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ABSTRACT: Assimilation efficiencies (AEs) of trace elements {(Ag, Cd, Co, Se and Zn) in a marine
deposit-feeding polychaete, Nereis succinea, from ingested sediments were measured using a pulse-
chase radiotracer feeding technique. Radiolabeled sediments were encapsulated and fed to the worms
for 1 h, after which the worms were allowed to depurate their ingested materials for 3 d. The ranges of
AEs were 12 to 36 % for Ag, 5 to 44 % for Cd, 35 to 96 % for Co, 29 to 60 % for Se and 21 to 59% for Zn.
Trace metal assimilation was little affected by sediment source and sediment grain size. Metals (Ag,
Cd, Co and Znj associated with anoxic sediments were assimilated with a significantly lower efficiency
than metals from oxic sediments. The AE of Cd decreased with the duration of sediment radiolabeling;
AEs of Ag, Co, Se and Zn were weakly affected by sediment aging. Metal uptake in worms from the
dissolved phase was proportional to metal concentration in the dissolved phase, although there was
some evidence of Cd and Zn regulation in response to an increase in ambient concentrations. Uptake
rate constants were highest for Ag, followed by Zn > Co > Cd > Se. By incorporating metal influx from
both the dissolved and particulate (sediment) phases, a bioenergetic-based kinetic model indicates that
most (>98%) of the Cd, Co, Se and Zn in polychaetes arises from sediment ingestion due to the high
ingestion rates of these animals and the low uptake rate of metals from the dissolved phase (porewater
or overlying water). For Ag, approximately 5 to 35% is due to uptake from the dissolved phase. Our
study suggests that the establishment of sediment quality criteria must consider sediment as a poten-

tially important source for metal uptake in benthic invertebrates.
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INTRODUCTION

There has been considerable interest in assessing
the bioavailability of metals from contaminated sedi-
ments to marine benthic invertebrates (e.g. Bergman &
Dorward-King 1997, Ingersoll et al. 1997). Sediments
are the major repositories of particle-reactive chemical
contaminants and can constitute a significant source
of contamination to deposit-feeding benthic inverte-
brates. Many biological and geochemical processes
influence metal accumulation in aquatic organisms
(Campbell et al. 1988, Luoma 1989). Several geochem-
ical approaches have been applied to study the bio-
availability of sediment-bound metals. One approach
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relies on the extraction of metals from oxic sediments
with weak acids (e.g. 1 N HCI or HNO;) (Luoma &
Bryan 1982, Bryan & Langston 1992) or ‘gut juices’ pre-
pared in vivo from deposit-feeding animals (Mayer et
al. 1996). Metal concentrations in extracted sediments
were then correlated with metal concentrations in ben-
thic animals (polychaetes and clams) collected across
different gradients of metal contamination in the field.
In laboratory studies, metal accumulation in deposit
feeders (e.g. Macoma balthica) was measured for sedi-
ments with varying geochemical properties (Luoma &
Jenne 1977, Harvey & Luoma 1985, Decho & Luoma
1994, Campbell & Tessier 1997). Another approach
quantified the concentrations of acid volatile sulfide
(AVS) and simultaneously extracted metal (SEM) in
sediments (Di Toro et al. 1993). This approach assumed
that metals bound with AVS were not bioavailable to
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Fig. 1. Schematic drawing of apparatus used in feeding exper-

iments. A: 120 ml polypropylene vial with hinged cap contain-

ing 70 ml of filtered seawater; B: vent hole; C: tygon connecting

tube (3.2 mm inner diameter); D: encapsulated radioactive

sediment pill; E: head of worm; F: flexible tygon tubing, 3.2 mm
inner diameter; G: radioactive fecal pellets

the animals and that the ratio AVS:SEM controlled
metal concentration in sediment porewater (Ankley
1996, Ankley et al. 1996). Few studies have considered
the influence of feeding rate or assimilation efficiency
of metals from ingested sediments on metal biocaccu-
mulation in deposit-feeding invertebrates.

Benthic animals are exposed to metals in both the
solute (including porewater and overlying water) and
particulate (sediment) phases. Sediment quality crite-
ria derived from the equilibrium partitioning model are
based on the assumption that porewater is the pre-
dominant source for metal accumulation and toxicity to
benthic invertebrates. This assumption has seldom
been tested for benthic invertebrates due to the diffi-
culty in separating the uptake pathways of metal accu-
mulation. Clearly, quantitative assessment of exposure
pathways of contaminants for benthic animals is criti-
cal for developing improved sediment quality criteria.
Significant relationships between metal concentration
in animals and acid extracted metal concentration in
sediments have been found for some metals (Bryan &
Langston 1992, Luoma & Fisher 1997). Because deposit
feeders ingest sediments at a rate of at least twice their
body weight per day to meet nutritional requirements
(Cammen 1980a, Lopez & Levinton 1987), sediments
have the potential to be an important source of metals
for these animals.

Recently, several studies have demonstrated that the
bioenergetic-based kinetic model of contaminant bio-
accumulation is a powerful tool to quantitatively sepa-

rate pathways of metal uptake in aquatic animals
(Luoma et al. 1992, Thomann et al. 1995, Wang et al.
1996, Wang & Fisher 1997, 1998). In these earlier stud-
ies, influx of metals from various sources were experi-
mentally determined and then incorporated into the
model to evaluate the relative importance of each up-
take pathway. This model is sufficiently flexible in that
it can incorporate the variability of each parameter
(e.g. assimilation efficiency, feeding rate, metal parti-
tion coefficient) that is likely manifested by animals in
the field due to varying environmental conditions.

Nereis succinea is a facultative (non-selective) de-
posit-feeding polychaete that primarily ingests surface
oxic sediments, including benthic diatoms and detrital
material (Cammen 1980a). In this paper we measured
the assimilation efficiencies (AEs) from ingested sedi-
ment and the influx rates from the dissolved phase of
5 trace elements (Ag, Cd, Co, Se and Zn) in these
worms. Very few studies have previously measured
metal AEs and uptake rates from the dissolved phase
in deposit-feeding invertebrates (Wang et al. 1998).
Evaluation of AEs is essential in any assessment of
metal accumulation in marine invertebrates because
AE represents a first order physiological process and
can provide an objective basis for assessing metal
bioavailability from ingested sediment among species
and metals. Further, sensitivity analyses have shown
that AE has a direct and pronounced effect on the
metal concentrations in marine invertebrates (Fisher et
al. 1996). We employed a kinetic model to quantita-
tively compare the contribution of solute uptake and
sediment ingestion in the overall metal uptake in N.
succinea.

MATERIALS AND METHODS

Polychaete worms Nereis succinea of 30 to 50 mg dry
wt were collected from the sediments of Flax Pond salt
marsh, Long Island, New York, in the summer of 1997.
The worms were individually acclimated for 2 to 3 d
(without feeding) in the laboratory in a flexible plastic U-
tube (inner diameter of 3.2 mm). Worms were placed in-
side the tubes with the aid of a cut-off plastic pipette tip.
Both ends of the tube were connected to the bottoms of
2 plastic vials each containing 70 ml of filtered seawater
(Fig. 1). A second tube connected both vials to maintain
equal hydrostatic pressure between the vials. Details
of the experimental apparatus and its application to
studying metal uptake in worms are described else-
where (Wang et al. 1998). All experiments were con-
ducted at 12°C with water having a salinity of 28 ppt.

Radiolabeling sediments. The purpose of these ex-
periments was to measure the range of AEs of metals
from sediments with different characteristics such as
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varying organic content, grain size and redox condi-
tions. Oxic surface sediments collected from Flax
Pond (organic carbon content of 5.8% for particles
<500 pm) and near the Verrazano Bridge {in the Hud-
son River estuary, organic carbon content of 2.8% for
particles <500 ym) were used in the experiments. For
Flax Pond sediments, we also examined the effects of
particle size (<63 pm and 63 to 500 pm) and duration
of radiolabeling (sediment aging) on metal AEs in the
polychaetes. Metal assimilation from anoxic Flax Pond
sediments was also measured. Sediments (about
60 mg wet wt in 2 ml seawater) were radiolabeled
with a mixture of radioisotopes: '"""Ag +!°Cd + *Co
+ ®Se + %7Zn. Radioisotope additions were 14 kBq
for """Ag (stock dissolved in 0.1 N HNO;), 17 kBq
for 'Cd (in 0.5 N HCl), 7 kBq for ’Co (in 0.1 N
HCl), 7 kBq for ”®Se (in distilled water, as selenite,
Na,”*SeQ;), and 17 kBq for #Zn (in 0.1 N HCI}. Micro-
liter amounts of 0.5 N NaOH were added to maintain
the pH of the seawater at 8.0. Sediments were labeled
for 7, 10 or 20 d, respectively, in experiments testing
the effects of particle size (<63 pm and 63 to 500 pm),
sediment oxidation state (anoxic and oxic) and parti-
cle type (Flax Pond and Verrazano Bridge sediment)
on metal assimilation. To test the effects of labeling
duration (sediment aging) on metal assimilation, oxic
Flax Pond sediments were labeled for periods of 7 to
60 d. Oxic sediments were shaken periodically to
maintain oxic conditions throughout the labeling
period. Anoxic sediments were collected from a depth
>5 cm from the Flax Pond salt marsh and were kept in
anoxic seawater (bubbled with N, before addition to
sediments) during the labeling period.

Radioactive pulse-chase feeding and depuration.
Following radiolabeling, sediments were centrifuged
to remove overlying radioactive water. This procedure
was performed 3 times by adding non-radioactive fil-
tered seawater after each previous centrifugation. Sed-
iments were then cut into small pieces (<0.5 mg wet
wt) using 2 syringe needles. The sediment placed at
the tip of syringe needles was dipped in and out of a
plastic ring containing a thin layer of Knox unflavored
gelatine (30°C) and quickly immersed into cold cod
liver oil. The quick change in temperature and the
hydrophobicity of the oil encapsulated the sediment
with a very thin layer of gel (just enough to provide a
thin membrane of material to enclose the sediment).
Encapsulated anoxic sediments were prepared in a
glove bag under an N, atmosphere. These sediment
'pills’ were immediately removed from the oil with a
2 ml pipette, rinsed in cold filtered seawater and
placed at the entrance of the plastic U-tube by the
worm's head; 2 or 3 pellets were added for each worm.
Generally the worms ingested these sediment pills
rapidly, and only those individuals which ingested sed-

iments within 1 h were used in the subsequent depura-
tion experiments. In each treatment there were 4 to 6
replicate individuals. Preliminary experiments demon-
strated that the gut passage time of food materials in
the worm was about 8 h at 12°C. The radioactivity of
individual worms was immediately determined with
2 min counts, and then the worms were returned to
their U-tubes and allowed to purge their ingested
radioactive materials for 3 d by feeding on non-radio-
active sediment (<500 pm, 1 cm thickness) which was
added to the vial at the worm'’s head side. The egested
fecal material was collected in the vial at the tail end
(without sediments). The radioactivity remaining in the
worms was counted regularly throughout the depura-
tion period. Water in both vials was renewed each day
to minimize radioisotope concentrations in the dis-
solved phase (released from fecal pellets and possible
excretion by the wormsj).

Concern about the effects of encapsulation of radio-
labeled sediment in gelatin on trace element assimila-
tion in worms led us to conduct an experiment to test
whether the gelatine encapsulation approach had any
appreciable effect on the assimilation of the 5 trace
elements in Nereis succinea in this study. Radiolabeled
sediment (oxic Flax Pond sediment) was prepared as
described, half of which was encapsulated in gelatin
and half of which was not. For the gelatin-free mater-
ial, radiolabeled sediment was placed between 2 lay-
ers of unlabeled sediment held in 1 cm silicone tubes
(6 mm diam.) and placed near the worm tube opening.
For each batch of sediment, 6 worms were allowed to
feed and, after 2 d of depuration, the mass balance
approach was used to compare AEs for each trace ele-
ment. The results indicate there were no significant
differences (p > 0.05) in AEs for any metal caused by
the gelatin encapsulation technique, but Se assimila-
tion was significantly greater (p < 0.05) in worms in the
absence of a gelatin coating.

Metal desorption from radiolabeled sediments was
also measured by resuspending 0.5 mg sediments into
3 ml normal seawater (0.2 pm filtered, pH 8.0) or acidic
seawater (0.2 nm filtered, pH 6.0, by adding HCI). In
Nereis succinea pH values are rather uniform through-
out the gut at around 6.1 (M. Ahrens & G. Lopez, pers.
comm.). After 1 d resuspension, sediments were fil-
tered onto 0.2 um polycarbonate membranes, rinsed
with 10 ml filtered seawater, and the radioactivity
remaining in the sediments was measured.

Metal uptake from the dissolved phase. Metal
uptake from the dissolved phase (<0.2 pm) was deter-
mined by exposing worms at different metal concen-
trations over time. Concentrations were 0.9, 3.6, 14 and
91 nM for Ag (added as AgNOy), 9, 35, 177 and 708 nM
for Cd (added as CdCl,), 17, 68, 339 and 1356 nM for
Co (added as CoCl,), 13, 51, 253 and 1012 nM for Se



284

(added as Na;SeO;) and 31, 123, 385 and
1538 nM for Zn (added as ZnCl,). Both
radioisotopes and stable metals were
added to filtered seawater (28 ppt) and
equilibrated for 16 h before the dissolved
uptake experiments. The amounts of
radioisotope additions were 2.8 kBq 1! for
NomA g (corresponding to 0.3 nM), 7.4 kBq
I"! (0.5 nM) for '°°Cd, 7.4 kBq 1"! (0.6 pM)
or ¥’Co, 15kBq 17! (0.2 nM) for °Se, and 11
kBg I'! (1.3 nM) for ®Zn. There were 5
replicate worms for each concentration
treatment. Worms were individually placed
in 80 ml seawater containing both radio-
tracer and stable metals. Periodically, each
worm was removed from the radiolabeled
water, rinsed with filtered seawater and
counted for their radioactivity for 2 min.
They were then returned to new batches of
seawater containing the same metal con-
centration. After exposure to metals for
34 h, worms were then dried at 80°C for 1 d
and their dry weights were determined.

Radioactivity measurements. Radioactiv-
ity of 11%mAg, 19°Cd, ’Co, "*Se and **Zn in
the samples was measured with a Phar-
macia-Wallac LKB 1282 Compugamma
equipped with a Nal(Tl) well detector. All
measurements were related to appropriate
standards and calibrated for radioisotope spillover
from one isotope's energy window into another’s. The
gamma emission of '"™Ag was determined at 658 keV,
of '%Cd at 88 keV, of *’Co at 122 keV of "*Se at 264 keV,
and of ®Zn at 1115 keV. Counting times in all samples
were adjusted to give propagated counting errors <5 %
for each isotope.

Kinetic separation of the uptake pathways of metals
in the polychaetes. In the bioenergetic-based kinetic
model (Thomann 1981, Wang et al. 1996, Wang & Fisher
1997), metal concentrations in polychaetes under steady-
state conditions (C,.. pg g~!) can be described by:

% retained in worms

100

(ky xCy )+ (AEXIR % Cy)

Css = 1
(kr 1'g) ( )
{ky xC,)

Css,w = - = 2
(ke +9) @)

(AEXIR xCy)
Coy = 22275 3
T kg )

where C,, 1s the metal concentration in worms due to
uptake from the solute phase, C1is the metal concen-
tration in worms due to uptake from the sediments, k,
is the metal uptake rate constant from the dissolved
phase (1 g! d'!), C, is the metal concentration in the

0

O

10 !

Mar Ecol Prog Ser 178: 281-293, 1999

100
Cd

10?
80

40

100 o :
O \FV K - o0 :—6

10

20

10! . = !
80 0 40 60 80
Time (h)
Fig. 2. Nereis succinea. Reten-
tion of radiotracers in N. suc-
cinea following ingestion of
radiolabeled sediment. Only
means are given {(n = 4-5); SDs
of the calculated assimilation
efficiency are shown in Table 1.
FP: Flax Pond salt marsh sedi-
ment; VZ: Verrazano Bridge
sediment
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dissolved phase (ug 1"'), AE is the assimilation effi-
ciency from ingested sediment (%), IR is the ingestion
rate of the worms (g g~' d°"), Cy is the metal concentra-
tion in ingested sediments (ng g7'), k. is the metal
efflux rate constant (d!) (assuming that efflux rates are
the same following uptake from dissolved and particu-
late phases) and g is the growth rate constant of the
worms (d™!). This model also assumes that uptake from
both the solute and particulate phases is additive (see
discussion in Luoma & Fisher 1997). If C; cannot be
measured directly, it can be calculated from the follow-
ing equation:

Cr = KyxCy (4)

where K, is the partition coefficient (1 g~'} of the metal
in the sediments. Thus Eq. (3) can be expressed as:

(AE x 113 ><_Cw x Kq)

(5
(ke +9) :

C.\\:f =

The fractions of total accumulated metal obtained
from the dissolved phase (including porewater and
overlying water, R,) and from the particulate phase
(sediment, R() can therefore be calculated as:

R, =
R; =

k. /(k, + AE x IR x Ky)
1- Rw

(6)
()
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RESULTS

Assimilation efficiencies of metals in
worms

Metal depuration in Nereis succinea
following ingestion of the different radio-
labeled sediments is shown in Figs. 2 to 5.
Significant egestion of radioactive fecal
pellets was evident after 8 h of depura-
tion. Egestion of most unassimilated met-
als was complete within 45 h. AEs were
calculated using 2 methods (Wang et al.
1998). The first method (mass balance)
assumed that worms completed metal
assimilation within 45 h, and the percent-
age of ingested radioisotope that was
retained in the worms after 45 h of depu-
ration was considered as the AE. The sec-
ond method modeled the depuration of
radioisotope in the more slowly exchang-
ing compartment (between 45 and 79 h),
and the AE was calculated as the y-inter-
cept of the regression between the log of
the percentage of radioisotope retained
in worms and the time of depuration (45
to 79 h), according to the following equa-
tion:

A = AE x el-bx8 (8)

where A is the percentage of the ingested
radioactivity retained in the worm at each
sample time (between 45 and 79 h of
depuration), AE is the assimilation effi-
ciency, tis time (h) of depuration and b is
the depuration rate constant (h™").
Appreciable assimilation, calculated by
both methods, was found for all metals
from radiolabeled sediments (Table 1).
Generally, AEs calculated by the mass
balance method were slightly higher
than AEs determined by the regression
method. AEs of Co, Se, and Zn were
somewhat higher than those of Ag and
Cd. No significant differences in metal
AEs were found between Verrazano and
Flax Pond sediments or between <63 um
and 63 to 500 pm sediments, implying that
sediments from different locations (with
different organic carbon content) and par-
ticle size had little influence on metal
assimilation in Nereis succinea. With the
exception of Se, metals from anoxic sedi-
ments were assimilated by the worms
with a significantly lower efficiency than
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Fig. 3. Nereis succinea. Reten-
tion of radiotracers in N. suc-
cinea following ingestion of
different grain sizes of radiola-
beled sediment. Only means
are given (n = 5-6); SDs of the
calculated AE are shown in
Table 1
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Fig. 4. Nereis succinea. Reten-
tion of radiotracers in N. suc-
cinea following ingestion of
oxic and anoxic radiolabeled
sediment. Mean * SD (n = 4)
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metals associated with oxic sediments (p <
0.05). The greatest effect was found for Cd
and Co (2- to 3-fold difference between oxic
and anoxic sediments), whereas for Ag and
Zn this difference was smaller, but statisti-
cally significant.

The effects of sediment radiolabeling
time (from 7 up to 60 d) on metal assimila-
tion varied among the metals. No major dif-
ference was found for Ag, Co, Se and Zn,
but duration of sediment radiolabeling sig-
nificantly affected Cd assimilation (p < 0.05,
Model 1, ANOVA). Cd assimilation de-
creased by up to 2.8-fold for sediments
labeled for 60 d (Table 1).

Significant metal desorption occurred
when the radiolabled sediments were resus-
pended into pH 8.0 or pH 6.0 seawater for
1 d. Lowering the pH from 8.0 to 6.0 also
enhanced metal desorption, except for Se
(Fig. 6). There was no correlation between
metal AEs in worms and the percentage of
metal desorption from radiolableled sedi-
ments (Fig. 6).

Metal uptake from the dissolved phase

Metal uptake from the dissolved phase
over exposure time is shown in Fig. 7. Be-
cause radioactive water was renewed every
few hours, there was only a very small
decline (<5%) in the dissolved metal con-
centration due to worm uptake during the
exposure period. The worms showed a lin-
ear pattern of metal uptake between 2 and
10.5 h, after which the rate of metal uptake
decreased slightly (except for Se which had
a linear pattern of uptake between 2 and
33.5 h). The uptake rate constants of metals
from the dissolved phase (k, 1g™! d!) were
therefore calculated using data obtained
between 2 and 10.5 h.

To calculate k,, we first calibrated for sur-
face adsorption of metals during the first 2 h
of exposure. A linear regression between
metal uptake and exposure time was per-
formed between 2 and 10.5 h, and the cal-
culated y-intercept was assumed to be the
amount of metal adsorbed onto the worm's
surface. This amount was then subtracted
from the metal uptake between 2 and 10.5h
to calculate the net metal uptake. Influx
rates of metals (I, pg g~! d™!) in worms were
therefore calculated at 2, 6 and 10.5 h of
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Fig. 5. Nereis succinea. Re-
tention of radiotracers in N.
succinea following ingestion
of sediment radiolabeled for
time periods up to 60 d.
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Table 1. Nereis succinea. Assimilation efficiencies (AEs) of trace elements (means + SD, n = 4-6) in the polychaete feeding on dif-

ferent types of sediments (MB: mass balance method, assumes that metal assimilation was complete after 45 h of depuration; R:

regression method, using the y-intercept). Statistically significant difference in metal assimilation between treatments (t-test) or
among treatments (ANOVA test) is indicated in parentheses: "p < 0.05 and ""p < 0.01

Expt AE Ag Cd Co Se Zn
method
Flax Pond vs Verrazano Bridge sediment
Flax Pond MB 182 +4.8 23.9+64 69.5+14.9 36.3+6.5 446 + 6.1
R 26.7 £6.3 39.0x14.7 78.6 + 14.5 404 7.9 573+ 174
Verrazano MB 158 +2.6 229+45 67.1+11.0 41.8+6.5 413 6.2
R 26.0 + 7.3 203+ 7.5 78.1+11.8 448 +7.1 51.9+6.1
<63 pm vs 63-500 pm sediment
<63 pm MB 20.0£8.1 29.3+9.2 81.3+84 47.6 + 8.7 526 +12.1
R 25.8 £ 8.7 43.8+12.5 916 +8.1 50.7+9.1 59.2+14.2
63-500 pm MB 116 +6.4 18.1 + 8.1 847+ 76 40.8+6.6 456 +17.3
R 15473 282+76 965+ 1.2 43064 53.0+ 150
Oxic vs anoxic sediment
Oxic MB 19.5+6.6 174 +£5.2 76.1 55 52.0+6.7 324+4.0
R 27375 26.1+7.8 89.1 +12.5 59.6+94 46.3 5.0
Anoxic MB 11903 5.2+32 35.1+98 476 + 7.0 242+ 0.5
R 120+15 6.9+ 2.8 38.7+9.2 558 +83 294 +28
) () (**) ()
Radiolabeling duration of sediment
7d MB 30.0+8.6 28063 376 +8.3 36.0+7.4 24247
R 36.6 + 8.7 33379 41.6 £ 8.2 376 +£6.6 29.8+2.6
14d MB 221182 244 +4.0 657 +13.8 34.0£11.0 37.8+6.5
R 288+ 11.3 30049 698+ 114 350+11.2 409 + 7.1
60 d MB 20066 10419 596+ 7.1 28722 212+43
R 36.2+6.8 13.6 £33 67.2+9.3 329+42 23.8 + 3.2
()
o3,——— 003 —
exposure, and the mean influx rate was
calculated based on these 3 time point 0.02 |
measurements. Finally, I, was corre-
lated with metal concentration in the 0.01
dissolved phase (C,,) (Fig. 8). '
A linear relationship between logl,
and logC,, was found for each metal 0.00
(Fig. 8), suggesting that metal uptake —_ 49
from the dissolved phase conformed "1 0.03
with Freundlich adsorption isotherms. 2
For Ag, Co and Se, the coefficients = 0.02 |
describing the relationships between ks
logl, and logC,, were close to 1; thus S 001 |
their k, can be directly calculated as S
the antilog of the intercept between e 0.00 _ |
logl, and logC,,. However, the coeffi- 8 40 0 20 40
clents were only 0.776 for Cd and 0.603 N — Time (h)
for Zn, suggesting that these 2 metals Zn
were regulated during their uptake |
from the dissolved phase. To calculate 05 Fig. 7. Nereis succinea. Accu-
the k, for these 2 metals, we regressed : mulation of metals from the dis-
I, and C,, (without log-transformation) solved phase in N. succinea over

by forcing the y-intercept through zero. ) time. Means + SD (n = 5). The
0.0 ) | metal concentration in the expo-

Among the 5 elements, Ag had the . sure water was 0.9 1M Ag, 9 nM
highest k,, followed by Zn > Co > Cd > 0 20 0 G4, 17 oM Co, 13 nM Se and
Se (Fig. 8). Time (h) 31nM Zn



288 Mar Ecol Prog Ser 178: 281-293, 1999

Influx rate (ug g"1 d-1)

0.01* _ loo01 ,
1 10 100 1 10
10 -
1.
{
|
01+ —_— |
1 10 100

Concentration (ug L-Ty

Fig. 8. Nereis succinea. Influx rates of metals into N. succinea at different dis-
solved metal concentrations. Means + SD (n = 5). Relationships describing
metal influx rate ({,) and metal concentration in the dissolved phase (C,,) were:
for Ag, I, = 1.853[C,]°%=2019 (12 = 0.999); for Cd, I, = 0.028[C,,[°776=004
(r? = 0.994); for Co, I, = 0.016[C,]"*!=09 (12 = 0.998); for Se, I, =
0.006(C,,]*019%005 (12 = 0 990); for Zn, I, = 0.359[ C,,[0B03= 0097 (2= 0.988). The
calculated uptake rate constants (ky, 1 g~' d”!) from the dissolved phase were
1.853 for Ag, 0.010 for Cd, 0.016 for Co, 0.006 for Se and 0.064 for Zn. Values
of k, for Cd and Zn were calculated based on linear regression of i,

and C,, without log-transformation

Evaluation of metal uptake pathways in worms

According to Eqgs. (6) & (7), k,, AE, IR and K, are
parameters required to quantify the relative impor-
tance of dissolved metal and sediment as sources for
metal accumulation in worms. Ranges of AEs (calcu-
lated by the mass balance method) for each metal were
taken from Table 1 and values of k, were taken from
Fig. 8. For our model calculations, we used a mean
weight-specific ingestion rate for Nereis succinea of
3.5g gt d' (Cammen 1980b) and mean metal K, val-
ues for coastal surface sediments (IAEA 1985). How-
ever, because metal AE and sediment Ky values may
vary considerably under different environmental con-
ditions, we also performed a sensitivity analysis to
determine the effects of AE and K} variation on the rel-
ative importance of dissolved and particulate (sedi-

Concentration {ug L1

ment} uptake. The mean numerical value
of each parameter is given in the legend
of Fig. 9.

Our calculations suggest that under
conditions typical of natural environ-
ments, most of the body burden (>98 %) of
Cd, Co, Se and Zn in Nereis succinea is
obtained by ingestion of sediment and
that varying AE and Ky have little effect
(Fig. 9). For example, even an AE as low
as 1% (below any AE measured in our
study) will result in 88% of Cd, 100% of
Co, 85% of Se and 92 % of Zn coming from
ingestion of sediments. Ag is the only
metal which shows notable uptake from

; the dissolved phase, but its uptake is also
100 dominated by ingestion of sediments (65
to 95%]). The relative importance of dis-
solved uptake and uptake from sediment
is highly dependent on Ag AE in the
worms and Ag K, in the sediments (Fig. 9).

DISCUSSION
Metal assimilation from sediments

AE Is a critical parameter determining
metal bioavailability from sediments, but
very few studies have made such mea-
surements for marine deposit feeders.
Ranges of AEs for 5 trace elements ob-
served in Nereis succinea were compara-
ble to other invertebrates (Wang et al.
1996, Wang & Fisher 1997). AEs of Se and
Zn were higher than the other metals
such as Ag and Cd which have no biolog-
ical function. For Co, AEs were as high as
85 % in several experiments; Co AEs in marine suspen-
sion feeders are generally in the range of 10 to 50%
(Reinfelder et al. 1997, Wang & Fisher 1997, 1998). In
addition, AEs measured by the 2 methods were com-
parable, although in some cases AEs were lower when
determined by the mass balance method than by the
regression method. This may be due to the inclusion of
some post-digestive excretion of metals (e.g. physio-
logical turnover) when the AE was calculated by the
mass balance method.

Our results demonstrated that with the exception of
Se, the gelatine encapsulation technique did not sig-
nificantly alter metal bioavailability in Nereis succinea.
Metal AEs were comparable in worms feeding on
encapsulated sediments (thin layer) and sediments in
the absence of a gelatin coating. Similarly, Wallace
& Lopez (1997) measured Cd assimilation by shrimp
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Palaemontes pugio fed gelatine-embedded homo-
genized oligochaetes Limnodrilus hoffmeisteri and de-
monstrated that Cd AEs measured by this technique
were similar to those measured for shrimps fed single
whole worms, suggesting that gelatine embedding did
not alter Cd bioavailability in shrimp either.

Variability of metal AEs among sediment types was
smaller than intra-elemental differences. Our study
suggests that both particle size and organic carbon
content of sediments have little influence on metal
assimilation in these polychaetes. In field studies, par-
ticle size and sediment organic carbon content were
found to inversely influence metal concentration in
marine deposit feeders (Bryan & Langston 1992).
Because metal bioaccumulation is also determined by
an animal’s feeding rate and by the metal concentra-
tion in ingested food particles, we suggest that these
factors are responsible for the relationship between
metal bioaccumulation and organic carbon content
and particle size. Particle selectivity of deposit-feeding
animals can considerably affect the accumulation of
organic contaminants (Lydy & Landrum 1993, Kukko-
nen & Landrum 1995, Forbes & Forbes 1997). These
animals can selectively ingest finer grained, organic-
rich particles and because of the higher contaminant
concentration associated with these particles, contami-
nant influx from the ingested particles will increase
disproportionately. Nereis succinea is a facultative de-
posit feeder and shows little evidence of particle selec-
tivity in feeding (Cammen 1980a).

Metals, especially Cd and Co, associated with
anoxic sediments were generally less bioavailable to
Nereis succinea than metals associated with oxic sedi-
ments. The lower metal bioavailability from anoxic
sediments was probably due to a greater proportion of
metal bound to insoluble sulfides in these sediments.
The strong binding of metals with acid volatile sul-
fides (AVS) in contaminated sediments has been
reported to control metal bioavailability and toxicity
to benthic invertebrates (Di Toro et al. 1993, Ankley
1996, Ankley et al. 1996). In our experiments, anoxic
sediments were radiolabeled for 10 d. Because bind-
ing of the radiolabeled metals with AVS was not mea-
sured, our experiments did not necessarily indicate
that metals bound with AVS were directly bioavail-
able to the worms, but this possibility cannot be ruled
out. It is likely that metals associated with sediments
can undergo considerable changes in chemical condi-
tions within the gut of N. succinea during the long
metal residence time (about 2 d). For example, some
metals bound with AVS may be re-oxidized within the
gut and be assimilated across the gut lining. Appre-
ciable assimilation of metals from anoxic sediment has
also been measured in marine mussels and clams
(Griscom & Fisher unpubl.).

20 40 60 80 100
Assimilation efficiency (%)

% uptake from sediment
o
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Fig. 9. Nereis succinea. Uptake from sediments of metals in N.
succiena calculated by the kinetic model for different AEs and
partition coefficients for sediments (1 kg™}} (Ky). Values are
calculated percentages of total metal uptake obtained from
sediment ingestion. For each metal, the chemical symbol is
placed over its measured range of AE or K, values. To calcu-
late the effects of variations in AE or Ky, mean numeric values
of other parameters were used: for Ag, AE = 20%, K, = 10*; for
Cd, AE =20%, Ky =2 x10% for Co, AE =65%, Ky =2 x 10° for
Se, AE = 40%, Ky = 10% for Zn, AE = 35%, K3 = 2 x 10*. The
mean uptake rate constant (k,) from the dissolved phase for
each metal was from Fig. 8, and the ingestion rate was
assumed to be 3.5 g g~! dry wt d-!

Our experiments also demonstrated that the expo-
sure period of sediments to metals significantly
affected Cd assimilation in polychaetes, but had no
major effect on Ag, Co, Se and Zn assimilation. In
bivalves, metal assimilation is greatly dependent on
sediment exposure time; when sediments were radio-
labeled for 6 mo, for example, AEs of Cd, Co and Ag
decrease 2- to 4-fold compared to 3 d labeling, imply-
ing that a greater proportion of the radioisotopes are
refractory as sediment exposure periods increase
(Griscom & Fisher unpubl.). In our experiments, the
kinetics of radiotracer binding with different geochem-
ical fractions in the sediments was not measured. How-
ever, considerable desorption occurred for all metals,
especially at pH 6, indicating that metals were primar-
ily bound with easily exchanging pools of sediments.
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Measurements of metal AEs from sediment using
radiotracers depend on the radiotracers being in equi-
librium with the stable metals in the sediment. When
the radioisotopes are not in equilibrium with the stable
metal pools, the determined AEs may overestimate
metal bioavailability from sediments. In the kinetic
model, both metal AE and metal concentration in sedi-
ment affect metal influx into benthic animals from sed-
iments (Eq. 1). To overcome the concern regarding
equilibration between radioactive and stable metal,
the measured AE should be coupled with metal con-
centration from the same geochemical fractions within
the sediment (Luoma 1989). For example, model-pre-
dicted Cr concentrations in marine mussels were com-
parable to field measurements when the Cr AE mea-
sured by a radiotracer technique was coupled to Cr
concentration in sediments determined by weak acid
extraction (Wang et al. 1997). When the total Cr con-
centration (including Cr in the sediment matrix) was
incorporated into the model, however, the predicted
concentrations were much higher than the actual mea-
surements. Presumably metals in the more refractory
pool are unavailable to the animals during the rapid
gut passage of sediment particles.

Whereas desorption from ingested sediments was
correlated to assimilation for Ag, Cd and Co in marine
mussels (Gagnon & Fisher 1997), we did not find any
relationship between metal desorption and metal as-
similation in Nereis succinea, suggesting that metal
desorption was unlikely to control metal assimilation.
One possible explanation is the longer gut passage
time in N. succinea than in mussels (3 h); thus metal
assimilation may become more dependent on the
worm digestive physiology. Consequently, chemical
extraction without consideration of an animal’s diges-
tive physiology may not be able to predict metal
bioavailability from ingested sediments. Of course,
our experimental approach did not exactly simulate
the behavior of metals within the gut, as the radiola-
beled sediments were resuspended in water and with
a much lower sediment to water volume ratio than
sediment to gut volume ratio. Mayer et al. (1996)
quantified contaminant (including Pb and Cu) desorp-
tion in 'gut juices’ extracted from the marine deposit
feeder Arenicola marina. The desorbed contaminant
pools were considered to be potentially bioavailable
to the organisms, because the contaminants ultimately
assimilated by the organisms were presumed to be
dissolved (although a few metals can also be taken up
by pinocytosis, Simkiss & Taylor 1989). Mayer et al.
(1996) also showed that there was a linear relation-
ship in metal extraction efficiency using ‘gut juices’
and direct desorption into seawater, but the latter
extraction gave a much lower efficiency than ‘gut
juice’ extraction.

Isotopic exchange between radiotracers and stable
metals within the guts of deposit feeders may compli-
cate the interpretation of experimental results using
radioisotopes. Chen et al. (unpubl) have recently
determined that metal concentrations in the digestive
fluids of Arenicola marina were several orders of mag-
nitude higher than background seawater concentra-
tions. If the kinetics of exchange is rapid (e.g. shorter
than the gut passage time), some radiolsotopes may
exchange with metal pools in the gut, resulting in an
overestimation of metal AE. Chen et al. (unpubl.) sug-
gested that the metal levels in gut fluid did not result
from the most recent sediment passage through the
gut; thus it appeared that isotope exchange in the gut
is slow.

Metal uptake from the dissolved phase

Assessments of metal influx in marine polychaetes
can be overestimated by metal adsorption onto the
body surface (reversible binding) or underestimated
by metal efflux or decreased ventilating activity when
the organisms are exposed for a prolonged time. In this
study, we accounted for these interferences by sub-
tracting the possible surface adsorption and only con-
sidering metal uptake within the first 11 h of metal
exposure. With this approach, influx rates measured at
2, 6 and 10.5 h of exposure for each individual worm
are nearly identical. The applicability of uptake rates
measured during short exposure periods to natural
environments in which the worms are chronically
exposed was not assessed.

In marine mussels, the power coefficients describing
the relationship between the log of influx rate and the
log of metal concentration in the dissolved phase are
about 1 (Wang et al. 1996). This trend was also ob-
served for Ag, Co, Se (present study) and Hg (Wang et
al. 1998) in Nereis succinea. In contrast, the power val-
ues for CH;Hg in worms are 1.33 (Luoma 1977, Wang
et al. 1998), indicating that the rates of metal uptake in-
creased disproportionately with increasing methyl-
mercury concentrations. The lower power coefficients
(0.6 to 0.7) for Cd and Zn suggest that these metals are
regulated during their uptake from the dissolved
phase. Regulation of Zn uptake in marine polychaetes
has been previously documented, primarily because
the worms developed an efficient efflux system to
remove excess metal (Bryan & Hummerstone 1973). In
marine mussels, there is no indication that Zn uptake
from the dissolved phase is reqgulated (Wang et al.
1996) but uptake of Zn from food does appear to be
regulated (Wang & Fisher 1996).

The weight-specific uptake rates of Cd, Co, Se and
Zn in Nereis succinea are at least an order of magni-
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tude lower than in mussels and copepods (Wang et al.
1996, Wang & Fisher 1998). As with mussels and cope-
pods, metals (Ag, Zn and Cd) that tend to associate
with proteins display a higher dissolved uptake rate
than other elements. Among the metals examined,
CH;Hg exhibits the highest uptake rate from the dis-
solved phase (Wang et al. 1998), probably because it
can pass freely through membranes (Mason et al.
1996).

Modeling the pathways of metal uptake

Our calculation demonstrates that most metals con-
sidered in this study (Cd, Co, Se and Zn) are accumu-
lated by Nereis succinea by ingestion of sediments,
regardless of variations in IR, AE and K, values. For
Ag, which has the highest uptake rate from the dis-
solved phase, the relative importance of dissolved
uptake and sediment ingestion depends more heavily
on its AE and Kj, but uptake from the dissolved phase
contributes only 5 to 35% of total Ag accumulation in
the worm. Similarly, in N. diversicolor, both dissolved
and sediment-bound Ag have been shown to con-
tribute to Ag accumulation (Bryan & Langston 1992).
The dominance of metal uptake from ingested sedi-
ments is mainly due to the high feeding rate of the
worms and the low uptake rate from the dissolved
phase. Many deposit feeders are able to ingest sedi-
ments at least twice their tissue dry weight each day
(Cammen 1980b); thus the potential of sediment as a
major source for metal uptake is high. In addition, NN.
succinea is a facultative deposit feeder ingesting pri-
marily surface oxic sediment. The higher AEs associ-
ated with these sediments may also contribute partially
to the dominance of sediment as a source for metals in
these worms.

Recently, we employed this kinetic model to sepa-
rate the relative importance of solute and sediment
pathways for Hg(ll) and CH;3Hg(Il) accumulation in
Nereis succinea (Wang et al. 1998). Our model showed
that CH;Hg(II) contributes about 5 to 17 % of the total
Hg accumulation in the polychaetes, and that most
(>70%) of the Hg(Il) accumulation is from sediment
ingestion, whereas for CH;Hg(II) the relative impor-
tance of dissolved uptake and sediment ingestion
depends greatly on its Kj in sediment. Thus sediment
can also constitute an important source for the overall
accumulation of Hg in worms.

This kinetic model has also been used to evaluate
the sources of metal uptake in marine mussels and
copepods (Wang & Fisher 1997, 1998). Both food and
solute uptake can contribute to metal accumulation
in these animals. In mussels, Cd is accumulated pre-
dominantly from the dissolved phase whereas for

other metals the ingestion of food is a more impor-
tant source for metal accumulation. In copepods,
solute uptake dominates Ag, Cd and Co accumula-
tion, whereas food uptake dominates Zn accumula-
tion. Se is the only element which has been consis-
tently shown to be predominantly accumulated from
food in a variety of marine invertebrates (Luoma et
al. 1992, Wang et al. 1996, Wang & Fisher 1998).
Consequently, the importance of different uptake
pathways is highly dependent on the biology of each
species and the geochemistry of metals in the envi-
ronment.

Very few experimental studies have quantified the
relative importance of sediment and solute uptake in
marine deposit feeders. Kemp & Swartz (1988) indi-
cated that porewater was the dominant route for Cd
uptake in amphipods. However, Luoma & Fisher {1997)
noted that in that study the porewater Cd concen-
tration was enhanced by 1000 to 10000 x over the con-
centration found in contaminated estuarine waters,
whereas concentrations in food were only enhanced
by 16 to 72x compared to moderately contaminated
sediments. Cd was therefore not in true equilibrium
between porewater and sediments. Using environ-
mentally realistic Cd partitioning in porewater and se-
diments, Luoma & Fisher (1997) instead calculated that
91 % of Cd can arise from ingestion of sediments. Selck
et al. (1998) compared Cd uptake in the polychaete
Capitella sp. exposed to dissolved Cd (water only
treatment), sediment-bound Cd (sediment-bound only
treatment) and both dissolved and sediment-bound Cd
(porewater + sediment treatment). They calculated
that sediment-bound Cd contributed 95 % of the total
Cd taken up by the worms.

Separation of the pathways of metal uptake in ma-
rine benthic organisms is important for the setting of
appropriate sediment quality criteria. Currently, one
set of proposed sediment quality criteria is based on
the assumptions that sediment AVS controls metal
porewater concentrations and that metal toxicity
results only from uptake from porewater (Ankley et
al. 1996). Sediment was considered to be in equilib-
rium with porewater and to indirectly affect metal
accumulation due to the controls of AVS on pore-
water metal concentration. Our study demonstrates
that sediment quality criteria based on porewater
toxicity tests would not protect deposit feeders such
as Nereis succinea. We believe it is necessary to con-
duct additional mechanistic studies using environ-
mentally realistic metal concentrations to better eval-
uate the importance of different uptake pathways for
benthic invertebrates. Clearly, the high ingestion rate
of deposit feeders and their slow metal uptake from
the dissolved phase should be taken into considera-
tion.
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The kinetic modeling approach can overcome many
of the experimental limitations in quantifying uptake
pathways of metals. In the model, uptake from both
dissolved and food sources are separately measured,
and the variability of each parameter can be controlled
and quantified. The model can consider metal accumu-
lation under the diverse environmental conditions the
animals are likely to encounter in the field. In our cal-
culations, the most variable and least certain parame-
ter is the metal Kj, which is dependent on many geo-
chemical processes (e.g. redox conditions, binding
with different geochemical fractions in the sediments,
organic carbon content, etc.; Tessier 1992).

There are very few field measurements available to
validate the kinetic model developed for Nereis suc-
cinea in the present study, and a field study to specifi-
cally test the validity of the AE measurements and the
kinetic model in these worms is warranted. In a com-
panion study on Hg bioavailability to N. succinea,
Wang et al. (1998) calculated that, using Hg and
methyl Hg AEs determined experimentally by meth-
ods employed here, the kinetic model predicts Hg con-
centrations in the worms in the range of 0.05 to 0.5 ng
g~!, which were within the range of field measured Hg
concentrations (0.02 to 0.1 pg g~!, Luoma 1977).

In summary, our results suggest that trace metal
assimilation from ingested sediment in the polychaete
Nereis succinea was little affected by sediment organic
carbon and particle grain size. Metals associated with
anoxic sediments were less assimilated by the worms
than metal in oxic sediments (except for Se). Further
studies are required to elucidate the mechanisms
underlying the biological and geochemical controls of
metal assimilation from sediments. Dissolved uptake of
metals was directly proportional to metal concentra-
tion in the dissolved phase, but Cd and Zn appeared to
be regulated during their uptake by the worms. A
kinetic model calculation indicates that most (>98 %}
Cd, Co, Se and Zn bioaccumulation is from ingestion of
sediments, primarily due to the very high ingestion
rates of the worms and their slow uptake from the dis-
solved phase. Our work therefore suggests that the
establishment of sediment quality criteria must con-
sider sediments as a potentially important source for
metal uptake in benthic invertebrates and that feeding
behavior and digestive physiology need to be consid-
ered in studies examining metal bioaccumulation from
contaminated sediments.
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