids (Fisher et al. 1983b) or small
calanoid copepods, even when feeding on the same
Isochrysis galbana diet (Fisher & Reinfelder 1991, Fisher
& Lee unpubl.). In any case, the present results indicate
that fecal pellets produced by the pontellid copepod
Anomalocera patersoni would not be effective in verti-
cally transporting to the deep ocean metals which had
been ingested and defecated by these organisms,
although they could help depurate surface waters of
these metals. Fecal pellets of other crustacean zoo-
plankters, by comparison, can be shown to be effective
in transporting particle-reactive metals to the deep
ocean (Fowler & Knauer 1986, Fisher & Fowler 1987).
Furthermore, these (and other) fecal pellets may be
effective as scavenging agents of dissolved or colloidal
metal from ambient water during their descent in the
water column (Fowler et al. 1983, Fisher et al. in press).

The release of radionuclides from Isochrysis galbana
cells generally followed a 2-compartment loss curve,
comparable to observations for other algal species
(Fisher et al. 1983a). The low retention of Cd by the
algae (and fecal pellets) probably reflects this metal's
strong affinity for chloride in seawater (Turner et al.
1981}, which results in reduced particle affinity in sea-
water (Braek et al. 1980). The greater binding of the
other metals to these cells is consistent with observa-
tions made for other species of phytoplankton, in-
cluding diatoms, coccolithophores, and chlorophytes
(Fisher et al. 1983a, 1984). Modest differences were
observed between the 2 actinides, **’Pu and 24'Am.
237pu was more strongly bound to these algal cells, had
a slightly lower retention efficiency in copepods, and
was lost more slowly from egested fecal pellets.
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