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Abstract. Asiatic clams, Corbicula spp., are filter-feeding freshwater bivalves that are widely distributed,
abundant, and fast growing with a lifespan of 1-3 yrs. A review of the existing literature demonstrates that
Asiatic clams can concentrate organic pollutants from both water and sediment and heavy metals from water.
In conjunction with these traits, they exhibit a high tolerance for the effects resulting from exposure to toxic
substances. While an organism must possess these traits to serve as an effective biological monitor, they have
also permitted the Asiatic clam to rapidly colonize natural and industrial environments resulting in purported
ecological disturbances and severe economic repurcussions, respectively. Its invasive biofouling attributes
therefore restrict the use of Asiatic clams for biomonitoring purposes from Corbicula-free drainage systems.

Introduction

Biological monitoring uses living organisms as ‘sensors’ to detect changes in an effluent or
water that may endanger aquatic life (Rand and Petrocelli, 1985). Organisms normally
used as biological monitors are abundant, widespread, easy to collect, tolerant to
collection, handling, and holding in the laboratory, possess multi-vear life spans, exhibit
non-migratory and sedentary life styles, and able to accumulate pollutants in their tissues
without experiencing mortality (Phillips, 1977). One group of aquatic organisms that
expresses these traits is filter feeding bivalves. These organisms are additionally suited to
be biological monitors because they siphon large volumes of water on a daily basis
providing an opportunity for concentrating a dissolved or suspended contaminant that
may be present in low concentrations in the water column thereby facilitating detection
(Simkiss er al,, 1982).

In the freshwater environment, bivalves have been used for the detection of a wide range
of contaminants that include but may not be limited to heavy metals (Mathis and
Cummings, 1973; Smith et af., 1975; Renzoni and Bacci, 1976; Manley and George, 1977;
Foster and Bates, 1978; Heit et al, 1980; Cassini ez al,, 1986; Hemelraad et a/., 1986a,b;
Czarnezki, 1987), radionuclides (Nelson, 1962; Harrison and Quinn, 1972; Heit et al,
1980), and pesticides (Bedford er al, 1968; Fikes and Tubb, 1972; Leard er /., 1980).
Bivalve species used as biological monitors in the studies cited above and others include
Anodonta anatina, A. cygnea, A. grandis, A. nuttalliana, Amblema costata, A. plicata,
Liliptio complanatus, E. crassidéns (Smith and Isom, 1967), Fusconaia flava, Lampsilis
anadontoides, 1. clabornensis, L. radiata, L. siliguoidea, L. ventricosa, Lasmigona
complanata, Megalonaias gigantea, Musculium transversum (Zischke and Arthur, 1987),
Pleciomerus dombeyanus, Quadrula quadrula, Unio elongamlus, and U. pictorum.

While the objective of many of these studies was to analyze clam tissues for the presence
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of contaminants, exposure of an organism to a contaminant in its natural habitat may also
be demonstrated through effects on biochemical events (e.g. enzyme activities and
concentrations of marker proteins), physiological mechanisms (e.g. respiration and
heartbeat rate), or behavior (e.g. individual reactions or intra- and interspecific
interactions). Studies with marine bivalves have addressed the effects of contaminants on
mixed function oxidases and cytochromes P-450 (Payne, 1984; Anderson, 1985,
Livingstone and Farrar, 1985; Parke, 1985; Payne et al., 1985), the presence of metal
binding proteins in marine bivalves exposed to heavy metals (Hennig, 1986), and changes
in the concentrations of free amino acids (Powell et al., 1982) as indicators of exposure to
contaminants.

In North America, the Asiatic clam Corbicula spp. appears to be a suitable candidate
for biological monitoring in freshwater environments. It has migrated across the continent
since its introduction to the Pacific northwest in the 1930s to its current distribution
throughout 33 states of the United States (Counts, 1986). It is probably only limited in its
northern migration by extremes in winter water temperatures (McMahon, 1982).
Reproductively, individuals are hermaphroditic with the potential ability for self-
fertilization (Kraemer and Lott, 1977; Kraemer ez al., 1986). Embryos are incubated
within the inner demibranch (gill) and expelled through the exhalant siphon following
development. Advanced pediveligers are the predominant stage released from gravid
adults (Doherty er al, 1987a). Growth rates of juveniles are high and individuals
demonstrate multiyear life spans (Britton et al., 1979; Mattice and Wright, 1986;
McMahon and Williams, 1986). Taxonomically, the genus may be represented on this
continent by two species, C. fluminea and a second unidentified species (McLeod, 1986).
In addition to these geographic and life history traits, Asiatic clams are tolerant of
exposure to a wide variety of aquatic contaminants (Doherty and Cherry, 1988).

While many taxa of freshwater bivalve are either endangered or not present in adequate
numbers except in a few drainage systems, Corbiculy are widespread, abundant, fast-
growing with a lifespan of 1-3yrs, and generally tolerant of exposure to toxic materials in
less than optimal environments. The purpose of this review is to summarize the results of
studies that assessed the sublethal responses of Corbicula exposed to contaminants or
studies in which Asiatic clams were used as biological monitors to define the extent to
which Asiatic clams can be used as biomonitors in freshwater environments.

Review of Methodologies and Results

LABORATORY STUDIES

Most studies conducted in the laboratory assessed the sublethal effects or bioconcentration
potential of heavy metals and pesticides in Asiatic clams. Martin and Sparks (1971)
examined the histopathologic effects of exposure of Asiatic clams to copper sulfate. They
reported the presence of lesions in soft tissue of clams exposed to copper at concentrations
(12-50 ppb) below that which produced changes in siphoning activity (250-500 ppb) (Table
I). Harrison et al. (1984) exposed clams to copper chloride in 20-L plastic flow-through
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trays for 75 days to assess uptake of copper by Asiatic clams. They reported tissue
concentrations of copper ranging from 10,9 to 45.5 pg g*! dry weight in clams exposed to
concentrations of copper ranging from 11 to 230 ug L' for 14 to 34.3 days (Table I).

Geisy er al. (1983) periodically sampled clams exposed to cadmium in polyethylene
pans in static-renewal tests during 16- and 14-day exposure and recovery periods,
respectively to assess the effects on adenylate concentrations. The adenylate energy charge
{AEC) was calculated from the levels of adenosine mono-, di-, and triphosphate (AMP,
ADP, and ATP, respectively) as determined by the luciferin-luciferase bioluminescence
technique. They determined that exposure of Asiatic clams to (.5 and 5.0 mg Cd L-!
resulted in significant reductions in the AEC in foot muscle as compared with control
clams (Table I). They also reported a significant reduction in the AEC of clams starved for
30 days in comparison with control clams and clams starved for 10 and 20 days (Table III).

Graney et al. (1984) studied the influence of experimental variables on the uptake of
cadmium by Asiatic clams in laboratory artificial streams. They found that the uptake of
cadmium by Asiatic clams was elevated with increasing exposure duration, with a higher
temperature, increased pH, and in the presence of food but reduced in the presence of
substrate (Table ).

In support of these findings, Mac ef o/. {1984) reported that Asiatic clams did not
accumulate zinc from contaminated sediment (Table I). Clams were exposed to sediment
contaminated with zinc and polychlorinated biphenyls (PCBs)in a flow-through system at
20 °C for 10 days with a 2-day recovery period for gut clearance before analysis.
Subsequently, Tatem (1986) reported that cadmium was not bioaccumulated from
sediment by clams and there were no differences in the concentrations of lead in tissues of
clams retrieved from contaminated sediments after 3 and 48 days (Table I). Clams were
exposed to 10 L of clean sand or 10, 50, or 100% contaminated sediment in glass aquaria.
Clams were also monitored for cadmium, lead, and PCBs during an 88-day depuration
period.

Doherty et al. (1987b) discovered that mean valve parting time for Asiatic clams was
inversely related to the exposure concentrations of cadmium and zinc in 24-h studies
(Table I). They also reported that the rate of response was greater for exposure to
cadmium. Durations of periods with valves parted or sealed were determined by
monitoring the movements of the left hand valve of immobilized individuals.

In subsequent experiments, Doherty ef af. (1988) reported that the levels of heavy metal
binding protein (HMBP) in Asiatic clams was a function of the duration and mode of
expasure to cadmium (Table I). They also reported that mode of exposure produced tissue
specific differences in levels of HMBP, The maximum relative differences in HMBP levels
between control and cadmium-exposed clams were ~2-fold. Clams were exposed to
dissolved cadmium for 30 days in flow-through artificial streams or to cadmium-
contaminated algae for 4 h day! for 15 days. Clams were exposed to cadmium-
contaminated algae in static water trays for 4 h and kept in cadmium-free water in
artificial streams for the remainder of each day for 15 days. HMBP ilevels in clam tissues
were quantified by displacement of heavy metals from binding proteins by radioactive
mercury.
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Mac et al. (1984) reported a minor (BAF=0.2) but significant increase in the tissue level
of PCBs in clams held in contaminated sediment for 10 days (Table II). Tatem (1986)
reported measurable differences in tissue levels of PCBs between control and treated
clams after 3 days of exposure to PCB-contaminated sediment. The tissue concentrations
of PCBs continued to increase through day 48 of the study (Table I1). Depuration of PCBs
from clam tissue was very slow. Measurable levels of PCBs in treated clams remained
above that found in control clams 88 days after transfer of treated clams to clean water.

Anderson er al. (1978) examined the effects of a series of natural environmental
parameters and ammonia on the gill ciliary beating rate of Asiatic clams. Ciliary beating
rate was measured by synchronizing the rate of flashing of a stroboscopic light with the
rate of beating of the lateral cilia from an excised gill. The stroboscopic light served as the
substage light source for coupled dissecting microscopes under which the gills were
observed. They reported that the ciliary beating rate of lateral cilia of excised clam gills was
completely inhibited at 0.09 to 0.10 mg L' of ammonia (Table ITII).

Belanger et al. (1986a,b) exposed juvenile and adult clams to chrysotile asbestos for 30
days in circular 15-L polycarbonate containers in static tests. They reported reductions in
siphoning behavior, growth, and release of larvae during exposure to chrysotile asbestos
(Table ITI). They also reported significant increases in tissue water content and fluid-filled
spaces of gill tissue while demonstrating that asbestos fibers were deposited in soft tissues
of clams exposed to asbestos.

Graney and Geisey (1988) exposed Asiatic clams to sodium dodecyl sulfate in static
systems for 96 h and in flow-through tests for 60 days at 20 °C. Amino acid concentrations
in adductor muscle and mantle tissue of clams were periodically measured as was
respiration, tissue water content, and condition. They reported significant increases in the
free amino acid concentration of mantle and adductor muscle tissue of clams exposed to
sodium dodecyl sulfate for 60 days {Table III). Oxygen consumption and condition were
reduced among certain groups of clams while tissue water content increased in some
clams.

In a series of studies, Asiatic clams were included as a biological component of model
laboratory ecosystems in which the fate of three potential aquatic contaminanis was
assessed, In each of the studies, investigators monitored radiolabeled samples of each of
the compounds in the water and organisms of the model ecosystems for 30 to 34 days.
Investigators calculated concentration factors (CFs), the ratio of chemical in organism to
that in water, to assess the relative biomonitoring potential among organisms within the
systems.

Sanborn and Yu (1973) reported a CF of 1015 for dieldrin in Asiatic ¢clams (Table I1)
but higher CF values (~115 000, 7500, 6150, 2150, and 1300) for other components of a
model ecosystem (snails, algae, fish, Daphnia, and Elodea, respectively). Booth er 4l (1973)
reported that Bentazon (3-isopropyl-1H-2,1,3-benzothiadiazin-4 (3H)-1-2,2-dioxide) was
not taken up by Asiatic clams {Table II) but was accumulated to a certain extent by other
organisms in a model ecosystem (CF=2, 5, 8, 9, 10, and 52 in Elodea, snail, mosquito,
Daphnia, algae, and crab, respectively). Yu et al. (1974) reported that Carbofuran (2,2-
dimethyl-2 3-dihydrobenzofuranyl 7-N-methylcarbamate) was highly toxic to all of the
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organisms in the experimental microcosm immediately after application to the system.
Carbofuran was not found in any of the organisms used to restock the system 20 days after
the initial application of the pesticide. The data suggested that Carbofuran was
hydrolyzed to CO, and other metabolites prior to restocking efforts (Table II).

FIELD STUDIES

An extensive series of studies were reported in which indigenous populations of Asiatic
clams were sampled to assess body burden levels of metals and pesticides. Rodgers er ai.
{1979) reported that the concentrations of ten elements (arsenic, cadmium, chromium,
copper, iron, manganese, mercury, potassium, selenium, and zinc) in sediment were
orders of magnitude greater than in water of the New River, Virginia. Concentrations of
these same elements were always greater in clam tissues than in water except for mercury
but less than that found in sediment (Table I). Clarke et 2l (1979)analyzed empty shells of
Asiatic clams collected from rivers and reservoirs in the vicinity of Nashville, Tennessee
for the presence of lead. They discovered that shell size of Asiatic clams was related to the
concentration of lead in empty shells (Table I).

The U.S. Army Corps of Engineers (US ACE, 1981, 1982) conducted an in-depth
survey of meteorological, hydrological, chemical, and biological conditions at 19 sites in
and around Lake Seminole and the Chatahoochee, Flint, and Apalachicola Rivers in
Florida. The surveys revealed the presence of seven metals (arsenic, cadmium, chromium,
lead, mercury, selenium, and zinc) in tissues of Asiatic clams from five stations {Table I).
The concentrations of arsenic, cadmium, and lead were greater in clam tissue than
sediment. The concentrations of mercury, chromium, and zinc in clam tissue and
sediment differed by less than 2-fold for most samples.

Caldwell and Buhler (1983) analyzed tissues from Asiatic clams residing in the
Columbia River, Oregon for mercury, cadmium, and zinc on three separate occassions,
They noted that Asiatic clams tended to have higher zing levels in their tissues than some
of the marine bivalves collected from bays and estuaries along the Oregon coast. Tissue
levels of cadmium and mercury were low (Table I).

Elder and Mattraw (1984) monitored sediments and Asiatic clams from the Apalachi-
cola River, Florida for metals, trace elements, pesticides, and PCBs at five different sites
on three separate occasions. They did not monitor water and suspended materials for
contaminants because they assumed that significant accumulations of trace substances
would occur in the bottom materials alone. They reported on eight metals in tissues of
Asiatic clams (Table I). Concentrations of lead and copper in sediment were ~100- and
3-to 4-fold higher than in clam tissue, respectively. The concentrations of five other metals
(arsenic, cadmium, chromium, manganese, and zing) were also higher in sediment than in
clam tissue,

Modin (1969) summarized the results of a study assessing the levels of pesticides in
molluscs collected from the Sacramento-San Joaquin River Delta entering San Francisco
Bay in 1967 that included the Asiatic clam. He reported that DDD, DDE, DDT, Dieldrin,
and Endrin were routinely found in tissues of Asiatic clams from rivers feeding San
Francisca Bay (Table IT). He also reported that one sample of clam tissue contained ten
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times more DIDT (1.1. ppm) than any sample coilecied in San Francisco Bay. Butler (1973)
included the data presented by Modin (1969) in a summary of the levels of pesticides in
Asiatic clams for the same sites from 1968 to 1972. He reported that quantifiable
concentrations of DDE, TDE, DDT, Dieldrin, and Endrin residues were routinely found
in Asiatic clams during surveys of two sites over a period of six years (Table II).

Claeys et al. (1975) reported that Asiatic clams contained much higher levels of DDT
and PCBs (Table IT) than individuals of Anodonta collected together from the Columbia
River, Oregon. Levels of DDT residues in Anodonta were seasonally influenced and
ranged from 2 1o 14.9 ppb. Levels in Corbicula ranged from 53 to 78 ppb with no marked
seasonal variation either in DDT or the proportion of metabolites. Corbicula samples also
had consistently higher levels of PCBs than Anodenta samples.

Livingston er al. (1978) conducted a four-year study of trends in organochlorine
residues in sediments and organisms from bodies of water in and around Apalachicola
Bay, Florida from 1972 to 1976. They reported lower concentrations of Araclor 1254 and
DDT and its metabolites in sediments than in clams inhabiting those sediments (Table IT).

Leard et al. {1980) collected seven species of freshwater bivalve including Asiatic clams
in 1972 and 1973 from major stream systems in Mississippi. Clam tissues were analyzed
for chlordane, endrin, toxaphene, p,p’-DDE’, p,p’-TDE, p,p’-DDT, and 0,p>-DDT and
found to contain detectable levels of toxaphene and DDT and its metabolites (Table II).
Surveys by the U.S. Army Corps of Engineers (US ACE, 1981, 1982) revealed the presence
of chlordane and endosulfan sulfate in tissues of Asiatic clams from two sites in and
around Lake Semincle, Florida (Table II). Concentrations of 16 other chlorinated
hydrocarbons in clam tissue ranged from <0.1 to <25 ug kg! tissue wet weight. The
concentration of chlordane and most other pesticides in sediment were <1.0 ug kg!
except for Aroclor 1254 and 1260 at two sites (77.9 and 196 ug kg' dry weight,
respectively).

Elder and Mattraw (1984) reported the presence of ten pesticides and PCBs in tissues of
Asiatic clams from the Apalachicola River, Flarida. They noted anincreasing trend in the
accumulation of DDT, dieldrin, chlordane, and PCB residues from sediments to bottom-
load detritus to hiological tissue (Table 11). The most consistent trend was for chlordane.
The concentration of chlordane was below detection in most sediment samples, at
concentrations len times greater in bottom-load detritus, and 50 times greater in clam
tissuc.

Several investigators conducted uptake studies in which Asiatic clams were transplanted
from uncontaminated to contaminated sites to document the presence of contaminants in
the environment. Joy ef al. (1983) transplanted clams to four sites on the Kanawha River,
West Virginia and analyzed clam tissues for ten heavy metals over a nine week period.
Clams were held in cages floated by a styrofoam collar at a water depth of ~15 cm. Each
cage contzined a sand and gravel substrate ~3 cm deep. They reported little variation in
the levels of zine, copper, cadmium, lead, nickel, and silver from week to week for nine
weeks and little change from baseline levels (Table I). The greatest increases above
baseline levels were observed for iron, manganese, and magnesium but iron and
manganese levels fluctuated widely from one period to another. They also found
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chromium levels to be highly variable.

Graney et al. (1983) constructed flow-through artificial streams adjacent to the New
River, Virginia and exposed clams in those streams to cadmium, copper, and zinc for 28 to
30 days. Water and tissue concentrations of metals were used to calculate bioconcentration
factors (BCFs). They reported BCFs of ~22 600 and 17 700 for copper, 3770 and 1750 for
cadmium, and 631, 358, and 511 for exposure to zinc (Table I). Lower BCFs for zinc may
have been influenced by lower test temperatures (6 °C lower than cadmium and 10 °C
lower than copper).

Hartley and Johnston (1983) transplanted Asiatic clams from Lake Sangchris, Illinois
to the Kaskaskia River near Tuscola, Illinois. Clams were placed in sand in aluminum
baking pans held in cages of rolled aluminum anchored to the bottom of the river for 72
days. They reported BCFs for eight pesticides in Asiatic clams ranging from 2330 for
heptachlor epoxide to 13390 for aldrin (Table II). They also reported increases in shell
dimensions after the first 18 days of the study with no changes observed for the remainder
of the 72-day study. Mean weight increased through the first 36 days of the study and did
not change thereafter. Fat per gram of soft tissue increased from 25.3 to 28.4 mg during the
first 9 days, reached 29.5 mg after 36 days of the study then fell to 26.4 mg after day 36. The
loss of fat did not correspond to a loss in weight but did occur during a period of severe low
water temperatures {0to 2 °C). The investigators did not comment on whether the changes
in fat per gram of soft tissue between observations were statistically significant. The
investigators did note an association between the reductions in fat and the concentrations
of all the pesticides except lindane and heptachlor epoxide.

Cantelmo-Cristini et al. {1985) transplanted Asiatic clams to sites above and below the
combined effluents of a chemical plant and a municipal sewage treatment plant on the
Raritan River, New Jersey for six months. Clams were held in wood framed cages with the
top, bottom, and portions of two opposing sides composed of (1.16-mm mesh cloth. Foot
tissues from clams were analyzed for adenylates with a semi-micro spectrophotometric
assay while whole clams were assayed for lipid and glycogen. They reported that the AEC
for Asiatic clams downstream from the chemical and sewage treatment plants was
significantly lower than that of clams from control sites upstream (Table III). Similar
results were observed by these investigators in a preliminary study conducted in 1981 and
1982. Cantelmo-Cristini ef a/l. (1985) also reported reductions in the glycogen content of
clams at the downstream site nearest the outfalls. Lipid concentrations in these clams were
elevated in comparison with clams from all other sites. There were no differences in
glycogen or lipid among clams from all other sites.

Fritzand Lutz (1986) assessed the effects of the same combined effluents from plants on
the Raritan River on growth of Asiatic clams over five months. Growth was analyzed by
counting shell microgrowth increments in specific regions of the shell valve under a
compound microscope at a magnification of 100x. They demonstrated that changes in
growth of Asiatic clams were indicative of exposure to aquatic contaminants. They
reported that microgrowth increments in the outer fine crossed-lamellar shell layer of
Asiatic clams were formed at the rate of ~1 per day and that clams transplanted to sites
receiving a combined chemical and sewage effluent grew slower and deposited fewer
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microgrowth increments than clams in cages at control stations (Table I1I).

Foe and Knight (1986) assessed the effects of exposure of Asiatic clams to a zinc- and
copper-contaminated effluent by monitoring reproduction, shell growth, condition, and
tissue concentrations of the metals among wild clams and clams transplanted in two
different fashions. One method for transplanting clams consisted of placing clamsin cage
units constructed of plastic fluorescent light egg-crate-type panelling covered with poly-
ethylene screen. Each cage unit was held ~0.5 m above the bottom in an upright position
by metal rebar stakes driven into the substrate. The alternate transplant methad consisted
of tethering clams by short lenghts of 5 1b monofilament fishing line to a heavier nylon line
that was staked taut along the battom. Clams were transplanted at several locations
around the outfall of a proposed waste treatment plant in the Sacramento-San Joaquin
Delta, California and monitored for ten months.

Subsequently, Foe and Knight (1987) used the caging transplant method in a six-month
study assessing the impact of a thermal discharge from a power plant on Asiatic clams.
They reported that clams transplanted to a series of sites at increasing distances from the
source of a variably contaminated effluent revealed a trend of increasing stress for clams
closest to the source. Growth, condition, and scope for growth were all lower for clams at
the station nearest the discharge for which survival of clams was high (Table I1I). High
levels of mortality plagued clams transplanted to the site nearest the point of discharge.

LABORATORY/FIELD COMPARATIVE STUDIES

Rodgers et al. (1980) exposed Asiatic clams to solutions of copper and zinc in flow-
through artificial streams in the laboratory and assessed the sublethal effects of exposure
on paping, filtering activity, and concentrations of copper and zing in soft tissues of clams.
The influence of the presence of substrate was also assessed. They also collected Asiatic
clams from sites in the New River, Virginia above and below the heated discharge of a
power generating plant at quarterly sampling intervals for one year and determined tissue
concentrations for a series of elements.

Rodgers et al. (1980) reported that the concentrations of ten elements (arsenic,
cadmium, cesium, chromium, copper, manganese, mercury, molybdenum, selenium, and
zinc) were usually lowest in river water, intermediate in clam valves, and highest in either
clam viscera or sediment in samples and clams {Table I). The concentrations of three
elements (molybdenum, selenivm, and zinc) were consistently greater in clam tissue than
in sediment. Concentrations of two elements {copper and manganese) were consistently
greater in sediment than in clam tissue. Concentrations of zinc and copper in tissues of
clams exposed to these metals in laboratory bioassays preatly exceeded the concentrations
in field clams,

Farris (1986) assessed the effects of exposure of Asiatic ¢clams to zinc and cadmium in
field-located and laboratory artificial streams on body burden levels of these two metals,
growth, and enzyme activity (Table I). Tests were conducted for 30-day periods in
different seasons over several years. He reported that cellulase activity was significantly
reduced in clams exposed to 220.012 mg Cd L' after 20 days but significantly elevated in
clams exposed to <90.025 mg Cd L-' after 30 days compared to control clams (Table I).
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Cellulase activity in clams exposed to zine varied in relation to exposure concentration and
duration (Table I).

Subsequently, Farris ez al. (1988) assessed the sensitivity of ¢ellulase activity in Asiatic
clams exposed to copper in ficld-located artifical streams and in clams transplanted 1o sites
up- and downstream from the point of discharge of an effluent from a power plant on the
Clinch River, Virgina. Transplanted clams were placed in cobble containing nylon mesh
cages and analyzed for enzyme activity after 14 days in one study and after 10 and 30 days
in a second study conducted one year later. They reported that cellulolytic activity was
significantly reduced in clams exposed to =16 pg Cu L-! after 10 days of treatment (Table
I). Transplanted clams retrieved from downstream sites nearest the point of discharge for
a power plant effluent demonstrated significantly reduced levels of cellulase activity after
14 days in one study and after 30 days in another (Table III}.

Belanger et ol (1986¢) assessed the effects of exposure of Asiatic ¢lams to zinc in
field-located and laboratory artificial streams during five 30-day studies. Variations in the
experimental design inciuded assessing the effects of zinc on clams in the absence of
substrate and monitoring selected groups of clams during a 34-day recovery period. They
reported significant reductions in growth, significant increases in tissue water content, and
significant accumulations of zinc in clams exposed to zinc at concentrations as low as 0.05
mg L in field-located artificial streams (Table T). The extent of the significance of these
changes was dependent on both zinc concentration and the exposure duration. Cessation
of exposure to zinc in one study resulted in the depuration of accumulated zinc and
resumption of growth at rates similar to controls for clams previously exposed to lower
concentrations of zinc. Unfortunately, clams exposed to zinc in laboratory artificial
streams did not exhibit any measurable growth within any treatment thereby preventing
comparisons with data generated in field-located artificial strearns.

Belanger et /. (1987) compared the results obtained from exposure of clams to asbestos
in the laboratory (Belanger et @/, 1986a,b) with clams exposed to a natural source of
chrysotile asbestos in the field. Comparisons were made on the basis of fiber size
distributions and BCFs. They reported that Asiatic clams were more efficient at
accumulating chrysotile asbestos in the field than was predicted from studies conducted in
the laboratory (Table III), They reported low BCF values for the uptake of chrysotile
ashestos in clams exposed to asbestos in the laboratory (slightly greater than 1) in
comparison with BCF valves as high as 100 for clams residing in a body of water (Lake
Silverwood, California) contaminated with asbestos from the natural erosion of
serpentine parent rock.

Sappington (1987) assessed the effects of exposure of Asiatic clams to chlorine,
ammonia, monochloramine, and copper. Studies were conducted in the laboratory and
field and within an industrial cooling water system. Study durations were mostly 30 days
in length but at various times of the year and a wide range of temperatures.

Sappington (1987) reported that exposure of Asiatic clams to copper in laboratory
artificial streams for 30 days produced significant reductions in glycogen and significant
increases in protein and tissue water content and a significant reduction in the number of
clams actively siphoning (determined by recording the proportion of clams with extended
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siphons at predetermined observation times) (Table 1). Exposure of Asiatic clams to
sublethal concentrations of copper (Table I), ammonia, chlorine, or monochloramine
(Table 1) in laboratory artificial streams resulted in significant reductions in the levels of
glycogen and the percentage of clams observed siphoning after 30 days (Tables I and 111).
Exposure of Asiatic clams to copper in field-located artificial streams did not produce
consistent trends in the levels of protein and percent tissue water content (Table I). Clams
transplanted to sites in and around a copper contaminated effluent did not produce
consistent trends in changes in glycogen and tissue water content over time or among
stations (Table I).

Discussion

BIOACCUMULATION

Asiatic clams accumulate and concentrate trace elements and metals to levels that are
orders of magnitude greater than levels that could be found in the waters from which the
clams were collected. Rodgers et al. (1980) concluded that C. fluminea appeared to be an
efficient bioaccumulator of heavy metals and other potentially toxic elements without
suffering adverse effects. Graney et al. (1983) concluded that the Asiatic clam may be a
reliable indicator of heavy metal contamination by demonstrating high BCFs for three
different metals (cadmium, copper, and zinc). Harrison e7 al. (1984) and Doherty et al.
(1988) demonstrated that dissolved copper and cadmium, respectively were readily
accumulated by Asiatic clams in laboratory studies. In contrast to the conclusions of these
investigators, Joy ef al. (1983) concluded that the reliability of C. fluminea as a biological
indicator species for some heavy metals was questionable. Unfortunately, Joy et 2l (1983)
did not report concentrations for all the elements in water preventing an assessment of the
bioaccumulation potential for each of the elements by Corbicula.

There was only one study that simultaneously assessed the ability of clam shell or soft
tissue to accumulate trace elements and metals. Rodgers et al. (1980) demonstrated that
concentrations of trace elements were higher in soft tissues than shells. Clarke ez al. (1979)
reported that Asiatic clam shells were good indicators of contamination of aqueous
systems by lead but collected empty shells rather than living organisms. Shells of Asiatic
clams may be of value for monitoring contamination of freshwater systems by heavy
metals but there is little experimental evidence to document conditions under which the
approach would be appropriate. Previously, Imlay (1982) reviewed the use of freshwater
mussel shells for monitoring heavy metals. He noted that barium, cadmium, copper, iron,
lead, magnesium, manganese, mercury, nickel, silver, sodium, strontium, and zinc had all
been monitored in freshwater mussel shells. He recommended the use of shells from 20
different species of freshwater mussel for monitoring heavy metals. Corbicula was not
included in the review by Imlay (1982) but this may have been a result of the lack of
published data for representatives of this genus.

Asiatic clams do not accumulate and concentrate trace elements and metals from
sediments to an appreciable extent. Rodpgers er al. (1979) reported that trace elements



174 F.GG. DOHERTY

concentrations were always higher in sediment than in clam tissue, Rodgers et af, (1980)
reported that the concentrations of several elements were higher in clam tissue than in
sediment but the BCFs for these elements were less than 10. In contrast, the BCFs for
elements in clam tissue from water was nearly always greater than 10 and for certain
elements greater than 100. Elder and Mattraw (1984) found no correlation between trace
elements in sediment and clam tissue and remarked that the bioavailability of heavy
metals to Corbicula was not necessarily related to their concentrations in sediments.
Tatem (1986) reported that cadmium was not bioaccumulated from sediment by clams
and there were no differences in the concentrations of lead in tissues of clams collected on
days 3 and 48 of their study. Graney ef @/ (1984) noted that the uptake of cadmium by
Asiatic clams was reduced in the presence of substrate.

There are fewer studies addressing the ability of Asiatic clams to concentrate pesticides
but the available data indicate that Asiatic clams are efficient accumulators of lipid soluble
and environmentally persistent organic compounds. Sanborn and Yu (1973) reported a
concentration factor for dicldrin in Asiatic clams in excess of 1000, Claeys et @/, (1975)
concluded that the high levels of DDT found in Corbicula during a survey of indigenous
bivalves from the Columbia River, Oregon might be a result of an extraordinary ability of
this species to accumulate organochlorine compounds. Livingston et al. (1978} reported
that concentrations or Aroclor 1254 and DDT were lower in sediment than in tissues of
Asiatic clams. Leard et al. (1980) found that analysis of water samples did not reflect
concentrations of pesticides in clams but that a ban on the widespread use of DDT and
extensive flooding of rivers in Mississippi in the second year of the program was reflected
in a reduction in levels of pesticides in clam tissues in the second year.

Unlike heavy metals and trace elements, experimental results suggest that pesticides in
sediments are bioavailable to Asiatic clams. Elder and Mattraw (1984) noted that there
was an increasing trend in the concentrations of 4 pesticides from sediments to bottom-
load detritus to Asiatic clam tissue. Tatem (1986) also reported that PCBs were
bioavailable to clams from sediment with measurable differences between control and
treated clams after 3 days of exposure with increasing concentrations of PCBs in clam
tissues through day 48. Depuration of PCBs from clam tissue was very slow. Calculated
BAF values for PCBs in clams ranged from 0.54 to 12.5. Mac et a/. (1984) reported that
PCBs were accumulated from sediment by clams.

Hartley and Johnston {1983) suggested that differences in BCF values among
compounds could be due to polarity of the molecule. They reported that the more polar
enoxides were not bioconcentrated to the same degree as the parent compounds. Absolute
levels of pesticide accumnulation in clams is also related to season and physiological
condition of clams {Johnston and Hartley, 1981). Hartley and Johnston (1983) noted a
reduction in the concentrations of all but two pesticides in clam tissue corresponding with
a reduction in fat of clams. Since other investigators have reported monthly and seasonal
changes in lipid content for a variety of bivalves (Gabbot and Bayne, 1973; Dare and
Edwards, 1975; Davis and Wilson, 1983; Cantelmo-Cristini et a/., 1985; Hagar and Dietz,
1986), it may be more appropriate to express pesticide concentrations in clams on the basis
of lipid or fat content as opposed to total tissue weight.
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INTERSPECIES COMPARISONS

Studies reporting comparisons between Asiatic clams and other bivalves for accumulation
of heavy metals were limited. Caldwell and Buhler (1983) noted that Asiatic clams from
the Columbia River, Oregon tended to have higher zing levels in their tissues (12 to 26 pg
g wet weight) than some of the marine bivalves collected from bays and estuaries along
the Oregon coast. In contrast, Elder and Mattraw (1984) noted that Corbicula from the
Apalachicola River in Florida had lower concentrations of metals and organic
compounds than other species of bivalve molluscs (primarily marine) reported in other
studies but since they were different species in different systems, the factors affecting the
differences could not be specified.

Studies reporting comparisons between Asiatic clams and other bivales for accumul-
ation of pesticides were more extensive than for metals and trace clements. Modin (1969)
reported that one sample of clam tissue contained 10 times more DDT (1.1 ppm) than any
sample coliected in San Francsco Bay. Butler (1973) noted that Asiatic clams
demonstrated an ability to store organochlorine residues similar to that demonstrated by
five marine molluscs. In those instances in which a material was not accumulated by
Asiatic clams, it was not accurulated to any extent by any other organisms (Booth er al.,
1973). Claeys et gl. (1975) found that PCBs accumulated far more heavily in Asiatic clams
than in any of the other mollusks examined. They reported that Asiatic clams contained
much higher levels of DDT and PCBs than individvals of Arodonta collected from the
Columbia River, Oregon and while DDT levels in Arodonta were seasonally influenced,
those in Corbicula were not. Leard et al, (1980) reported that Corbicula manilensis (now
identified as C. fluminea) was the best indicator of organochlorine pesticides in major
Mississippi river systems in comparison with six other freshwater Pelecypoda.

In contrast to these studies, Sanborn and Yu (1973) reported that dieldrin was
concentrated to a greater degree in other organisms of the laboratary microcosms even
though concentration factors for Asiatic clams were in excess of 1000. Mac er al (1984)
concluded that the oligochaete worm Octolasion tyrtaewm was more appropriate for
accumulation studies of PCBs than Asiatic clams. They felt that use of Asiatic clams for
measuring bioaccumulation was questionable because it may cease feeding, it had the
lowest BCF in comparison with O. zyrtaeum, fathead minnows, and vellow perch, and
they were uncertain of the appropriate material to analyze (tissue or shell).

GEOGRAPHIC DISTRIBUTION AND AVAILABILITY

Additional factors influencing the choice of a biomonitoring organism is the availability
of that organism either in extensively distributed indigenous populations throughout the
contaminated areas or as an abundant source of organisms in uncontaminated areas that
can be transplanted to sites of interest. Claeys ez a/. (1975) found that the Asiatic clam and
a species of Anodonta were the most abundant molluscs at sites in the Columbia River
from which samples were collected. Foster and Bates (1978) emploved Quadrula quadrula
to monitor copper levels in a receiving stream below an electroplating plant outfall but
recommended the use of Corbicula for in-stream monitoring studies with caged organisms
because of their abundance and distribution. Elder and Mattraw (1984) selected Asiatic
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clams for trace metal analysis because it was the only mollusc that could be collected in
large quantities from various points on the Apalachicola River in Florida. Although Mac
et al. (1984) recommended the use of an oligochaete as opposed to Asiatic clams for
accumulation studies of PCBs, they conceded that Q. tyrtaeum was not readily available.

Despite these arguments, Asiatic clams should not be used as a biological monitor in
systems in which it is not already present. Some investigators have reported that Corbicula
may have displaced endemic bivalves from systems in which it has become established
(Gardner e7 al., 1976; Fuller and Richardson, 1977; Kraemer, 1979). It has also invaded
industrial cooling water systems of production and power plants causing severe economic
consequences {Morton, 1979; Cherry et al, 1980; Hamm, 1982). While the need to
monitor levels of environmental contamination through biological agents is a worthwhile
endeavor, it does not warrant the man-assisted spread of an invasive biofouling organism.

ALTERNATE ASSESSMENT APPROAHCES

Several investigators demonstrated that there are sub-lethal parameters other than tissue
concentrations of contaminants by which detrimental effects on aquatic organisms can be
assessed. Alternate approaches to assess the impacts of aquatic contaminants on an
environment as reflected in the responses of Asiatic clams include both traditional and
non-traditional methodologies. These include tissue water concentration (Belanger er al.,
1986b,c), histopathology {Martin and Sparks, 1971; Belanger ez al, 1986a,b; 1987),
adenylate energy charge (Geisy et al, 1983; Cantelmo-Cristini et al, 1985), reproductive
output (Belanger et al., 1986b), condition and scope for growth (Foe and Knight, 1987},
enzyme inhibition (Farris, 1986; Farris ef al, 1988), and growth (Fritz and Lutz, 1936;
Belanger et al., 1986a,b,c; Foe and Knight, 1987). The advantages of these approaches are
that they do not rely on sophisticated instrumentation to determine tissue concentrations
of contaminants, they do not distinguish between classess of contaminants but respond in
a negative fashion to any detrimental agent, and they enable the investigator to monitor
the impact of variable effluents on organisms that may not have bioconcentratable
components (e.g. temperatute and pH). Investigators may monitor trends in mortality at
sites of increasing distances from a point of entry and changes in sublethal physiological
parameters among clams at sites not experiencing mortalities. All of these approaches
provide information regarding the existence of detrimental conditions for clams at a
particular site. Preference for an approach by an investigator will be a site-specific
question relative to the expected class of contaminant, the extent of the resources available
to the investigator, and the degree of sensitivity viewed necessary to demonstrate the
absence or existence of detrimental conditions.

Despite the broad array of techniques available for demonstrating deleterious
conditions in the environment, it appears that field studies provide greater consistency in
results than laboratory studies attempting to predict the results of exposure of clams in the
field. Belanger ef al. (1987) noted nearly a 100-fold difference in the concentration of
asbestos by clams in the field as opposed to those exposed to asbestos in the laboratory.
Graney et al. (1984) identified several factors that influenced the uptake of heavy metals by
Asiatic clams to the point that field conditions may not be realistically replicated in the lab.
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Farris (1986) reported no differences in cellulolytic activity among treatments for clams
exposed to zinc in laboratory artificial streams but found significant differences among
treatments when clams were exposed to zinc in field-located artificial streams. Belanger e/
al. (1986c) were unable to promote growth of clams exposed to zinc in laboratory artificial
streams for any treatment including control clams (perhaps due to an inadequate diet)
preventing comparisons with data generated in field-located artificial streams.

Factors contributing to this dichotomy may center on the inability of investigators to
replicate complex field conditions in laboratory simulations. Non-replicable field
conditions would include the influence of seasonal changes in abiotic parameters during
long-term studies (>>30 days} and the availability of an adequate diet for clams in
long-term studies. There is little information available regarding dietary requirements of
clams, metabolic processes in relation to diet and temperature, the capacity for anaerobic
metabolism in ¢lams and its relationship to temperature, and the physiological
consequences of subaptimal diets in conjunction with exposure to potentially toxic
substances.

Conclusion

Asiatic clams are widespread, abundant, fast growing, generally tolerant of exposure to
toxic materials, and possess multivear lifespans. They concentrate organic pollutants from
both water and sediment and heavy metals from water. A variety of sublethal parameters
are currently being investigated to assess the ability of Corbicula to monitor the presence
of non-bioconcentratable pollutants in freshwater systems. Unfortunately, the results of
laboratory studies may be limited in predicting the responses of clams exposed to stressors
in the field. While these conclusions would normally lead to a recommendation for field
studies, Asiatic clams should not be introduced to Corbicula-free drainage systems for
biomonitoring activities because of its invasive biofouling attributes.

References

Anderson, K. B., Sparks, R. E., and Paparo, A. A.: 1978, ‘Rapid Assessment of Water Quality, Using the
Fingernail Clam, Musculium transversunt’, University of Illinois at Urbana-Champaign, Water Resources
Center Research Report No, 133, 115 pp.

Anderson, R. 8.; 1985, ‘Metabolism of a Model Environmental Carcinogen by Bivalve Molluscs®, Mar. Environ.
Res. 17, 137-140.

Bedford, J. W, Roelofs, E. E., and Zabik, M. H.: 1968, *The Fresh-Water Mussel as a Biological Monitor of
Pesticide Concentrations in a Lotic Environment’, Limnol. Oceanogr. 13, 118-126.

Belanger, 8. E., Cherry, D. 8., and Cairns, J., Jr.: 1986a, ‘Seasonal, Behavioral, and Growth Changes of
Juvenile Corbicula fluminea Exposed to Chrysotile Asbestos’, Water Res. 20, 1243-1250.

Belanger, S. E., Cherry, D. S.,and Cairns, J., Jr.; 1986b, ‘Uptake of Chrysotile Asbestos Fibers Alters Growth
and Reproduction of Asiatic Clams’, Can. J. Fish. Aq. Sc. 43, 43-52.

Belanger, 8. E., Farris, J. L., Cherry, D. S., and Cairns, J., Jr.: 1986¢, ‘Growth of Asiatic clams (Corbicula sp.)
during and after Long-Term Zinc Exposure in Field-Located and Laboratory Artificial Streams’, Arch,
Environ. Contam. Toxicol, 15, 427-434.

Belanger, S. E., Cherry, D. 8., Cairns, 1., Jr., and McGuire, M. J.: 1987, ‘Using Asiatic Clams as a Biomonitor
for Chrysotile Asbestos in Public Water Supplies’, J. Amer. Water Works Ass. 79, 69-74.



178 F.G. DOHERTY

Booth, G. M., Yu, C., and Hansen, D. I.: 1973, *Fate, Metabolism, and Toxicity of 3-Isopropyl-1H-2,1,3-
Benzothiadiazin-4 (3H)-1-2,2-Dioxide in a Model Ecosystemn, J. Environ. Quality 2, 408-411.

Britton, J. C., Coldiron, D. R., Evans, L. P., Jr. Golightly, C., O’Kane, K. D., and TenEvck, J. R.: 1979,
‘Reevaluation of the Growth Pattern in Corbicula fluminea {Muller)’, in Britton, J. C. (ed.), Proceedings, First
International Corbicula Sympaosium, Texas Christian University Research Foundation, Fort Worth, pp.
177-192.

Butler, P. A.: 1973, ‘Organochlorine Residues in Estuarine Mollusks, 1965-72. National Pesticide Monitoring
Program’, Pestic. Monit. J. 6, 238-362.

Caldwell, R. 8., and Buhler, D. R.; 1983, ‘Heavy Metals in Estuarine Shellfish from Oregon’, Arch. Environ.
Cantam. Toxicol. 12, 15-23.

Cantelmo-Cristini, A., Hospod, F. E., and Lazell, R. J.: 1985, “An in site Study of the Adenylate Energy Charge
of Corbicula fluminea in a Freshwater System’, in Vernberg, F. J., Thurberg, F. P., Calabrese, A., and
Vernberg, W. (eds.), Mgrine Pollution and Physiology: Recent Advances, Univ. South Carolina Press,
Columbia, pp. 45-62.

Cassini, A., Tallandini, L. Favero, N., and Albergoni, V.: 1986, ‘Cadmium Bioaccumulation Studies in the
Freshwater Molluscs dnodonte cygnea and Unio elongatuius’, Comp. Biochem. Physiol. 84C, 35-41.

Cherry, D. 8., Cairns, 1., Jr., and Graney, R. L.: 1980, ‘Asiatic Clam Invasion: Causes and Effects’, Water
Spectrom. 12, 19-24.

Claeys, R. R., Caldwell, R. 8., Cutshall, N. H., and Holton, R.: 1975, ‘Chlorinated Pesticides and
Polychlorinated Biphenyls in Marine Species, Oregon/Washington Coast, 1972°, Pestic. Monit. J. 9, 2-10.

Clarke, J. H., Clarke, A, N,, Wilson, D. J., and Friauf, J. J.: 1979, ‘On the Use of Corbicula fluminea as
Indicators of Heavy Metal Contamination’, in Britton, J. C. (ed.), Proceedings, First Internatione! Corbicula
Symposium, Texas Christian University Research Foundation, Fort Worth, pp. 153-163.

Counts, C. L., I1L: 1986, ‘“The Zoogeography and History of the Invasion of the United States by Corbicula
JTuminea (Bivalvia: Corbiculidae)’, in Prezant, R. S. (ed.), Proceedings of the Second International Corbicula
Symposium, American Malacological Bulletin, Special Edition No. 2, pp. 7-39.

Czarnezki, J. M.: 1987, *Use of the Pocketbock Mussel, Lampsilis ventricasa for Monitoring Heavy Metal
Pollution in an Ozark Stream’, Buil. Environ. Contam. Toxicoi. 38, 641-646.

Dare, P. J. and Edwards, D. B.: 1975, ‘Seasonal Changes in Flesh Weight and Biochemical Composition of
Mussels (Mytilus edwlis L.} in the Conwy Estuary, North Wales, J. Exp. Mar. Biol. Ecol. 18, 8997,

Davis, J. P.and Wilson, J. G.: 1983, ‘Seasonal Changes in Tissue Weight and Biochemical Composition of the
Bivavle Nucula turgida in Dublin Bay with Reference to Gametogenesis®, Netheriands J. Sea Res. 17, 84-93.

Doherty, F. G. and Cherry, D. S.L 1988, “Tolerance of the Asiatic Clam Corbicuia spp. to Lethal Levels of
Toxic Stressors-A Review’, Environ. Pollut. 51, 269-313.

Doherty, F. G., Cherry, D. 8., and Cairns, I., Jr.: 1987a, ‘Spawning Periodicity of the Asiatic Clam Corbicula
fluminea in the New River, Virginia®, Amer. Midl. Nat. 117, 71-82.

Doherty, F. G., Cherry, D. S., and Cairns, J., Jr.: 1987b, ‘Valve Closure Responses of the Asiatic Clam
Corbicula fluminea Exposed to Cadmium and Zine’, Hydrobiol. 153, 139-167.

Doherty, F. G., Failla, M. L., and Cherry, D. S.: 1988, *Metallothionein-Like Heavy Metal Binding Protein
Levels in Asiatic Clams Are Dependent on the Duration and Mode of Exposure to Cadmium’, Water Res.
22,927-932.

Elder, J. F. and Mattraw, H. C., Jr.: 1984, ‘Accumulation of Trace Elements, Pesticides, and Polychlorinated
Biphenyls in Sediments and the Clam Corbicula manilensis of the Apalachicola River, Florida’, Arch.
Environ. Contam. Toxicol 13, 453-469.

Farris, J. L.; 1986, ‘Ceflulotytic Responses to Heavy Metal Accurmulation in Corbicula fluminea and Mudalia
dilatata’, Ph.D. Dissertation, Virginia Polytechnic Institute & State University, Blacksburg, Virginia, 170
PP

Farris, J. L., van Hassel, J. H., Belanger, S. E., Cherry, D. S., and Caimns, J., Jr.: 1988, ‘Application of
Cellulolytic Activity of Asiatic Clams (Corbicula sp.) to In-Stream Monitoring of Power Plant Effluents’,
Environ. Toxical. Chem. 7, 701-713.

Fikes, M. H. and Tubb, R. A.: 1972, ‘Dieldrin Uptake in the Three-Ridge Naiad’, J. Wildlife Management 36,
802-809.

Foe, C. and Knight, A.: 1986, ‘A Method for Evaluating the Sublethal Impact of Stress Employing Corbiculo
Sfluminea’, in Prezant, R. S. (ed.), Proceedings of the Second International Corbicuia Symposium, American
Malacological Bulletin, Special Edition No. 2, pp. 133-142.



ASIATIC CLLAMS AS BIOLOGICAL MONITORS 179

Foe, C. and Knight, A.: 1987, ‘Assessment of the Biological Impact of Point Source Discharges Employing
Asiatic Clams’, Arch. Environ. Contam. Toxicol. 16, 39-51.

Foster, R. B. and Bates, J. M.: 1978, ‘Use of Freshwater Mussels to Monitor Point Source Industrial
Discharge’, Environ. Sci. Technol. 12, 958-962.

Fritz, L. W. and Lutz, R. A.: 1986, ‘Environmental Perturbations Reflected in Internal Shell Growth Patterns
of Corbicula fluminea (Mollusca: Bivalvia)', The Veliger 28, 401-417.

Faller, L. S. H. and Richardsen, J. W.. 1977, ‘Amensalistic Competition between Corbicula manilensis
(Philippi), the Asiatic Clam {Corbiculidac), and Fresh-Water Mussels (Unionidae) in the Savannah River of
Georgia and South Carolina (Moilusca: Bivalvia)', ASB Bulfi. 24, 52.

Gabbott, P. A. and Bayne, B. L.: 1973, ‘Biochemical Effects of Temperature and Nutritive Stress on Mytilus
edulis L., J. Mar. Biol. Ass. UK. 53, 269-286.

Gardner, J. A., Jr., Woodall, W. R., Jr., Staats, A. A., Jr., and Napoli, J. F.: 1976, ‘The Invasion of the Asiatic
Clam (Corbicula menilensis Philippi) in the Altamaha River, Georgia®, Nautilus 90, 117-125.

Geisy, J. P., Duke, C. 8., Bingham, R. D., and Dickson, G. W.: 1983, *Changes in Phosphoadenylate Energy
Charge as an Integrated Biochemical Measure of Stress in Invertebrates: The Effects of Cadmium on the
Freshwater Clam Corbicula fluminea’, Toxicol. Environ. Chem. 6, 259-295.

Graney, R. L., Cherry, D. S., and Cairns, 1., Jr.: 1983, ‘Heavy Metal Indicator Potential of the Asiatic Clam
(Corbicula fluminea) in Artificial Stream Systems®, Hydrebiol. 102, 81-88.

Graney, R. L., Cherry, D. 8. and Cairns, J., Jr.: 1984, “The Influence of Substrate, pH, Diet and Temperature
upon Cadmium Accumulation in the Asiatic Clam (Corbicula flurninea) in Laboratory Artificial Streams’,
Water Res. 18, 833-842,

Graney, R. L. and Geisy, J. P, Jr.; 1988, ‘Alterations in the Oxygen Consumption, Condition Index and
Concentration of Free Amino Acids in Corbicula fluminea (Mollusca: Pelecypoda) Exposed to Sodium
Dodecy!l Sulfate’, Enviren. Toxicol. Chem. 7, 301-315.

Hagar, A. F. and Dietz, T. H.: 1986, *Seasonal Changes in the Lipid Composition of Gill Tissuc from the
Freshwarter Mussel Carunculing texasensis’, Physiol. Zool 59, 419-428.

Hamm, P. J.; 1982, “What Are We Doing about the Asiatic Clam?, Power 126, 25-28.

Harrison, F. L., Knezovich, J. P._ and Rice, . W., Jr.: 1984, “The Toxicity of Copper to the Adult and Early
Life Stages of the Freshwater Clam, Corbicula manilensis’, Arch. Environ. Contam. Toxicol 13, 85-92.

Harriscn, F. L. and Quinn, D. I.: 1972, ‘Tissue Distribution of Accumulated Radionuclides in Freshwater
Clams’, Health Phys. 23, 509-517.

Hartley, D. M. and Johnston, J. B.: 1983, ‘Use of the Freshwater Clam Corbicula manilensis as a Monitor for
Organochlorine Pesticides’, Buil. Environ. Contam. Toxicol. 31, 33-40.

Heit, M., Klusek, C. S., and Miller, K. M.: 1980, ‘“Trace Element, Radionuclide, and Polynuclear Aromatic
Hydrocarbon Concentrations in Unionidae Mussels from Northern Lake George’, Eaviron. Sci. Technol, 14,
465-468.

Hemelraad, J., Holwerda, D. A., and Zandee, ID. 1.: 1986a, ‘Cadmium Accumulation in Anodonie cygnea’,
Arch. Environ. Contam. Toxicel. 15, 1-7.

Hemelraad, J., Holwerda, D. A, Teerds, K. J., Herwig, H. J., and Zandee, D. 1. 1986b, ‘Cadmium Kinetics in
Freshwater Clams. ILA Comparative Study of Cadmium Uptake and Ceilular Distribution in the
Unionidac Anodonta cygnea, Anodonta anqtina, and Unio pictoruny’, Arch. Environ. Contam. Toxicol, 15,9-21.

Hennig, H. F.-K. O.: 1986, ‘Metal-Binding Proteins as Metal Pollution Indicators’, Environ. Health Pers. 65,
175-187.

Imlay, M. 1.: 1982, *Use of Shells of Freshwater Mussels in Monitoring Heavy Metals and Environmental
Stresses; A Review’, Malacol. Rev. 15, 1-14.

Johnston, I. B. and Hartley, D. M.: 1981, ‘Bivalves as Monitors for Persistent Pollutants in Marine and
Freshwater Environments’, in Somani, S. M. and Cavender, F. L. (eds.) Ervironmental Toxicology: Principles
and Policies, Charles C. Thomas, Springfield, pp. 184-198.

Joy, J. E., Pritchard, A. J., and Danford, D.: 1983, *Corbicula fluminea (Mollusca: Pelecvpoda) as a Biological
Indicator of Heavy Metals in the Kanawha River, WV*, West Virginia Acad. Sci, 55, 113-117.

Kraemer, L. R.: 1979, *Corbicula (Bivalvia: Sphacriacea) vs Indigenous Mussels (Bivalvia: Unionacea) in U.S.
Rivers: A Hard Case for Interspecific Competition?, Amer. Zool. 19, 1085-1096,

Kraemer, L. R. and Lott, 5.: 1977, ‘Microscopic Anatomy of the Visceral Mass of Corbicula (Bivalvia:
Sphaeriacea), Buil. Amer. Malacol. Union, Inc. 1977, 48-55.

Kraemer, L. R., Swanson, C., Galloway, M., and Kraemer, R.: 1986, ‘Biological Basis of Behavior in Corbicula



180 F.G. DOHERTY

manilensis, 1. Functional Morphology of Reproduction and Development and Review of Evidence for
Self-Fertilization’, in Prezant, R. S. (ed.), Proceedings of the Second International Corbicula Symposium,
American Malacological Bulletin, Special Edition No. 2, pp. 193-201.

Leard, R. L., Grantham, B. J.,and Pessoney, G. F.: 1980, ‘Use of Selected Freshwater Bivalves for Monitoring
Organochlorine Pesticide Residues in Major Mississippi Stream Systems, 1972-1973", Pestic. Monit. J. 14,
47-52,

Livingston, R. J., Thompson, N. P., and Meeter, D. A 1978, ‘Longterm Variation of Organochiorine Residues
and Assemblages of Epibenthic Organisms in a Shallow North Florida (USA) Estuary’, Mar. Biol. 46,
355-372.

Livingstone, D. R, and Farrar, S. V.: 1985, ‘Responses of the Mixed Function Oxidase System of Some Bivalve
and Gastropod Molluscs to Exposure to Polynuclear Aromatic and other Hydrocarbons®, Mar. Environ.
Res. 17, 101-105,

Mac, M. 1., Edsall, C. C., Hesselberg, R. J., and Sayers, R. E., Jr.: 1984, ‘Flow-Through Bioassay for
Measuring Bioaccumulation of Toxic Substances from Sediment’, EPA 905/3-84-007, USEPA,, Great Lakes
National Program Office, Chicago, Illinois.

Manley, R. and George, W. 0.: 1977, *The Occurrence of some Heavy Metals in Populations of the Freshwater
Mussel Anodontg anating (L.) from the River Thames', Environ. Pollui. 14, 139-154,

Martin, S. G.and Sparks, A. K.: 1971, ‘Histo-Pathalogical Effects of Copper Sulfate on the Asiatic Freshwater
Clam, Corbicula fluminea’, Proc. Nat. Shellfish Assoc. 61, 10.

Mathis, B. J. and Cummings, T. F.; 1973, ‘Selected Metals in Sediments, Water, and Biota in the Illinois River’,
J. Water Poflut. Cont. Fed. 45, 1573-1583.

Mattice, J. S. and Wright, L. L.: 1986, *‘Aspects of Growth of Corbicula flumineq’, in Prezant, R. 5. (ed.),
Proceedings of the Second International Corbicula Symposium, American Malacological Bulletin, Special
Edition No. 2, pp. 167-178.

McLeod, M. J.: 1986, ‘Electrophoretic Variation in North American Corbicuia’, in Prezant, R. S. (ed.),
Proceedings of the Second Interngtional Corbicule Symposium, American Malacological Bulletin, Special
Edition No. 2, pp. 125-132.

McMahon, R. F.: 1982, ‘“The Occurrence and Spread of the Introduced Asiatic Freshwater Clam, Corbicule
Auminea (Muller), in North America: 1924-1982", Nautilus 96, 134-14]1.

McMahon, R. F. and Williams, C. J.: 1986, ‘A Reassessment of Growth Rate, Life Span, Life Cycles and
Population Dynamics in a Natural Population and Field Caged Individuals of Corbicula flumineq (Muller)
{Bivalvia: Corbiculacea)’, in Prezant, R. S. (ed.), Proceedings of the Second International Corbicula
Symposium, American Malacological Bulletin, Special Edition No. 2, pp. 151-166.

Modin, J. C.: 1969, ‘Chlorinated Hydrocarbon Pesticides in California Bays and Estuaries®, Pestic. Monir. J. 3,
1-7.

Morton, B.: 1979, ‘Freshwater Fouling Bivalves’, in Britton, J. C. {ed.), Proceedings, Firsy International
Corbicula Symposium, Texas Christian University Research Foundation, Forth Worth, pp. 1-14.

Nelson, D. J.; 1962, *Clams as Indicators of Strontinm-90", Science 137, 38-39.

Parke, D. V.. 1985, ‘The Role Cytochrome P-450 in the Metabolism of Pollutants’, Mar. Environ. Res. 17,
97-100.

Payne, J. F.: 1984, ‘Mixed-Function Oxvgenases in Biological Monitoring Programs: Review of Potential
Usage in Different Phyla of Aquatic Animals’, in Persoone, G., Jaspers, E., and Clans, C. (eds.),
Ecotoxicelogical Testing for the Marine Environmen, State Univ. Ghent and Inst. Mar. Scient. Res., Bredene,
Belgium, pp. 625-655.

Payne, J. F., Fancey, L., Kiceniuk, J., Williams, V., Osborne, J., and Rahimtula, A.: 1985, ‘Mixed-Function
Oxygenases as Biological Monitors Around Petroleum Hydrocarbon Development Sites: Potential for
Induction by Diesel and other Drilling Mud Base Qils Containing Reduced Levels of Polycyclic Aromatic
Hydrocarbons’, Mar. Environ. Res. 17, 328-332.

Phillips, D. J. H.: 1977, *The Use of Biological Indicator Organisms to Monitor Trace Metal Pollution in
Marine and Estuarine Environments-A Review’, Environ. Pollut. 13, 281-317,

Powell, E. N., Kasschau, M., Chen, E., Koenig, M., and Pecon, J.: 1982, ‘Changes in the Free Amino Acid Pool
during Environmental Stress in the Gill Tissue of the Qyster, Crassostrea virginica’, Comp. Biochem. Physiol.
71A, 591-598,

Rand, G. M. and Petrocelli, S. M. (eds.). 1985, Fundamentals of Aquatic Toxicology, Hemisphere Pub. Corp.,
Washington, 666 pp.



ASTATIC CLAMS AS BIOLOGICAL MONITORS 181

Renzoni, A. and Bacci, E.: 1976, ‘Bodily Distribution, Accumulation and Excretion of Mercury in a Fresh
Water Mussel’, Bwill. Environ. Contam. Toxicol. 15, 366-373.

Rodgers, J. H., Jr.,, Cherry, D. 8., Dickson, K. L., and Cairns, J., Jr.: 1979, ‘Invasion, Population Dynamics
and Elemental Accumulation of Corbicula flurminea in the New River at Glen Lyn, Virginia®, in Britton, J. C.
(ed.), Proceedings, First International Corbicula Symposium, Texas Christian University Research Found-
ation, Forth Worth, pp. 99-110.

Redgers, J. H., Jr.: Cherry, D. 8, R. L. Graney, Dickson, K. L., and Cairns, 1., Jr.: 1980, Comparison of
Heavy Metal Interactions in Acute and Artificial Stream Bioassay Techniques for the Asiatic Clam
(Corbicuia fluminea) in Eaton, J. G., Parrish, P. R., and Hendricks, A. C. (eds), Aquatic Toxicology, ASTM
STP 707, American Socicty for Testing and Materials, Philadelphia, pp. 266-280.

Sanborn, J. R. and Yu, C.: 1973, “The Fate of Dieldrin in a Model Ecosystem’, Buli. Environ. Contam Toxicol,
10, 340-346.

Sappington, K. G.: 1987, Toxicological, Physiologicai, and Behavioral Responses of the Asiatic Clam, Corbicula
sp. 1o Biocidal and Copper Perturbations, M. S. Thesis, Virginia Polytechnic Institute & State University,
Blacksburg, Virginia.

Simkiss, K., Taylor M., and Mason, A.Z.: 1982, ‘Metal Detoxification and Bioaccumulation in Molluscs®, Mar.
Biol Lerters 3, 187-201.

Smith, A, L., R. H. Green, and Lutz, A.: 1975, Uptake of Mercury by Freshwater Clams (Family Unioniduc)’,
J. Fish. Res. Board Can. 32, 1297-1303.

Smith, G. E. and Isom, B. G.: 1967, *Investigation of Effects of Large-Scale Applications of 2,4-D an Aquatic
Fauna and Water Quality”, Pestic. Monit. J. 1, 16-21.

Tatem, H. E.. 1986, ‘Bioaccumulation of Polychlorinated Biphenyls and Metals from Contaminated Sediment
by Freshwater Prawns, Macrobrachium rosenbergii and Clams, Corbicula fluminea’, Arch. Environ. Contam.
Toxicol. 15, 171-183.

US Army Corps of Engineers (US ACE): 1981, “Water Quality Management Studies, Lake Seminole,
April-November 1978, Phase I’ Technical Report Mobile, AL, ACF 20-10.

US Army Corps of Engineers (US ACE): 1982, ‘Water Quality Management Studies, Lake Seminole,
February-December 1979, Phase II" Technical Report ACF 80-11.

Yu, C.,, Booth, G. M., Hansen, D. I, and Larsen, J. R.: 1974, ‘Fate of Carbofuran in a Model Ecosystem’, J.
Agr. Food Chem. 22, 431-434.

Zischke, J. A, and Arthur, J. W.: 1987, “Effects of Elevated Ammonia Levels on the Fingernail Clam,
Musculum transversum, in Ourdoor Experimental Streams’, Arch. Environ. Contam. Toxicel 16, 225-231.



