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Abstract Assimilation efficiencies (AEs) and physio-
logical turnover-rate constants (k) of six trace elements
(Ag, Am, Cd, Co, Se, Zn) in four marine bivalves
(Crassostrea virginica Gmelin, Macoma balthica Lin-
naeus, Mercenaria mercenaria Linnaeus, and Mytilus
edulis Linnaeus) were measured in radiotracer-depura-
tion experiments. Egestion rates of unassimilated ele-
ments were highest during the first 24 h of depuration
and declined thereafter. Significant egestion of unas-
similated Co, however, continued for up to 5d in
Macoma balthica, Mercenaria mercenaria and Mytilus
edulis. With the exception of the extremely low values
for """ ™mAg '°Cd, and ®Zn in C. virginica, physiolog-
ical turnover-rate constants (k) showed no general pat-
tern of variation among elements, bivalve species or
food types, and were relatively invariant. Values from
<0.001 to 0.1 d~" were observed, but excluding those for
Co, most values were <0.04 d~'. In all four species, the
AEs of Ag, Am, and Co were generally lower than those
of Cd, Se, and Zn. The AEs of Ag, Cd, Se, and Zn in
these bivalves are directly related to the proportion of
each element in the cytoplasmic fraction of ingested
phytoplankton, indicating that >80% of elements in a
prey alga’s cytoplasm was assimilated. C. virginica,
Macoma balthica, and Mercenaria mercenaria assimi-
lated ~36% of the Ag and Cd associated with the non-
cytoplasmic (membrane/organelle) fraction of ingested
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cells in addition to the cytoplasmic fraction. The ratio of
AE:k, which is proportional to the consumer—prey trace-
element bioaccumulation factor (concentration in con-
sumer:concentration in prey) was generally greater for
Cd, Se, and Zn than for Ag, Am, and Co. This ratio was
lowest in Mytilus edulis, suggesting that this bivalve, the
most widely employed organism in global biomonitor-
ing, is relatively inefficient at accumulating important
elements such as Ag, Cd, and Zn from ingested phyto-
plankton.

Introduction

The trophic transfer of trace elements in marine food
webs is increasingly being recognized as an important
process influencing metal bioaccumulation and geo-
chemical cycling in marine ecosystems (Fisher and Re-
infelder 1995). One of the key parameters needed to
quantify trophic transfer is the assimilation efficiency
(AE), defined here for metals as the percent of an in-
gested element that crosses an animal’s gut lining. The
assimilation of organic carbon in herbivorous bivalves
has been thoroughly studied and is fairly well quantified
(Winter 1978; Bayne and Newell 1983). It is unlikely,
however, that assimilation efficiencies of other elements,
particularly trace metals, are the same as that of carbon.
Trace elements are distributed heterogeneously among
various carbon pools in phytoplankton cells (Fisher
et al. 1983b; Reinfelder and Fisher 1991), the principal
food of suspension-feeding bivalves. As a result, sus-
pension feeders may accumulate each trace element with
a unique assimilation efficiency.

AEs are determined by a number of methods. The
traditional mass-balance (Conover and Francis 1973)
approach requires accurate measurement of ingestion
and egestion, the latter being complicated by loss of fecal
matter and associated trace elements during handling
(Fisher et al. 1991). These problems are lessened in ra-
diotracer experiments, but care must be taken to use
uniformly radiolabeled food to ensure trophic transfer
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from all fractions of prey organisms and pulse-feedings
to prevent tracer recycling. The use of gamma-emitting
radioisotopes in AE determinations permits simulta-
neous non-destructive measurement of two or more ra-
diotracers in the same sample, and allows the
measurement of radiotracers in live animals.

Accurate estimates of consumer AEs and turnover
rates, which vary among elements and consumer species,
are essential to the development of trace-element accu-
mulation models. Single bivalve—single-element models
based on measured uptake and loss rates are fairly good
predictors of trace-element accumulation in the field,
and can account for seasonal variability in animal
physiology (Cutshall 1974; LeFur et al. 1991; Luoma
et al. 1992). Further refinement of the uptake rates of
such models requires the quantification of trace-element
AEs from various food sources, ingestion rates, metal
concentration in food particles, and independent mea-
surement of direct accumulation from the dissolved
phase. Models thus refined (e.g. Wang et al. 1996) can
be used to assess the relative importance of food and
water to total bioaccumulation and will aid the inter-
pretation of results from bivalve biomonitoring pro-
grams (Phillips 1980; Goldberg et al. 1983; O’Connor
1992).

Recently a major effort was made to determine the
assimilation efficiencies of a number of elements in
mussels (Wang et al. 1995, 1996; Fisher et al. 1996;
Wang and Fisher 1996a, b). This paper presents the
results of complementary studies of trace-element as-
similation efficiencies in an oyster (Crassostrea virginica),
mussels (Mytilus edulis) and two clams (Macoma bal-
thica and Mercenaria mercenaria). These bivalves
include epifaunal (C. virginica and Mytilus edulis), and
infaunal (Mercenaria mercenaria) suspension feeders
and an infaunal, facultative deposit feeder (Macoma
balthica). All these bivalves except Mercenaria mercen-
aria are used extensively in biomonitoring programs in
various parts of the world (NOAA 1989). The six ele-
ments (Ag, Am, Cd, Co, Se, and Zn) investigated in this
study were chosen because they all exhibit elevated
concentrations in coastal waters due to human activities
and display different patterns of biological and
geochemical cycling in aquatic environments. They
include essential (Co, Se, Zn) and non-essential (Ag,
Am, Cd) elements and hydroxide-complexing (Class A:
Am), chloride and sulfur-complexing (Class B: Ag) and
borderline (Cd, Zn) metals (Nieboer and Richardson
1980).

Materials and methods

Oysters (Crassostrea virginica Gmelin, 4 to 5 cm shell length) and
mussels (Mytilus edulis Linnaeus, 3 to 3.5 cm shell length) were
collected from Long Island Sound, New York (40°54'N; 73° 00'W),
clams (Macoma balthica Linnaeus, ~1.5 cm shell length) were
collected from South San Francisco Bay, California (37°25'N;
122°5” W), and hard clams (Mercenaria mercenaria Linnaeus, 4.5 to
5 cm shell length) from Great South Bay, Long Island, New York

(40°45'N; 73°5'W). All bivalves were collected in the winter and
early spring. They were scrubbed clean and maintained in aerated
glass-fiber-filtered seawater (GFSW, 289, S) at 18 °C and fed the
athecate prymnesiophyte Isochrysis galbana (Clone ISO) or the
diatom Thalassiosira pseudomana (Clone 3H) for periods of up to
5 d before experiments began. Radiolabeled phytoplankton cells
were produced by growing algae in the presence of either 1""Ag,
19¢d and “’Co, or *'Am, 7*Se (added as sclenite) and **Zn. The
peak gamma-emissions of the three radionuclides in each group can
be measured with a Nal(Tl) gamma detector with a minimum of
spillover (corrected in all experiments). I. galbana and T. pseu-
donana were grown in sterile filtered seawater (SFSW) enriched
with f/2 (Guillard and Ryther 1962) N, P, Si, and vitamins and f/10
trace metals ('!“"Ag, "™Cd, and ¥’Co exposure) or f/20 trace
metals (**' Am, 7*Se, and 65Zn exposure) minus Cu, Zn and EDTA.
Radionuclide additions were 37 kBq 17! (10.5 nM) or 61.7 kBq
171 (17.5 nM) of """Ag from a solution of 0.1 N Ultrex HNO3;
46.3 kBql™' (1.5 nM) or 55.5 kBq 17! (1.8 nM) of *'Am in 3 N
Ultrex HNO;; 123 kBq 17! (58.1 pM) or 148 kBq 17'(69.7 pM ) of
199Cd in 0.1 N Ultrex HCI; 123 kBq 17'(7.6 pM) or 148 kBq 17!
(9.1 pM) of >’Co(Il) in 0.1 N Ultrex HCI; 92.5 kBq 17'(0.35 nM)
or 111 kBq 17'(0.42 nM) of °Se as selenite in distilled water; and
123 kBq 17'(75 pM) or 148 kBq 17'(90 pM) of ©Zn in 0.1 N
Ultrex HCI.

After 4 to 6 d growth, the cells had undergone several divisions
(5 to 7) and were considered to be uniformly labeled. Radiolabeled
phytoplankton cells were removed from radioactive media (by
centrifugation for Isochrysis galbana and by Nuclepore filtration
for Thalassiosira pseudonana) and resuspended in 500 to 600 ml of
GFSW (in polycarbonate beakers) at a cell density of 2 x 10*
cells ml~1, 0.32 mg dry wt 17! or 0.22 mg algal C17! for I. galbana,
0.45 mg dry wt 1-1 or 0.16 mg algal C1™' for T. pseudonana. Re-
suspended phytoplankton cells were allowed to equilibrate for
45 min before the bivalves were placed individually into the
beakers. Each bivalve species was fed radiolabeled monocultures of
1. galbana and T. pseudonana in separate experiments, except for
Crassostrea virginica which was only fed. 1. galbana. Replicate ex-
periments included 3 to 7 individuals for C. virginica, 5 individuals
for Mercenaria mercenaria, 5 individuals for Mytilus edulis and 3
composites (each having 3 to 4 individuals) for Macoma balthica.
The bivalves ingested radiolabeled phytoplankton for 40 to 60 min.
The potential accumulation of dissolved radioisotope during the
pulse-feedings was measured in individuals exposed for 1 h to
seawater in which radiolabeled phytoplankton had been previously
resuspended for 45 min and then removed by filtration. Radioac-
tivity in the tissues of these individuals was below detection for all
radioisotopes.

Following exposure to radiolabeled food, the bivalves were
transferred to a recirculating depuration system for 2 wk (Wang
et al. 1995). Each individual was held in a 170 ml depuration
chamber which exchanged with an aerated reservoir (24 liters of
28%, GFSW) at a flow rate of 1.8 liters h™'. The water in the
reservoir was replaced every week. The bivalves were continuously
fed unlabeled phytoplankton (the same species used in the radio-
active feedings) at a rate of ~2% of each individual’s dry wt d™".
Whole bivalves were periodically radioassayed non-destructively
using a large-well Nal(T1) gamma detector interfaced to a Can-
berra multichannel analyzer. Thus, the percentage of ingested iso-
topes retained was followed in the same individual live bivalves
during the entire depuration period, eliminating much of the bio-
logical variability encountered in physiological studies. Bivalve fe-
ces were collected at each sampling time with a pasteur pipette from
the bottom of the depuration chambers, and were assayed for ra-
dioactivity with a Pharmacia-Wallac LKB gamma counter equip-
ped with a well-type Nal(T1) crystal. The two gamma detectors
were intercalibrated and the activity of all samples was determined
with radioactive standards for each isotope. Metal egestion rates
were calculated as the quotient of fecal radioactivity and the time
interval during which feces were produced.

Dissolved radioisotope in the depuration system that could
have been excreted directly by the bivalves or released from their
feces was below detection during the entire depuration period. Only



5Se and ®Zn were accumulated by radioisotope-free control bi-
valves in the depuration system. By the end of depuration, how-
ever, a maximum of 2% of the activity in bivalves that had ingested
radiolabeled phytoplankton could have been due to the accumu-
lation of recycled isotope. The radioactivity in the live bivalves’
tissues and feces was measured throughout the depuration periods,
which lasted for 11 to 16 d, depending on experiment.

Previous studies suggested that Macoma balthica and Mytilus
edulis complete their digestion and assimilation of ingested ele-
ments within 3 to 4 d (Decho and Luoma 1991; Wang et al. 1995).
We determined AE values using a curve-stripping method (Riggs
1963) in which bivalve retention data after 4 d were fit to:

; (1)

where R, = the mean percent of each ingested isotope retained at
time ¢, AE (the assimilation efficiency) = the y-intercept of the In-
transformed regression line of R, and ¢, and k = the slope of the
regression line, representing the physiological turnover-rate con-
stant of assimilated element. Thus mean = SD AE and k values
were determined using In-transformed percent retained (R,) data.
The loss-rate constant, k, represents the loss of only that metal
accumulated from ingested food. The overall depuration-rate
constant, K (see “Discussion”), is the sum of the weighted loss-rate
constants of metal accumulated from food and the dissolved phase.
Use of Eq. (1) to calculate AE and k assumes that the pool of
elements subject to physiological turnover was transported across
the bivalves’ gut linings and then lost as a consequence of the
bivalves’ metabolism. It also assumes that this pool of metal was in
a single compartment in the bivalves or in multiple compartments
having the same characteristic turnover rate. In a few instances the
bivalves continued to egest unassimilated radiolabel (in fecal mat-
ter) for up to 6 d, and for these experiments (Ag in Macoma bal-
thica, Co in Mercenaria mercenaria) AEs and ks were calculated
using retention data starting at 6 d. This approach should provide
consistency among studies involving various bivalve species (which
may have different egestion rates) and various elements (which may
have a range of gut retention times).

The gamma emissions of '®™Ag were detected at 658 keV, of
21 Am at 60 keV, of >’Co at 122 keV, of ”Se at 264 keV, and of
%7n at 1115 keV. The radioactivity of '®?Cd was quantified by
measuring '“Ag (daughter product) X-ray emissions at 22 keV;
since Mercenaria mercenaria shells absorbed a portion of the X-
rays associated with the clam’s soft tissues, 'Cd activities were
corrected using activities measured in dissected individuals.
Counting times were adjusted so that propagated counting errors
were <5%.

R =AE-e™"

Results

The retention of trace elements differed among bivalve
species and among elements, indicative of the species-
specific and element-specific nature of digestion (Fig. 1).
For example, Mytilus edulis retained in its tissues sub-
stantially less ingested ''""Ag, ?"*Am, and '"Cd than
did the other species. Ingested *' Am was retained to a
greater extent in the two clams Macoma balthica and
Mercenaria mercenaria than in the oyster Crassostrea
virginica or the mussel Mytilus edulis, and ingested *>Zn
was retained more efficiently by C. virginica and Me-
rcenaria mercenaria than by Macoma balthica and My-
tilus edulis. Only the pattern of >’Co retention was
similar among all species.

Concentrations of """Ag, **'Am, '°Cd, and *’Co in
feces, determined as Bq defecated h™' bivalve™, are
shown to typify egestion patterns in the different bi-
valves (Fig. 2). A precipitous decline in egestion rates
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occurred between 24 and 96 h in all species (Figs. 1 and
2). Macoma balthica, the only deposit feeder in the
study, released unassimilated label (all elements) more
slowly than the other bivalve species. The pattern of
>'Co release, after the initial 24 h loss period was com-
plex in all species, a substantial proportion of egested
>’Co being collected in the feces of all species between
Dalys 1 and 6 of the egestion period. Detectable amounts
of "'MAg occurred in the feces of all species between 24
and 72 h, suggesting that food was retained in the di-
gestive tract for at least 3 d.

The four bivalve species studied were held under
identical experimental conditions, so we can directly
compare their rate constants of physiological loss.
However, since the depuration period was relatively
short for an experiment of this nature, the minimum
detectable physiological turnover rate was 0.01 d™'. In
addition, since trace-element tissue concentrations could
only be followed unambiguously in bivalves that re-
tained sufficient radiolabel, rate constants of loss were
not determined for elements with very low (<15%) as-
similation efficiencies (''“"Ag-ISO in Mytilus edulis and
2Am in Crassostrea virginica and M. edulis). The
physiological turnover-rate constants of ''""Ag, '%Cd,
and ®Zn in C. Virginica and Mercenaria mercenaria and
1Cd in Macoma balthica were the lowest measured in
this study (Table 1) and, in some cases, not significantly
different from zero (F-test, Bickel and Doksum 1977). In
Mytilus edulis, however, the activities of ''"™Ag, '°°Cd,
and ®°Zn continued to decrease at detectable rates after
4 d, as did those of ''""™Ag and ®*Zn in Macoma balthica
(Fig. 1). Detectable physiological loss of assimilated
57Co and "°Se was observed in all bivalve species (Fig. 1)
and Co loss-rates were the highest of all the elements
studied (Table 1), coincident with its unique pattern of
defecation. With the exception of the extremely low
values for "'MAg, '°Cd, and ®Zn in C. virginica, rate
constants of loss showed no general pattern of variation
among elements, bivalve species, or food types, and in
fact were relatively invariant. Values from <0.01 to
0.1 d™" were observed, but (excluding Co) most values
were <0.04 d™".

The AEs of '°Cd, 7°Se, ®Zn in all bivalve species
were generally higher than those of ''""Ag, **' Am, and
37Co (Table 2). Among bivalve species, AEs varied in a
manner consistent with the trends observed in the
retention curves. Most notably, Mytilus edulis had
low AEs of ""™Ag ?*'Am, and '“Cd compared with
the other bivalves. All bivalves assimilated 7>Se with
an efficiency >70% and ®Zn with an efficiency of
>60%.

Trace-element AEs generally increased with the pro-
portion of each element in the cytoplasmic fraction of
ingested Isochrysis galbana cells (Fig. 3). Positive rela-
tionships between the AE and percent of each element in
the alga’s cytoplasm (cyto) were found for all six ele-
ments in Mytilus edulis (AE = 0.86 x %cyto — 2.5,
=0.90) and for """MAg and 'Cd in Crassostrea vir-
ginica, Macoma balthica, and Mercenaria mercenaria
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Percent retained in bivalve soft tissues

Se

10 +————————————

Time (days)

(AE = 0.85 x %cyto + 36, r> = 0.71; Fig 3). Both "°Se
and ®°Zn were enriched in the cytoplasmic fraction of
1. galbana cells (Fig. 3) and both elements were very
efficiently assimilated by all four bivalves (Table 2). >’Co
was also enriched in I. galbana’s cytoplasm, but the AEs
of *’Co in C. virginica, M. mercenaria, and Mytilus ed-
ulis, which were within 12% of each another, were 30 to
40% lower than the percentages of >’Co in the cyto-
plasmic fraction of ingested algae.

0 4 8 12 16

10

— ———
0 4 8 12 16
Time (days)

Fig. 1 Crassostrea virginica (O), Macoma balthica (&), Mercenaria
mercenaria ((J) and Mytilus edulis (A). Retention of Ag, Am, Cd, Co,
Se, and Zn in soft tissues of bivalves fed radiolabeled Isochrysis
galbana. Values are mean percentages of 3 to 7 replicates

Discussion

Food-processing rates in the present study tended to be
element- and bivalve-species-specific. Very little **'Am
was retained longer than 1 d by Mytilus edulis (nearly all
the ingested **' Am was egested in the first rapid pulse),
as was shown in other experiments with this species
(Wang et al. 1995). Crassostrea virginica, which like
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all unassimilated Am in 1 d, although low, but detect- and Mytilus edulis. Trace-metal (" ™"Ag, ““Am, "'Cd, and “Co)
bl t £A . df to 3 d egestion rates in individual bivalves fed radiolabeled Isochrysis

a' (5] 1%4?8 (0] m €ges '101’1 Were measure or up O . galbana

Little ©* Am occurred in the feces of Macoma balthica or

Mercenaria mercenaria after 1 d, but in contrast to
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Table 1 Crassostrea virginica,
Macoma balthica, Mercenaria
mercenaria, and Mytilus edulis.
Physiological turnover-rate
constants (k, d™'; mean + SD)
of assimilated trace elements in
oysters, hard clams and mus-
sels. Rate constants were cal-
culated as slopes of the In-linear
radiotracer-retention curves.
[Numbers in parentheses biolog-
ical half-lives (In2 =+ k, d); Iso
Isochrysis galbana; 3H Tha-
lassiosira pseudonana; nd not
determined]

Table 2 Crassostrea virginica,
Macoma balthica, Mercenaria
mercenaria, and Mytilus spp.
(M. edulis and M. gallopro-
vincialis). Assimilation effi-
ciencies (%, mean = SD) of
trace elements in bivalves, cal-
culated as intercepts of physio-
logical turnover portions of
radiotracer-retention curves
(Iso Isochrysis galbana; 3H
Thalassiosira pseudonana) As-
similation efficiencies of mussels
fed T. pseudonana are geometric
means of those from five dif-
ferent studies shown in Table 3

Element, C. virginica M. balthica M. mercenaria M. edulis
food
Ag
Iso <0.01% 0.04 + 0.003° 0.01 £ 0.0007 =
(>70) (17 (70)
3H nd 0.09 + 0.005" 0.02 + 0.004 0.04 + 0.02
®) (35) a7
Am
Iso - <0.01* 0.02 £ 0.002 =
(>170) (35)
3H nd 0.05 £ 0.01 nd =
(14)
Cd
Iso <0.01* <0.01* 0.01 £ 0.003 0.05 £ 0.003
(>70) (>70) (70) (14)
3H nd 0.01 £ 0.007 <0.01* 0.02 £ 0.004
(70) (>70) (35)
Co
Iso 0.08 £ 0.004 0.08 £ 0.02 0.05 £+ 0.004° 0.1 £ 0.02
©)] ® (14) (7
3H nd 0.09 £+ 0.02 0.04 + 0.02° 0.2 £ 0.02
8) 17 3.5
Se
Iso 0.07 £ 0.0008 0.03 £ 0.01 0.01 £ 0.004 0.02 £ 0.007
(10) (23) (70) (35)
3H nd 0.03 £ 0.02 nd 0.05 £ 0.004
(23) (14)
Zn
Iso <0.01* 0.04 £ 0.005 0.01 £ 0.002 0.07 £ 0.006
(>170) (17) (70) (10)
3H nd 0.04 £ 0.004 nd 0.05 £ 0.006
(17 (14)

% Values not significantly different from zero (F-test)
® Determined after 6 d depuration

¢ Rate constant omitted because of low assimilation efficiencies

Element, C. virginica M. balthica M. mercenaria Mytilus spp.
food
Ag
Iso 44 £ 79 38 + 1.0% 35 +£ 69 13 £ 58
3H nd 49 + 1.1* 22 + 3.5 22 £ 16
Am
Iso 11+ 12 41 £ 11 38 £ 9.3 29 +£ 04
3H nd 33 £ 55 nd 40 £ 14
Cd
Iso 69 + 8.6 69 + 23 83 + 17 37 £ 52
3H nd 88 £ 9.9 66 + 13 41 27
Co
Iso 34 + 10.1 53 £ 0.2 34 + 49 46 + 6.7
3H nd 45 + 4.1 29 + 24 27 £ 12
Se
Iso 70 £ 6.2 78 £ 11 92 + 1.6 86 £ 1.8
3H nd 74 + 7.2 nd 74 7.8
Zn
Iso 73 + 8.2 64 + 4.8 86 + 1.3 62 £ 10
3H nd 50 + 5.1 nd 39 £ 13

? Determined after 6 d depuration
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Fig. 3 Crassostrea virginica (O), Macoma balthica (<), Mercenaria
mercenaria ((J) and Mytilus edulis (/). Trace-element assimilation
efficiencies (AE) in bivalves compared with percent of each element in
cytoplasmic fraction of ingested Isochrysis galbana. Cytoplasmic
(cyto) fractionation was determined according to Reinfelder and
Fisher (1994) [Dashed line relationship for Ag and Cd in C. Virginica,
Macoma balthica, and Mercenaria mercenaria (black symbols,
AE = 0.85 x cyto 4 36, 7> = 0.71); continuous line relationship for
all elements in Mytilus edulis alone (AE = 0.86 x cyto —2.5, r* =
0.90)] Cell fractionation of Am, Se, and Zn was not determined in
Macoma balthica experiments

C. virginica and Mytilus edulis, both clams assimilated
this element with moderate efficiencies (33 to 41%).
Rapid gut-passage of Am may account for the low Am
AEs in C. virginica and M. edulis, whereas intensive
processing of the Am-enriched fraction of the phyto-
plankton food may explain the more efficient assimila-
tion of this element by the two clams. Longer gut-
retention enhanced the assimilation of *>'Cr and 'Cd in
Macoma balthica (Decho and Luoma 1991, 1994, 1996).
In this study, little '°Cd was found in the bivalves’ feces
after 1 d. Unassimilated Cd appears to be efficiently
egested during the early phase of digestion, but ingested
Cd that is retained longer than 1 d is nearly all assimi-
lated. The retardation of Co movement through the al-
imentary canals of M. balthica, Mercenaria mercenaria
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and Mytilus edulis may be the result of Co oxidation
(Lee and Fisher 1993), and the precipitation of Co hy-
droxides in bivalves’ guts as has been observed for Fe in
mussels (Hobden 1969) and oysters (George et al. 1978).
By contrast, the gut-passage rate of Ag in all four bi-
valves may have been slowed by the binding of Ag to
sulfide groups in the digestive diverticula, as has been
observed in mussels (George et al. 1986).

Metal-bivalve steady-state is attained in some species
only after more than a year of exposure (e.g. Anodonta
grandis: Tessier et al. 1993). The extremely slow turnover
rates of some elements in this study (e.g. Ag, Cd, Zn)
suggest that assimilated radiotracers were able to accu-
mulate in the bivalves’ slowly exchanging pools even
through radiolabeled algae were fed to them for only 40
to 60 min. The generally narrow range of k values found
in this study (most between <0.01 to 0.04 d™') for all
elements except Co indicates that physiological turnover
rates may not be particularly variable among different
elements or bivalves. However, further study is needed
on the depuration kinetics of elements with low assimi-
lation efficiencies (e.g. Ag and Am) and those subject to
redox chemistry (e.g. Co). For example, recent work by
Fisher et al. (1996) suggests that the physiological loss-
rate constants of Ag and Am in Mytilus galloprovincialis
range from 0.06 to 0.11 d™".

As found for planktonic copepods (Reinfelder and
Fisher 1991) and bivalve larvae (Reinfelder and Fisher
1994), trace-element AEs in adult bivalves cover almost
the entire range of possible values (3 to 92%). Nones-
sential elements (with the exception of Cd) are assimi-
lated least efficiently, while essential elements (with the
exception of Co) are assimilated with high efficiencies
(Table 2). The variability of trace-element AE mea-
surements can be assessed by comparing AEs in one
consumer fed the same food. Table 3 shows the AEs of
six trace elements in mussels (genus Mytilus) fed the
diatom Thalassiosira pseudonana determined in five dif-
ferent studies. Generally there was good agreement be-
tween the AEs of metals determined in this study and
previous findings. The two exceptions are for Ag and
Cd, both of which displayed much higher AEs in this
study than in all other studies using comparable proto-
cols; reasons for these discrepancies are not apparent.

Like those in copepods and bivalve larvae, trace-ele-
ment AEs in adult bivalves are similar in individuals fed
Isochrysis galbana or Thalassiosira pseudonana, both

Table 3 Mussels (Mytilus edulis and M. galloprovincialis) fed the diatom Thalassiosira pseudonana. Values are trace-element assimilation

efficiencies (%) (nd not determined)

Species Element Source
Ag Am Cd Co Se Zn
M. edulis 50 3 96 37 75 43 Present study
8 3 35 22 78 26 Wang et al. (1995)
17 5 34 38 72 44 Wang and Fisher (1996a)
19 3 21, 26,53 27 63, 84 44, 48, 50  Wang and Fisher (1996b)
M. galloprovinciallis 15 6 22 9 nd 15 Fisher et al. (1996)
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high-quality algal foods. Mussels fed diatoms or the
chlorophyte Dunaliella tertiolecta also had similar trace-
element AEs (Fisher and Teyssié 1986). Passage of the
siliceous roughage associated with a diet of diatoms
(T. pseudonana) apparently does not significantly affect
trace-element AEs in adult bivalves. Wang and Fisher
(1996a) recently found that food composition affects the
AE:s of trace elements in mussels when poor-quality food
algae are compared with nutritious species. In their
study, carbon AEs (one measure of food quality) were
well correlated with the AEs of Cd, Se, and Zn, but not
with the AEs of Ag, Am, or Co.

Suspension-feeding herbivores generally do not ab-
sorb Ag, Am, or Co efficiently from ingested phyto-
plankton, but our results suggest that some bivalves
have relatively high AEs for these metals. Euphausiids
(Fisher et al. 1983a), copepods (Fisher et al. 1991; Re-
infelder and Fisher 1991), oyster and hard clam larvae
(Reinfelder and Fisher 1994), and adult mussels and
oysters (Table 2) assimilate <11% of ingested Am. The
clams Macoma balthica and Mercenaria mercenaria,
however, retain ~40% of ingested Am (Table 2).
Among the bivalves examined here, Macoma balthica, a
facultative deposit feeder, had the highest AEs for both
Ag and Co. Depuration rates of ingested ''""™Ag and
%Co in the deposit-feeding clam Scrobicularia plana
(Amiard-Triquet and Amiard 1976; Amiard 1978) indi-
cated Ag and Co AEs of ~80%. M. balthica and Me-
rcenaria mercenaria are infaunal, taxonomically distinct
from oysters and mussels, and may have digestive sys-
tems which are modified by the large quantities of de-
tritus and sediment in their food.

The AEs of Se in the four bivalves we examined, like
those in other marine herbivores (Fisher and Reinfelder
1991; Reinfelder and Fisher 1994), are very high
(>70%). As a result, a significant portion of Se body
burdens in suspension-feeding bivalves is very probably
due to accumulation from ingested food, as shown for
Macoma balthica in San Francisco Bay (Luoma et al.
1992).

The AE and cell fractionation results in Fig. 3 sup-
port the hypothesis that elements enriched in the cyto-
plasmic fraction of ingested phytoplankton food are
assimilated more efficiently by aquatic herbivores than
elements that are not concentrated in this fraction. All
six elements are assimilated by Mytilus edulis, with AEs
that increase in proportion to the percent of these ele-
ments in the cytoplasmic fraction of ingested Isochrysis
galbana, a pattern which also applies to Se and Zn in
Crassostrea virginica and Mercenaria mercenaria. This is
consistent with the work of Wang and Fisher (1996a)
who found significant positive relationships between the
AEs of seven trace elements in Mytilus edulis and the
cytoplasmic distribution of the elements in five out of
seven species of phytoplankton studied. In C. virginica,
Macoma balthica, and Mercenaria mercenaria, the AEs
of Ag and Cd also correlate with cytoplasmic enrich-
ment, but the relationship is offset toward higher AEs
from that of Mytilus edulis by ~36% (Fig. 3). These

three bivalves can apparently assimilate a significant
portion of the Ag and Cd associated with the non-cy-
toplasmic fraction of ingested algae. Enhanced assimi-
lation as a result of prolonged gut retention may explain
the greater assimilation of Ag, Cd, and Am (Am only in
clams) in excess of what was expected from the parti-
tioning of those elements in the cytoplasmic fraction of
ingested phytoplankton cells (Fig. 3). Ag and Cd, two
nonessential metals, are likely to become associated with
cellular proteins due to their propensity to bind with S.
Efficient assimilation of Ag and Cd in C. virginica,
Macoma balthica, and Mercenaria mercenaria may
therefore result from more thorough digestion of non-
cytoplasmic, membrane proteins in these bivalves than
in Mytilus edulis or the larvae of C. virginica and Me-
rcenaria mercenaria (Reinfelder and Fisher 1994). The
slope of the line relating the AEs and cytoplasmic frac-
tionation of Ag and Cd in C. virginica, Macoma balthica,
and Mercenaria mercenaria is nearly identical to that for
Mytilus edulis, suggesting that the process of assimila-
tion of elements from the cytoplasmic fraction of algal
prey is similar in all four species.

The importance of assimilation and physiological loss
to the overall accumulation of trace elements in bivalves
can be assessed by resolving the steady-state concen-
trations (C,,) of trace elements in bivalves into individ-
ual uptake and loss pathways according to the following
equation (Thomann 1981; Luoma et al. 1992; Wang
et al. 1996):

Css = [aw-FR-C\, + AE - 1- Cpy] /(K + G) , (2)

where a,, = the absorption efficiency of a trace element
from the dissolved phase, FR = the filtration rate, C,,
and C,,,, = the trace-element concentrations in the wa-
ter and prey, respectively, I = the weight-specific inges-
tion rate, AE = the assimilation efficiency, K = the
overall depuration-rate constant, and G = the growth-
rate constant. The overall depuration-rate constant (K)
is the loss constant for elements accumulated from all
sources, including the rate constant for loss following
uptake from the dissolved phase and the physiological
turnover-rate constant for elements accumulated from
food (K). Efflux-rate constants in Mytilus edulis have
been experimentally shown to be comparable for metals
obtained form food and dissolved pathways (Fisher et
al. 1996; Wang et al. 1996).

Eq. (2) implies that, all else being equal, the con-
sumer—prey bioaccumulation factor (BAF = Csg: Cprey),
is proportional the ratio of AE:k (Hattum et al. 1989).
The BAFs of Ag, Cd, and Zn in Mytilus edulis, indicated
by the low AE:k ratios in Table 4, are low. Compared
with other bivalves, this species, the most widely
employed organism in global biomonitoring, is relatively
inefficient in bioaccumulating important elements such
as Ag, Cd, and Zn from its food. This prediction is
consistent with existing field data from biomonitoring
programs. For example, O’Connor (1992) reported that
Ag, Cd, and Zn concentrations in oysters (Crassostrea
virginica) were on average 15, 1.8, and 42 times higher,



Table 4 Crassostrea virginica, Macoma balthica, Mercenaria mer-
cenaria, and Mytilus edulis. Oysters, hard clams and mussels fed
Isochrysis galbana. Ratio of assimilation efficiencies and physiolog-
ical loss-rate constants (AE:k)

Element C. virginica M. balthica M. mercenaria M. edulis
Ag 4400 950 3500 550%
Am - 4100 1900 60°
Cd 6900 6900 8300 740
Co 425 663 680 460
Se 1000 2600 9200 4300
Zn 7300 1600 8600 886

% Calculated for mussels fed Thalassiosira pseudonana

® Calculated from data of Fisher et al. (1996) for Mytilus gallo-
provincialis

¢ Ratio omitted since a reliable k could not be determined for Am
in C. virginica

respectively, than those in mussels collected from Long
Island Sound as part of the National Status and Trends
(NS & T) Program. In contrast, Se concentrations
measured in the NS & T program were 1.4 times higher
in mussels than in oysters, also consistent with predic-
tions from Table 4. Macoma balthica and Mercenaria
mercenaria are expected to accumulate more contami-
nant radioisotopes (e.g. *°Co, **'Am) from ingested
phytoplankton than oysters or mussels, although Co
was not strongly bioaccumulated by any of the bivalves
in this study. Such predictions assume phytoplankton
food to be the principal source of uptake and, as such,
do not address the usefulness of bivalves that accumu-
late contaminant trace elements mainly from the dis-
solved phase as biomonitors of environmental
contamination. They also do not take into consideration
the effects of variable environmental factors on trace-
element accumulation rates. The high bioaccumulation
of Cd predicated by its high AE:k ratio in Macoma
balthica, for example, is not observed in nature (Brown
and Luoma 1995); geochemical processes such as metal
sulfide formation may reduce Cd availability for this and
other infaunal bivalves.

Interspecies comparisons of trace-element bioaccumu-
lation have been rare to date. Such studies have the ad-
vantage of eliminating the potentially significant but often
unrecognized variability associated with different exposure
and depuration conditions. Differential bioaccumulation
among marine consumers could influence trace-element
cycling, including trophic transfer, and the comparative
approach may prove useful in the identification of species
that accumulate these ubiquitous anthropogenic contam-
inants the most, and the inter-pretation of trends in marine
contamination.
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