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Abstract

Through feeding experiments with the deposit feeding oligochaete
Limnodrilus hoffmeisteri and the grass shrimp Palaemontes pugio, we tested the
hypothesis that prey contamination exposure history controls Cd trophic transfer.
Oligochaetes were exposed to three Cd concentrations (3ng, 50ug and 150ug 17

109

including °Cd as a tracer) for two exposure times (one and six weeks) and were
fed to shrimp. Oligochaete subcellular '°Cd distributions were also determined
to aid in elucidating its control on Cd trophic transfer. Shrimp "’Cd absorption
efficiencies (AE) increased significantly when worm Cd exposure concentration as
well as exposure duration increased. An exposure to 150ug 1" for six weeks was
lethal to worms. Increases in shrimp "”Cd AE were directly related to an
increase in worm protein-bound "Cd. Calculations of net Cd transfer from
oligochaete to shrimp indicated the ecologically important result of a four-fold
increase when worms were exposed for six weeks to 50ug I'', over the one week
treatment. This net Cd transfer was also twice that for shrimp fed worms
exposed for one week to 150ug ~'. Since all oligochaetes exposed to 150ug 1" for

six weeks died, it could be assumed that very little Cd would be transferred

under high contamination conditions.
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Introduction

The hypothesis that prey contamination exposure history influences Cd
trophic transfer to predators was investigated. Metallothioneins (MT) and metal-
rich granules (MRG) are mechanisms which members from many phyla use to
sequester and detoxify absorbed metals (Hamer 1986; Brown 1982).
Detoxification mechanisms are inducible (Cherian and Goyer 1978; Kojima and
Kagi 1978; Shaikh and Lucis 1970; Brown 1977; Brown 1978) and have been
shown to play an important role in controlling metal trophic transfer (Wallace
1992; Nott and Nicolaidou 1989 and 1990).

Populations of the tubificid oligochaete, Limnodrilus hoffmeisteri, have
been shown to evolve Cd resistance and this resistance was related to Cd
exposure in the field (Klerks and Levinton 1989). The most Cd resistant
oligochaetes were found to possess both MT-like proteins and MRG for storing
and detoxifying the metal (Klerks 1987; Klerks and Bartholomew 1991). Through
feeding experiments with the grass shrimp Palaemonetes pugio, oligochaete
contamination exposure history was investigated for its influence on Cd trophic
transfer.

The ability of aquatic organisms to tolerate metal pollutants such as Pb,
Hg and Cd is of considerable advantage if they are to persist in contaminated

environments. Biochemical mechanisms for the detoxification of absorbed metal
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al. 1978; Luoma 1989; Bryan 1979). Detoxification mechanisms which function
by altering a metal’s physical properties, by binding it to MT or sequestering it
within MRG, may play an important role in controlling pollutant trophic transfer.

In previous research we demonstrated that grass shrimp absorb protein

bound Cd with higher efficiencies than granular bound Cd (Wallace 1992). Also,
Nott and Nicolaidou (1990) found that some types of MRG contained within
prey pass through predators undigested.

Detoxification mechanisms, however, may not always be functioning
properties of an organism’s immediate biochemical capabilities. These
mechanisms may have to develop through continued exposure to a ;')ollutant by
induction at the organismal level or through natural selection of the population.
A selective advantage for an inducible gene to produce detoxifying proteins was
suggested by Engel and Fowler (1979). And indeed, many studies have shown
that sublethal metal exposure increases metal resistance by inducing MT
production (Cherian and Goyer 1978; Kojima and Kagi 1978; Kagi and Shaffer
1988). Although not inducible in the short term, MRG formation has been
shown to develop in chronically exposed populations with granular formation

leading to increased metal resistance (Brown 1977; Brown 1978). MRG
formation may also contribute to Cd resistance in a chronically exposed

oligochaete population (Klerks and Bartholomew 1991).
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Metal trophic transfer is influenced by prey detoxification mechanisms

(Nott and Nicolidou 1990; Wallace 1992) and this detoxification is controlled by
exposure conditions (Roesijadi and Kierks 1989; Brown 1977; Klerks 1987). This
study was focused on determining whether the contamination exposure history of
prey, in terms of the level and duration of exposure, influences Cd trophic
transfer.

STUDY SITES. Foundry Cove near Cold Spring, New York is a fresh to

brackish water cove located on the Hudson River, approximately 100 km upriver
from the Verrazano Narrows (Fig. 1). This cove, the most severely Cd
contaminated site in the world (Kniep et al. 1974, referenced in Simpson 1981),
was polluted with Cd, Ni and Co by effluent discharged from a Ni-Cd battery
plant between 1953 and 1971 (Resource Engineering 1983). Much of the
sediment contains up to 500 ug Cd g dry wt. (Klerks and Levinton 1989) with
some sediment in the cove reaching concentrations as high as 225,000 ug Cdg"
dry wt. (22% dry wt.) (Knutson et al. 1987). Although sedimentary Cd is mostly
present as a relatively insoluble mixed Ca-Cd carbonate (Bondietti et al. 1974)
resuspension by tidal action and activities of benthic organisms provide a
continual source of Cd which is available to the cove’s biota. Accumulation of
Cd has been noted in Foundry Cove plants, blue crabs, killifish, and oligochae#es

(Kneip and Hazen 1979; Hazen and Kneip 1980; Klerks and Bartholomew 1991).
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South Cove, which is adjacent to Foundry Cove, did not receive the

contaminated waste water, and is relatively uncontaminated.

TEST ORGANISMS. The deposit feeding oligochaete Limnodrilus

hoffmeisteri is the most abundant macrofaunal organism inhabiting the sediments
of both Foundry Cove and South Cove (Klerks 1987). Klerks and Levinton
(1989) demonstrated that the Foundry Cove oligochaete population has evolved
resistance to Cd, over that of South Cove worms, with adaptation resulting in
high Cd body burdens. Binding of Cd to MT-like proteins and precipitation of
Cd into MRG, believed to be CdS, were responsible for this elevated body
burden (Klerks 1987; Klerks and Bartholomew 1991).

Lack of Cd tolerance in South Cove worms may be the result of a non-
existent or poorly developed detoxification system. If detoxification differences
do exist between these oligochaete populations, differences in Cd trophic transfer
may occur.

The grass shrimp Palaemonetes pugio is an abundant benthic omnivore of

marsh-cove ecosystems. This shrimp, which is distributed along the east and Gulf

coasts of the United States (Knowlton 1973; Williams 1974), has a salinity
tolerance of 2 to 35 ppt (Wood 1967) and includes oligochaetes (among other
benthic invertebrates) in its diet (Bell and Coull 1978). P. pugio is a vital link in

coastal water embayment food chains and is a favorite prey item of many
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1980; Nixon and Oviatt 1973).

Methods

collected at low tide from various locations within South Cove in June, 1992
Adult Limnodrilus hoffmeisteri were sorted from a > 240 um sediment ,fracti |
| | on,
cleaned of sediment and placed individually into multi-well culture plates
containing 4 ml of GF/C filtered Hudson River water (0 ppt
| ). After the
depuration of gut contents (approx. 36 hr), worms were randomly grouped into
12
sets (about 20 worms per set), assigned to treatments and replicates, and were
wet weighted in bulk. Approximate mean wet weights were determined by

weeks with Cd concentrati
ations of 3ng 1", 50ug 1™
» S0ug I and 150ug 1I"'. Ther
. € were two

g y

g a s e v e 109
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Table 1. Cadmium versus time treatments for exposing Limnodrilus
hoffmeisteri to stable and radioactive *°Cd.

Cadmium concentration

3ng 17 50ug 17 150ug 17
|
Exposure 1 | AB AB AB
time |
(weeks) 6 | AB AB AS

filtered Hudson River water (0 ppt) containing appropriate amounts of stable Cd,
added as chloride salt.

After exposure, worms were rinsed in three separate distilled water baths,
placed into gamma-counting tubes containing 1 ml of GF/C filtered Hudson
River water (0 ppt), assayed for radioactivity and regrouped as per treatment and
replicate. Also, 1 m! of labelling solution from each vial was assayed for final
"“Cd concentrations. Each group of worms, with a range in total wet weight of
10 to 50 mg, was homogenized by hand in 0.12 ml of distilled water in a glass
tissue homogenizer. Homogenate was transferred to a cryogenic storage vial,
assayed for total radioactivity, split into two equal portions (one portion for
feeding experiments, the other for subcellular fractionation; see Fig. 2) and
stored frozen (-20°C). The radioactivity of each portion was determined.

RADIOANALYSIS. All samples were analyzed for '*Cd in a Pharmacia-
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Figure 2. Protocol for feeding experiments and subcellular fractionation.
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Wallac LKB automated gamma counter equipped with a Nal crystal. Counting

tim i i
es were three minutes unless noted otherwise and counting efficiency was

65%.

SUBCELLUILAR FRACTIONATION. The portion used for subcellular

fracti . . .
actionation was thawed and subjected to differential centrifugation as modified
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i i i lted in a
from Klerks (1987) and Nash et al. (1981) (Fig. 2). Centrifugation resulte

ining ti MRG), an
cellular debris fraction (300xg pellet, containing tissue fragments and )

: ed
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ioactivi -20°C).
proteins. Fractions were assayed for radioactivity and stored frozen ( )

MEAL PREPARATION. The portion of worm homogenate used for

i isti ter and
feeding experiments was freeze-dried, resuspended in 0.05 ml distilled wate

mixed with 0.2 ml of a gelatin solution. Six ul aliquots of the

homogenate/gelatin slurry were pipetted onto pre-chilled (-20°C) 0.2 pm

20°C
polycarbonate membrane filters. Filters were returned to the freezer ( )

i set of five
and gelatin discs were allowed to set for 30 minutes. A random sub

: S:S C E S 0 C :231 (:: :) L E:E[ (< r ll)' :ElEl[Il dls:s E]E

i ig. 2). This
taken off of filters with a scalpel blade and were fed to shrimp (Fig. 2)

lter Cd
method, developed for our previous research, works well and does not alte

bioavailability (Wallace 1992).
All worm manipulations (i.e., homogenization, subcellular fractionation,

i i i niques. All
and gelatin disc preparation) were performed on ice with sterile techniq

i i i isti elatin
aterials used for worm manipulations (including distilled water and g
m

solution) were autoclaved for 15 minutes at 250°F and 15 psi.

VI-18

SHRIMP PREPARATION. Grass shrimp, Palaemonetes pugio, were

collected with a dip net from Great South Bay, on the south shore of Long
Island, NY between June and August 1992. Adult males (20 to 23mm in length)

were held in aquaria within individual mesh bottomed containers. Shrimp were

monitored for molting, since crustacean feeding behavior as well as digestive

enzymatic activity vary with this physiological process (O’Halloran and O’Dor
1988; Trellu and Ceccaldi 1977). Agquaria were maintained at room temperature
(20-23°C), and over a two-week period shrimp were acclimated from an
approximate field salinity of 25 ppt to the experimental salinity of 5 ppt. During
this acclimation period, shrimp were fed daily on commercial dried fish food.

Two days prior to feeding experiments, shrimp were starved, allowing for

standardization of hunger levels.

FEEDING EXPERIMENTS. Two replicate feeding experiments per
treatment (A and B) were run in parallel with roughly 10 shrimp per replicate.
Shrimp were placed in 120 ml polypropylene specimen cups containing 65 ml of
5 ppt seawater. Radiolabelled meals were presented to shrimp for a 30-minute
feeding period. Those shrimp which ate were removed from specimen cups and
rinsed with distilled water. Shrimp were then placed individually into gamma
counting tubes containing 5 ml of 5 ppt seawater and were assayed for

radioactivity. Shrimp were kept in tubes for no more than 15 minutes,
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cut in half and attached at the tops. Other modifications provided the shrimp
holder, chamber’s top half, with a false meshed bottom (mesh size - 4 mm)
allowing fecal strands to fall into the bottom half of the chamber (fecal
collector). This separated shrimp from their fecal strands and eliminated the
possibility of coprophagy which has been noted in decapod crustaceans (Forster
1953). Also, fecal collectors had two water outflow ports covered with 150 ym
mesh which allowed water to flow through the chamber bu_t retained fecal
strands. Fecal collectors could be detached from shrimp holders, allowing for
fecal strand removal.

Chambers were maintained at room temperature (20-23°C) in a 75 liter
glass aquarium containing 40 | of continuously aerated seawater (5 ppt salinity).
Each chamber received a continuous flow of water (1.7 1 hr™"), supplied by a
submersible pump, which flushed chambers of dissolved wastes as well as washed
fecal strands into fecal collectors. Aquaria also had a closed circulating filtration
system equipped with activated carbon which stripped '°Cd from water.

At various times after ingesting the radiolabelled meals (i.e., 6 hr, 12 hr,
24 hr, etc.), shrimp were removed from chambers, assayed for radioactivity as
described above and returned to aquarium in fresh chambers. Fecal material for
all shrimp from each replicate was collected by filtering onto a single GF/C glass

fiber filter. Filters with fecal material were subsequently assayed for

VI-21
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radioactivity. Monitoring of shrimp and fecal strand radioactivity was repeated
until no further changes in shrimp '°Cd retention and egestion occurred (i.e.,
after complete egestion of the radiolabelled meal) about 48 to 72 hr.
CONTROLS. At each sampling time, 5 ml samples of both the aquarium
water and stock seawater (water used for gamma counting shrimp) were assayed
for radioactivity. This was done to monitor levels of background radioactivity as
well as levels of dissolved '“Cd in aquarium water (i.e., “°Cd leached from fecal

strands or depurated by shrimp).

TICAL
ABSORPTION EFFICIENCY CALCULATIONS AND STATIS

initial
ANALYSIS. Shrimp '*°Cd absorption efficiency (AE) was calculated from initi

for
and final whole body counts as modified from Lopez et al. (1989). Terms

AE calculations are as follows:

R . . . ¢
Initial Body-activity (S,,,): Initial radioactivity in shrimp after ingestion o

radiolabelled meal.

Final Body-activity (S,,,): Radioactivity remaining in shrimp after

cessation of radiolabelled feces production.

Percent A.E.s were calculated as follows:

(Sfin/Sint) X 100 = AE

VI1-22

Shrimp '°Cd AE and oligochaete subcellular '°Cd distributions were
compared among treatments. For statistical analysis, data were arcsine
transformed. AE was analyzed using two-level nested ANOVA for unequal
sample sizes and mean Squares were pooled according to Sokal and Rohlf (1981).
AE was further investigated through multiple comparisons among pairs of means
(Sokal and Rohlf 1981). Oligochaete subcellular "°Cd distributions were
investigated as per fraction (i.e., debris, intracellular and cytosol) with single
classification ANOVA (Sokal and Rohlf 1981). Oligochaete subcellular °Cd
distributions were further investigated through multiple comparisons among pairs
of means (Sokal and Rohif 1981) for separate fractions (i.e., debris, intracellular,
and cytosol). Where appropriate, linear regression analysis was performed on
untransformed data. Prior to analysis, assumptions of ANOVA were verified

(Sokal and Rohif 1981). All data transformations and analyses were conducted

using the BIOM statistical programs package (Sokal and Rohif 1981).

Results

ABSORPTION EFFICIENCY EXPERIMENTS. When fed oligochaetes

exposed for one week to 3ng I"' (hereafter treatments will be referred to by week
and Cd concentration, Le., 1 x 3ng), shrimp absorbed 36.0% (22.5; n=9; a), and

48.8% ( :6.1; n=12; b) (mean +SE,,,: n=sample size; replicate) of the
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oligochaetes sequestered Cd.

Mean '“Cd retention and cumulative Cd egestion curves for this

treatment are shown in Figs. 4a and b. Two components describe Cd loss; an

initial rapid loss phase and a gradual stabilization phase. Rapid Cd loss is
attributed to production of radiolabelled feces and the stabilization phase is due

to physiological turnover (Figs. 4a and b). This two phase '*Cd loss is

representative of shrimp from all treatments. Shrimp '“Cd AE was calculated

from retentions of '“Cd at t=48 hr, as there was 2 12-hour period following this

time during which '”°Cd retention and egestion curves remained relatively stable.

Mean '°Cd AE for shrimp fed worms exposed to Cd for one week are
shown in Figure 5. Shrimp fed worms from 1 x 3ng and 1 x 50ug treatments had
similar AE at 36.0% (£2.5; n=9; a) and 48.8% (£6.1; n=12; b) and 44.7% (£5.3;
n=10; a) and 42.0% (23.6; n=10; b) respectively. When fed worms from 1 x
150ug treatment, shrimp '“Cd AE increased significantly (P<0.01) (Table 2) to
66.3% (+4.0; n=12; a) and 62.9% (+4.7, n=9; b).

Mean '“Cd AE for shrimp fed worms exposed to Cd for six weeks are
shown in Figure 6. AE for shrimp fed worms from 6 x 3ng and 6 x S0ug
treatments were similar at 76.5% (+3.6; n=11; a) and 80.2% (+3.4; n=9; b) and
63.3% (+4.5; n=9; a) and 70.3% (+7.4; n=T; b) respectively. The

six week AEs were significantly (P<0.01) higher than their one week
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Figure 5. Absorption efficiencies (AE) (mean +SE,.,) for gralzs Shtr}?:;i
which have ingested oligochaetes exposed for one week to

different Cd concentrations.
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. . . ks
counterparts (Table 2). Increasing worm Cd exposure duration to SIx wee

proved to be lethal for all worms in the 6 x 150ug treatment, therefore, feeding

ignificant
experiments using these worms could not be done. ANOVA reveals a sign

(P<0.001) between group difference in shrimp '“Cd AE (Table 3). Other results

i i le 2.
from multiple comparisons among pairs of means are shown in Tab

OLIGOCHAETE SUBCELLULAR "Cd DISTRIBUTIONS. Oligochaete

VI-26

Table 2. Results from multiple comparisons among pairs of means for

grass shrimp "*Cd absorption efficiencies (AE) and oligochaete
subcellular "Cd distributions.

week 1 6
[Cd] 3ng  50pg 150ug 3ng  50ug 150ug
week [Cd] : - |
we] -
1 50#9: .
150ug } A --
l -
3ng : A AD A o
6 50ug : ADC AD - -
150ug i 100% worm mortality ) -

A - Pairs are significantly different at P<0.01 with respect to shrimp "°Cd
AE.

D - Pairs are significantly different at P<0.05 with respect to percentage
of oligochaete subcellular '°Cd in debris fractions.

C - Pairs are significantly different at P<0.05 with respect to percentage
of oligochaete subcellular 'Cd in cytosolic fractions.

subcellular "*Cd distributions for worms exposed to Cd for one week are shown
in Fig. 7. Worms from 1 x 3ng and 1 x 50ug treatments had similar subcellular
**Cd distributions with 36.6% (+6.0) (mean + SE,,.; n=2) and 37.3% (+2.2) of
total *”Cd being associated with respective debris fractions and 34.4% (£1.3) and
37.0% (+7.2) being found in the respective cytosolic fractions. When worm Cd

exposure was increased to 1 x 150ug, there was a shift in worm subcellular '°Cd
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Figure 6. .Absorption efficiencies (AE) (mean +SE,,,,) for grass shrimp
W.hlch have ingested oligochaetes exposed for six weeks to three
different Cd concentrations.
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distribution with debris "°Cd decreasing to 22.7% (+2.7) and cytosol increasing to
51.4% (+2.2). The intracellular fractions for worms from all one week Cd
exposure treatments were unaffected by exposure condit-ion, remaining virtually
unchanged at 18.9% (+4.7), 15.7% (+4.3), and 17.8% (+2.4) for the 1 x 3ng, 1x
50ug and 1 x 150ug treatments respectively.

Oligochaete subcellular *”Cd distributions for six week Cd exposure

VI-28

Table 3. Results from ANOVA examining shrimp '“Cd absorption

efficiencies.
df ) MS F,
Among groups 4 7271.73 1817.93 19.38***
(20.28)°
Among subgroups 5 468.89 93.77 1.04°
within groups
Within subgroups 88 7867.56 89.40

***Results are significant at P<0.001.

* F, resulting from pooling of mean squares.

® Not significant so mean squares were pooled according to
Sokal and Rohlf (1981).

treatments are shown in Fig. 8. As noted above, all worms from 6 x 150ug
treatment died prior to experimentation. When worm Cd exposure duration was
increased to six weeks, there was a drastic change in oligochaete subcellular '°Cd
distribution. Worms from both 6 x 3ng and 6 x 50ug treatments had similar
subcellular 'Cd distributions with 15.5% (1.19) and 12.4% (+4.7) being found in
respective debris fractions and 56.2% (+3.2) and 64.0% (+8.9) associated with
respective cytosol. Changes in oligochaete subcellular '°Cd distribution with
increasing Cd exposure time were significant (P<0.05) for the 6 x 50ug treatment
when compared to its one week counterpart (Table 2). Statistically significant
mean pair comparisons are shown in Table 2. The intracellular fractions for

both 6 x 3ng and 6 x 50ug treatments again remained relatively unchanged at

20.0% (+2.8) and 14.9% (+6.0) respectively.
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Figure 7. Subcellular '*Cd distributions for oligochaetes which were
exposed for one week to three different Cd concentrations. Bars
represent means (+SE..; n=2).
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Results from ANOVA examining oligochaete subcellular "Cd distributions
(Table 4a-c) showed a significant (P<0.05) between group difference for the
debris fractions (a), no significant difference between infracellular fractions (b),
and although not significantly different at the standard P of 0.05 (F o545 = 5.19),
results for cytosolic fractions are suspect at an F of 5.14 (c). This F is

extremely close to a significance at P of 0.05 and is the result of only one of ten
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Figure 8. Subcellular *°Cd distributions for oligochaetes which were
exposed for six weeks to three different Cd concentrations. Bars
represent means (+SEqc.n; n=2).
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possible mean pair comparisons being statistically different (P<0.05) (Table 2).

RELATIONSHIP BETWEEN SHRIMP '°Cd AE AND OLIGOCHAETE

SUBCELLULAR '“Cd DISTRIBUTION. Changes in shrimp "Cd AE with

increasing worm Cd exposure to lethal concentrations, as was the case for 1 x
150ug treatment, or continuing worm Cd exposure for six weeks at sublethal

levels, such as the 6 x 3ng and 6 x 50ug treatments, can be explained more
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Table 4. Results from ANOVAs examining oligochaete subcellular °Cd
distributions; (a) debris, (b) intracellular and (¢) cytosol fractions.

(a) debris

df SS MS F,
Among groups 4 503.23 125.83 8.64*
Within groups 5 72.77 14.55

(b) intracellular

df SS MS F.
Among groups 4 24.64 6.16 .27
Within groups 5 11.87 22.37

{c) cytosolic

df ) MS F,
Among groups 4 436.38 109.09 5.15°
Within groups 5 105.75 21.15

* Results are significant at P<0.05.

* Results are significant at P<0.1 but are very close to being significant at
P<0.05 (F .5 = 5.19).

clearly by Fig. 9. As the percentage of 'Cd associated with oligochaete cytosol
increases, there is a corresponding increase in shrimp '°Cd AE (y = .78x +
20.18; slope not statistically different from 1).

To further clarify the effects of contamination exposure history on Cd
trophic transfer, net Cd transfer from oligochaete to shrimp was investigated.
Net Cd transfer was calculated with the following equation: |

N[r = WCd * AE
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Figure 9. Relationship between oligochaete cytoplasmic '“Cd distribution

and grass shrimp '”Cd absorption efficiency (AE).
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Where N._ is equal to the net Cd transfer from worm to shrimp (gram Cd p
r

(ngCd or pgCd gwwt.”) and AE is shrimp Cd AE.

Table 5 shows values used to determine net Cd trophic transfer from

g
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Table 5. Values used for estimating net Cd transfer from oligochaetes to
grass shrimp.

| worm’ worm’ shrimp® Net Cd
| CF [Cd] %AE transfer
week x [Cd] |

1 x 3ng { 664 1.9ng g~ 43.3 .8ng g
1 x 50ug { 656 32.8ug9 g 43.3 14.2ug g™
1 x 150ug : 276 41.4u9 g 64.8 26.7ug9 g
6 x 3ng ; 1586 4.7ng g 78.1 3.6ng g’
6 x 50ug : 1677 83.8ug g’ 66.4 55.9ug g~
6 x 150ug : ------ 100% worm mortality ------

"Estimated from radioactivity in worm, mean worm wet weight and final
water ['”Cd] (cpm gwwt.”’/cpm ml™).

"Estimated from total [Cd] in water (Ged ml™) and worm concentration
factor (CF).

‘Replicate shrimp

109

Cd absorption efficiencies were pooled and averaged.

that there was no isotopic effect, so CF for radioactive Cd was applied to total
dissolved Cd. Worm Cd concentrations (W..) were calculated from estimated
worm concentrations factors (CF) multiplied by total dissolved Cd concentrations.

Net Cd trophic transfer from oligochaete to shrimp for different worm ‘
exposure conditions are listed in the final column in Table S and shown in Fig.
10. When fed worms from the 1 x 3ng, 1 x 50ug and 1 x 150yg treatments,

shrimp absorbed an estimated 0.8ng gwwt.”, 14.2ug gwwt.”" and 26.7ug gwwt.”', of
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Figure 10. Estimations of Cd trophic transfer from oligochaetes to grass

shrimp.
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Discussion

i i 1 s well as
Marine and especially estuarine sediments can act as a sink a
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source of pollutants from and to the water column. Sedimentary flux of
pollutants can be caused by deposition and resuspension of sediments by tidal
action as well as changing current regimes. Another important process in the
redistribution of sediment bound pollutants is bioturbation (Boddington et al.
1979; Bothner 1973; Jernelov 1970; Karickoff and Morris 1985). Benthic
organisms, especially deposit feeders, play an important role in redistributing
pollutants by transporting sediment bound contaminants at depth to the sediment
water interface where resuspension and oxidation can cause their release. This
process can also work in reverse whereby "clean" sediment deposited at the
surface buries surface sedimentary bound pollutants. Also, benthic organisms can
further the release of sediment bound pollutants into the water column and
interstitial water simply by activities such as burrowing (Nicholas and Thomas
1978).

These processes, among others, cause temporal and spatial changes in
metal concentrations of sediment, porewater, and overlying water which can be
dramatic. Metal concentrations to which benthic organisms are exposed
therefore change as they burrow in the sediment. This continuously changing
contaminant exposure can influence metal trophic transfer if benthic organisms
can alter their detoxification capabilities in accordance with their environment.

This present research has shown that prey contamination exposure history
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. . cd
plays a key role in determining pollutant trophic transfer. Increasing worm

-, to mid
exposure in the short term (one week) from trace amounts, 3ng 17, to

. . e . . 109 . A
contamination, 50pg 1, causes no significant change in shrimp '“Cd AE

i ined Y rm Cd
significant increase in shrimp *"Cd AE however, is obtained when wo

i K inuation of
exposure is increased to an extremely high level, 150ug 1. Continuatio
. o pe . . . 109 AE
worm Cd exposure for six weeks causes a significant increase in shrimp Cd
for both the 3ng I"" and 50ug I"' treatments. However, long term exposure at

150pg 1" results in complete mortality of the worm population. This high

i 1 jlus
mortality however, was not unexpected since the 96-hr LC,, for Limnodri

hoffmeisteri is 170pg 1" (Chapman et al. 1982).

Oligochaete subcellular wsq distribution is not significantly changed when
worm Cd exposure is increased in the short term (one week) from 3ng I”" to S50pg

ignifi 1 when worm Cd exposure 18
I"'. A significant change however, 15 observed

increased to 150ug 1. A more dramatic shift in oligochaete subcellular Cd

i i t Cd
distribution is achieved when exposure continues for six weeks a

concentrations of 3ng I and 50ug 1. |

Changes in oligochaete subcellular 1sCd distribution can be caused by a
number of factors. It has been well documented that exposure to toxic metals
such as Cd causes the induction of MT and MT-like proteins in invertebrates

(see review by Roesijadi 1981). This MT induction is most likely the causative
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agent for the change in oligochaete subcellular "“Cd distribution from that of the
1 x 3ng and 1 x 50ug treatments to that of the 1 x 150ug treatments distribution.
In this case, there is an increase in the percentage of worm 'Cd associated with
cytosol, which is indicative of MT production (Rosesijadi 1982; Roesijadi and
Klerks 1989).
Reasons for changes in oligochaete subcellular "*Cd distribution from the

1 x 3ng and 1 x 50ug distributions to that of their 6 week counterparts however,
are not as clear. MT-like proteins have been induced in organisms (i.e., the
oyster Crassostrea virginica) at a Cd concentration of 50ug I"" as soon as 4 days
after initial exposure (Roesijadi and Klerks 1989). MT induction may therefore
be responsible for the 6 x 50ug treatments shift in subcellular "*Cd distribution.
It is unlikely however, that MT production was induced in worms from the 6 x
3ng treatment.

A more reasonable explanation for the increase in percentage of '“Cd
associated with oligochaete cytosol for the 6 x 3ng and perhaps the 6 x S0ug
treatment may involve preferred binding sites within Limnodrilus hoffmeisteri for
Cd. In both the 1 x 3ng and 1 x 50ug treatments, '°Cd was equally distributed
between debris and cytosolic fractions. It may be that as preferred binding sites
in the debris fraction become occupied with Cd, spillover of Cd into the cytosol

occurs. This spillover of toxic metal into an organisms cytoplasm was found by ‘
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Winge et al. (1973) for rats exposed to Cd, by Brown and Parsons (1978) for
salmon and zooplankton exposed to Hg and by Roesijadi (1982) for oysters
exposed to Cd. Presently, it is unclear what role the intracellular fraction has in
the redistribution of subcellular '°Cd. There may be mechanisms, which are
responsible for transporting Cd between the debris fraction and the cytosolic
components, within this fraction which are continuously saturated with Cd.
However, this should be investigated further.

Increases in shrimp ""°Cd AE with increases in percentage of "*Cd
associated with oligochaete cytosol (Fig. 10) suggests that all protein bound °Cd
was absorbed by shrimp with 'Cd from other pools (i.e., debris and intracellular)
being available to lesser degrees. A similar result was found by Reinfelder and

Fisher (1991) for a number of trace metals with copepods feeding on

phytoplankton.

Through our previous research, we have obtained *’Cd AE for shrimp
feeding on isolated oligochaete subcellular fractions (e.g., debris; containing
MRG, intracellular and cytosol; containing proteins). Shrimp '“Cd AE were as
follows: debris (48%), intracellular (72%) and cytosol (85-100%) (Wallace 1992).
Although these '“Cd AE were obtained for shrimp feeding on subcellular
fractions isolated from Foundry Cove worms (Cd resistant population) and may

not be directly applicable to the present study, it is clear that they provide some
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insight as to the determining factors controlling shrimp '°Cd AE.

Prey contamination exposure history has a profound and dramatic effect
on Cd trophic transfer. In the short term (one week), net Cd transfer from
worm to shrimp increases with increasing worm Cd ¢xposure. When worm Cd
exposure duration is increased to six weeks, net Cd transfer is increased by a
factor of four for both the 3ng I"" and 50ug I"' treatments. The four-fold increase
in net Cd transfer for the 3ng I'' treatment however, is not ecologically significant
since these are levels comparable to background concentrations. A four-fold
increase in net Cd transfer at the 50ug I"' level however, is more important
ecologically since pg concentrations are of much greater concern. Increasing
worm Cd exposure to lethal concentrations, 150ug 1", for six weeks results in a
worm/shrimp net Cd transfer of zero, Although it is unlikely that no Cd would
be available to higher trophic levels in an environment with such high
contamination, it does indicate that bioavailability of Cd from lower trophic
levels would be greatly reduced due to lethal effects of the contamination,
However, this is by no means an advocation of increasing environmental

pollution.

Conclusions

Laboratory investigations of pollutant trophic transfer that do not give
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proper attention to the contamination exposure history of prey can be very
misleading. Many organisms have detoxification mechanisms which can be
"turned on" in very short periods of time while others can develop through
natural selection. If studies on pollutant trophic transfer use test organisms from
naive populations, recommendations made and conclusions drawn from such
studies may be inappropriate or inaccurate when considering the effects of
pollutants on resistant populations.

The subcellular distribution of pollutants within prey has an important role
in determining pollutant trophic transfer. Any studies investigating factors
controlling subcellular pollutant distribution will aid in our understanding of how
these potentially dangerous substances impact food chains and communities.

This present study has shown that prey contamination exposure history has
a key role in determining the subcellular distribution of pollutants and that this
subcellular pollutant distribution controls pollutant trophic transfer. Presently it
is unclear whether increases in the percentage of Cd associated with oligochaete
cytosol were due to MT production or to metal spillover into cytoplasm. To gain
a complete understanding of how prey contamination exposure history controls
pollutant trophic transfer this process should be investigated further.

It has been established that prey detoxification capabilities control

pollutant trophic transfer (Wallace 1992; Nott and Nicolaidou 1990).
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Detoxification mechanisms not only play an important role in controlling
pollutant trophic transfer, but may also have a role in cpntrolling the toxicity of
pollutants ingested by predators. The role which prey detoxification mechanisms
play in controlling toxicity of pollutants ingested by predators would be a logical
next step in furthering our understanding of how anthropogenically induced

increases in environmental pollutants impact food chains in aquatic systems.

Acknowledgements

I would like to thank John Waldman, of the Hudson River Foundation,
and Elizabeth Blair, of the NYS DEC Hudson River National Estuarine
Research Reserve, for giving me the opportunity to conduct this research and for
their critical reviews of this manuscript. I'd also like to thank Jeff Levinton for
his helpful discussions regarding this work, Randy Young for helping me collect
worms and Glenn Lopez, my advisor, for his continual support and guidance.
Finally I'd like to thank my wife Jennifer for giving up her husband for a

summer.

VI-42

References

Bell, S.S. and B.C Coull. 1978. Field evidence that shrimp predation regulates
meiofauna. Oecologia (Berl.) 35:141-148.

Boddington, M.J., D.R. Miller and A.S.W. DeGreitas. 1979. The effects of
benthic invertebrates on the clearance of mercury from contaminated
sediments. Ecotoxicol. Environ. Safety 3:236-244

Bondietti, E.A., F.H. Sweeton, T. Tamura, R.M. Perhac, D. Hulett, and T.J
Kneip. 1974. Characterization of cadmium and nickel contaminated
sediments from Foundry Cove, New York. Proceedings NSF Trace
Contaminant Conference, Annual Report no. 1, CONF-730802.

Bothner, M.H. 1973. Mercury: some aspects of its marine geochemistry in Puget
Sound, Washington. Doctoral dissertation. University of Washington,

Seattle.

Brouwer, M., D.W. Engel, C. Bonaventura, and J. Bonaventura. 1986. Toxic trace
metals and trace-metal binding proteins in marine organisms: An overview.
Pages 97-109 in Thompson, M., R. Sarojini and R. Nagabhushanm editors.
Biology of benthic marine organisms. Oxford and IBH Publ. Co., New
Delhi, India.

Brown, B.E. 1977. Uptake of copper and lead by a metal-tolerant iosopod Asellus
meridianus Rac. Fresh. Biol. 7:235-244.

Brown, B.E. 1978. Lead detoxification by a copper-tolerant isopod. Nature
276:388-390.

Brown, B.E. 1982. The form and function of metal-containing ’granules’ in
invertebrate tissues. Biol. Rev. Cam. Philos. Soc. 57:621-667.

Brown, D.A. and T.R. Parsons. 1978. Relationship between cytoplasmic
distribution of mercury and toxic effects of zooplankton and chum salmon
(Oncorhynchus keta) exposed to mercury in a controlled ecosystem. J. Fish.
Res. Bd. Canada. 35:880-884.

Bryran, G.W. 1979. Bioaccumulation of marine pollutants. Phil. Trans. R. Soc.
Lond. B. 286:483-505.

VI-43



Chapman, P.M., M.A. Farrell and R.O. Brinkhurst. 1982. Relative tolerances of
selected aquatic oligochaetes to individual pollutants and environmental
factors. Aquatic Toxicol. 2:47-67.

Cherian, M.G. and R.A. Goyer. 1978. Metallothioneins and their role in the
metabolism and toxicity of metals. Life Sci. 23:1-10.

desylva, D.P., F.A. Kalber, Jr. and C.N. Shuster, Jr. 1962. Fishes and ecological
conditions in the shore zone of the Delaware River Estuary. University of
Delaware Marine Laboratory Information Series no. 5.

Engel, D.W. and B.A. Fowler. 1979. Factors influencing cadmium accumulation
and its toxicity to marine organisms. Environ. Health Perspect. 28:81-88.

Forster, G.R. 1953. Peritrophic membranes in the caridea (Crustacea Decapoda).
J. Mar. Biol. Ass. U.K. 32:315-318.

George, S.G. 1982. Subcellular accumulation and detoxification of metals in
aquatic animals. Pages 3-55 in Vernberg W.B,, et al., editors. Physiological
mechanisms of marine pollutant toxicity. Academic Press, New York.
Hamer, D.H. 1986. Metallothionein. Annu. Rev. Biochem. 55:913-951.

Hazen, R.E. and T.J. Kneip. 1980 Biogeochemical cycling of cadmium in a marsh
ecosystem. Pages 399-424 in Nriagu, J.O., editor. Cadmium in the
environment. Part I: Ecological cycling. John Wiley and Sons, New York.

Hoffman, C.P., Jr. 1980. Growth and reproduction of Palaemonetes pugio
Holthius, and P. vulgaris (Say) populations in Canary Creek Marsh,
Delaware. M.Sc. thesis. Unversity of Delaware, Delaware.

Jernelov, A. 1970. Release of methyl mercury from sediments with layers
containing inorganic mercury at different depths. Limnol. Oceanogr.
15:958-960 :

Kagi, J.H.R., S.R. Himmelhoch, P.D. Whanger, J.L. Bethune and B.L. Vallee.
1974. Equine hepatic and renal metallothionein. J. Biol. Chem. 249:3537-

3542.

Kagi, J.H.R. and Y. Kojima. 1987. Chemistry and biochemistry of
metallothionein. Pages 25-61 in Kagi, J.H.R. and Y. Kojima editors.

VI-44

Metallothionein II. Birkhauser Verlag, Basel.

Kagi, J.JH.R. and A. Shaffer. 1988. Biochemistry of metallothionein. Biochemistry
27:8509-8515.

Karickoff, S.W. and K.R. Morris. 1985. Impacts of tubificid oligochaetes on
pollutant transport in bottom sediments. Environ. Sci. Technol. 19:51-56

Klerks, P.L. 1987. Adaptation to metals in benthic macrofauna. Doctoral
dissertation. State University of New York, Stony Brook.

Klerks, P.L. and P.R. Bartholomew. 1991. Cadmium accumulation and

detoxification in a Cd-resistant population of the oligochaete Limnodrilus
hoffmeisteri. Aqua. Tox. 19:97-112.

Klerks, P.L.and J.S. Levinton. 1989. Rapid evolution of metal resistance in a
benthic oligochaete inhabiting a metal-polluted site. Biol. Bull. 176:135-
141.

Kneip, TJ. and R.E. Hazen. 1979. Deposit and mobility of cadmium in a marsh-
cove ecosystem and the relation to cadmium concentration in biota.
Environ. Health Perspec. 28:67-73.

Knowlton, R.E. 1973. Occurrence of the grass shrimp, Palaemonetes pugio in
southern Maine. Maine Nature, Maine Audubon Council (March).

Knutson, A.B., P.L. Klerks and J.S. Levinton. 1987. The fate of metal-
contaminated sediments in Foundry Cove, New York. Environ. Pollut.
45:291-304.

Kojima, Y. and J.H.R. Kagi. 1978. Metallothionein. Trends Biochem. Sci. 3:90-93.

Lopez, G.R., P. Tantichodok and I-J. Cheng. 1989. Radiotracer methods for
determining utilization of sedimentary organic matter by deposit feeders.
Pages 149-170 in G.R. Lopez, G. Taghon and J. Levinton editors. Ecolgy
of marine deposit-feeders. Lecture Notes on Coastal and Estuarine
Studies, Vol. 31. Springer-Verlag, New York.

Luoma, S.N. 1989. Can we determine the biological availability of sediment-"
bound trace elements? Hydrobiologia 176/177:379-396.

VI-45



Nash, W.W., B.W. Poor and K.D. Jenkins. 1981. The uptake and subcellular
distribution of lead in developing sea urchin embryos. Comp. Biochem.
Physiol. 69C:205-211.

Nicholas, W.L. and M. Thomas. 1978. Biological release and recycling of toxic
metals from lake and river sediments. Australian Water Resources

Technical Paper 33. Nat. DEept,, Canberra, Australia.

Nixon, S.W. and C.A. Oviatt. 1973. Ecology of a New England salt march.
Ecol. Monogr. 43:463-498.

Nott, J.A. and A. Nicolaidou. 1989. Metals in gastropods - Metabolism and
bioreduction. Mar. Environ. Res. 28:201-205.

Nott, J.A. and A. Nicolaidou. 1990. Transfer of metal detoxification along marine
food chains. J. Mar. Biol. Ass. U.K. 70:905-912.

O’Halloran, M.J., and R.K. O’Dor. 1988. Molt cycle of male snow crabs,
Chionoecets opilio, from observations of external features, setal changes,
and feeding behavior. J. Crust. Biol. 8(2):164-176.

Reinfelder, J.R. and N.S. Fisher. 1991. The assimilation of elements ingested by
marine copepods. Science 251:794-796.

Resource Engineering. 1983. Preliminary site background data analysis of
Foundry Cove, prepared for Vinson and Elkins. Houston, Texas: Resource

Engineering.

Roesijadi, G. 1980. The significance of low molecular weight, metallothionein-like
proteins in marine invertebrates: Current status. Mar. Environ. Res. 4:167-

179.

Roesijadi, G., A.S. Drum, J.M. Thomas and G.W. Fellingham. 1982. Enhanced
mercury tolerance in marine mussels and relationship to low molecular
weight, mercury-binding proteins. Mar. Poll. Bull. 13(7):250-253.

Roesijadi G. and P.L. Klerks. 1989. Kinetic analysis of cadmium binding to

metallothionein and other intracellular ligands in oyster gills. J. Expt.
Zool.

VI-46

Simpson, W.R. 1981. A critical review of cadmium in the marine environment.
Prog. Oceanogr. 10:1-70.

Sokal, R.R. and F.J. Rohlf. 1981. Biometry, 2nd ed. W.H. Freeman and Co., San
Francisco. ’

Sunda, W.G.,'I.).W. Engel and R.M. Thuotte. 1978. Effect of chemical speciation
on toxicity of cadmium to grass shrimp, Palaemonetes pugio: Importance of
free cadmium ion. Environ. Sci. Technol. 12:409-413.

Trellu J. and H.J. Ceccaldi. 1977. Variations des activiés enzymatiques de
I’hépatopancréas et du muscle de Palaemon serratus Pennant (crustace

decapode) au cours du cycles d’intermue. Compte r. Séanc. Soc. Bio.
171(1):115-120.

Wallace, W.G. 1992. The trophic transfer of biologically sequestered cadmium
from the oligochaete Limnodrilus hoffmeisteri to the grass shrimp

Il;alaemonetes pugio. M.Sc. thesis. State University of New York, Stony
rook.

Welsh, B.L. 1975. The role of grass shrimp, Palaemonetes pugio, in a tidal marsh
ecosystem. Ecology 56:513-530.

Williams, A.B. 1974. Marine flora and fauna of the Northeastern United States.
Crustacea: Decapoda. NOAA Tech. Rep. NMFS CIRC - 389, 1-50.

Winge, D., J. Krasno and A.V. Colucci. 1973. Cadmium accumulation in rat liver:
Correlation between bound metal and pathology. Pages 500-502 in
Hoekstra, W.G., J.W. Suttie, H.E. Ganther and W. Mertz editors._ Trace
element metabolism in animals-2. University Park Press, Baltimore.

Wood, C.E. 1967. Physioecology of grass shrimp, Palaemonetes pugio, in the
Galveston Bay estuarine system. Contrib. Mar. Sci.12:54-70.

VI1-47



