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Abstract

Marine bivalve molluscs such as the blue mussel (Mytilus edulis) and the soft shell clam (Mya arenaria) have
been used as sentinel organisms of contaminant bioavailability and the biological consequences of contaminant
exposure. Biological responses that may contribute to the impairment of reproductive and developmental processes
include responses that can be categorized as interfering with bioenergetic processes such as feeding and nutrient
allocation; biosynthetic processes, such as the synthesis of energy stores; and morphogenic processes, such as those
involved in structural development. Case studies within New Bedford and Boston Harbors (Massachusetts) are used
to examine the relationship between contaminant uptake and effects on the reproductive cycle and bioenergetics of
mussels and soft shell clams. The results observed illustrate that disruption in bioenergetics in bivalve molluscs
exposed to chemical contaminants can result in loss of reproductive output and increased susceptibility to disease.
Differences in the extent of reproductive impairment may be linked specifically to energetic strategies of individual
species.

Natural and managed ecosystems are exposed continually
to natural and anthropogenic perturbations. Physical destruc-
tion of habitats, input of toxic chemicals, and nutrient en-
richment leading to eutrophication are among the stressors
that result in alterations in the sustainability of coastal eco-
systems and a reduction in biodiversity and harvestable
yields. Ecological consequences of such stressors in coastal
marine ecosystems include changes in parasitic infections
(Lafferty and Kuris 1999; Lenihan et al. 1999), species dis-
tributions and abundance, degradation of habitats, and
changes in energy flow and biogeochemical cycles. Inputs
of toxic chemical contaminants can lead to impairment of
feeding, growth, development, and recruitment of fish and
shellfish populations that may result in alterations in repro-
ductive and developmental success and changes in popula-
tion structure and dynamics (Capuzzo 1987). Although con-
taminant exposure is often viewed as a single stressor, it is
only one of many stressors that all populations of marine
animals experience during their life cycles. The interactive
effects of contaminant exposure and natural stressors, how-
ever, are not well understood, making it difficult to establish
the relationship between responses of organisms to contam-
inated habitats and large-scale alterations in the functioning
of marine ecosystems as well as large-scale contamination
of fish and shellfish resources.

Although general trends in the distribution of lipophilic
organic contaminants in coastal ecosystems have been de-
fined (e.g., NOAA 1989, 1991), critical information on the
biological effects of contaminants, specifically on population
processes, is lacking. Recent studies of the incidence of tu-
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mors and other histopathological disorders in bottom-dwell-
ing fish and shellfish from contaminated coastal areas have
suggested a possible link between levels of lipophilic organ-
ic contaminants and the increased incidence of histopatho-
logical conditions (Sindermann 1996; Capuzzo et al. 1988).
Sublethal toxic effects of contaminants in marine organisms
may also include impairment of physiological processes that
may alter the energy available for growth and reproduction
(Capuzzo et al. 1988) and other effects on reproductive and
developmental processes including direct genetic damage
(Nacci and Jackim 1989).

Marine bivalve molluscs such as the blue mussel (Mytilus
edulis) and the soft shell clam (Mya arenaria) have been
used as sentinel organisms of contaminant bioavailability
and the biological consequences of contaminant exposure.
Biological responses that may contribute to the impairment
of reproductive and developmental processes include re-
sponses that can be categorized as interfering with bioener-
getic processes such as feeding and nutrient allocation, bio-
synthetic processes such as the synthesis of energy stores,
and morphogenic processes such as those involved in struc-
tural development. Populations of bivalve molluscs comprise
an important ecological and economic resource in coastal
and estuarine habitats. Variations in reproductive output and
population dynamics of bivalve molluscs are highly sensitive
to environmental perturbations (Lowe and Pipe 1987; Kluyt-
mans et al. 1988; Weinberg et al. 1997). Understanding the
interactive effects of different life history strategies, natural
stressors such as disease or predation, and anthropogenic
stressors such as habitat alteration or contaminant exposure
may lead to new insights on the adaptive mechanisms em-
ployed by coastal shellfish populations in coping with mul-
tiple stressors in their environment. Case studies within New
Bedford and Boston Harbors (Massachusetts) are used to
examine such relationships, specifically by examining
changes in the reproductive cycle and bioenergetics of mus-
sels and soft shell clams and the distribution of contaminants
in bivalve tissues. Detailed methodologies of chemical and
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Table 1. Selected PCBs and PAHs in sediments, clams, and
mussels from New Bedford Harbor.

Contaminant Sediment*

Mya
arenaria†
(mg g21

dry wt)
Mytilus
edulis†

PCB (IUPAC No.)
2,4,49 (28)
2,29,5,59 (52)
2,29,3,59,6 (95)
2,29,4,5,59 (101)
2,39,4,49,5 (118)

—
1,300
—
1,800
2,200

2,020
1,060
2,030
1,190
1.560

1,970
915

2,490
1,220

—
2,29,3,4,4959 (138)
2,29,4,49,5,59 (153)
2,29,3,4,49,5,59 (180)
Total PCBs

(as Aroclor 1254)

1,300
1,500

260
30,000

870
1,020

46
20,100

665
670

25
9,350

PAH
Phenanthrene
Fluoranthene
Pyrene
Chrysene
Benz[a]anthracene
Benzo[g,h,i]perylene
Total PAHs

1,200
2,500
2,800
1,400
1,200
1,100

26,000

225
900
840

1,055
2,500

260
10,090

635
970
675
145
635

20
1,940

* Pruell et al. 1990.
† Farrington et al. unpubl. data. Each point is the mean of three replicates

with a C.V. #15%.

Table 2. Pre-spawning condition indices (CI), scope for growth
values (SG), maximum lipid content (LC), and reproductive effort
(RE) of Mytilus edulis transplanted to New Bedford Harbor and
reference sites.

Station CI* SG† LC‡ RE§

Nantucket Sound
Cleveland Ledge
New Bedford Harbor

335 6 30
340 6 20
230 6 15\

1.8 6 0.3
0.4 6 0.1\
0.2 6 0.1\

36.2 6 0.8
32.9 6 0.8
20.7 6 0.4\

0.88
0.71
0.34

* mg dry wt (shell vol.)21, mean 6 1 SE.
† kJ d21, mean values from eight individual animals at each site.
‡ mg triglycerides g21 dry wt, mean values from eight individual animals at

each site.
§ Calculated as the proportion of energy allocated to reproduction through

the collection of released gametes in relation to the total amount of energy
assimilated and partitioned to growth and respiratory demands; determined
from mean values from eight individual animals at each site; C.V. #15%.

\ P , 0.01.

biological analyses have been reported by Capuzzo et al.
(1989), Leavitt et al. (1990b), and McDowell Capuzzo and
Shea (unpubl. rep.).

Case study: New Bedford Harbor

Ongoing studies in New Bedford Harbor and adjacent
Buzzards Bay provide an excellent opportunity to investigate
the bioavailability, bioconcentration, and biological effects
of lipophilic organic contaminants in marine bivalve mol-
luscs. The history of contaminant inputs to New Bedford
Harbor is a carefully documented series of disturbances. In-
puts of PCBs, PAHs, and heavy metals are well described.
The fates of these contaminants have been examined in re-
gards to chemical modifications, distributions, biogeochem-
ical cycling, and physical transport of contaminants within
the Acushnet River estuary and in the outer regions of Buz-
zards Bay (Farrington et al. 1986; Pruell et al. 1990).

Uptake of both polycyclic aromatic hydrocarbons (PAHs)
and polychlorinated biphenyls (PCBs) have been document-
ed in native populations of bivalve molluscs such as M. ar-
enaria and transplanted M. edulis (Table 1). Capuzzo et al.
(1989) examined the distribution of chlorobiphenyl conge-
ners in M. edulis L. collected from a reference station in
Sandwich, Massachusetts, and transferred to two stations in
Buzzards Bay (Cleveland Ledge and New Bedford Harbor)
and one station in Nantucket Sound, Massachusetts. Mussels
were sampled bi-weekly and analyzed for concentrations of
20 chlorobiphenyl congeners or pairs of congeners, in ad-
dition to changes in bioenergetics and reproductive cycle.

Individual stations represented a gradient of chemical con-
tamination; temperature profiles, chlorophyll a concentra-
tions, and total suspended matter concentrations varied sea-
sonally at all stations but were comparable at each of the
stations during a specific sampling period. The sampling pe-
riod extended over a complete annual cycle.

Mussel transplants in New Bedford Harbor showed uptake
of chlorobiphenyl congeners to exceedingly high concentra-
tions (1026 g g21 dry wt range). Fluctuation in the concen-
tration of some chlorobiphenyl congeners (IUPAC No. 28/
31 and 95) was apparent during late spring and early summer
with a marked decline during autumn; this pattern was cor-
related with gametogenesis and spawning activity (Capuzzo
et al. 1989). Relative redistribution and release of individual
chlorobiphenyl congeners associated with spawning is not
consistent, suggesting differential partitioning of specific
congeners in different tissues or different lipid pools. Similar
seasonal patterns in the fluctuation of individual chlorobi-
phenyl congeners were observed among mussels at other
stations, although concentrations at each of these stations
were at least 1–2 orders of magnitude lower than those ob-
served at New Bedford Harbor. Differential uptake and loss
of lighter chlorobiphenyls (di- and tri-chlorobiphenyls) and
heavier chlorinated biphenyls (hexa- and hepta-chlorinated
biphenyls) have also been noted for the green-lipped mussel
Perna viridis (Tanabe et al. 1987).

The relative distribution of specific chlorobiphenyls in
mussels transplanted to New Bedford Harbor is markedly
different from the distributions observed in mussels from
other sites. For example, IUPAC 28/31 (a pair of trichloro-
biphenyls) and IUPAC 95 (a pentachlorobiphenyl) are pres-
ent in greater relative abundance than other chlorobiphenyls
in mussels transplanted to New Bedford Harbor, whereas
these compounds are at relatively low to intermediate con-
centrations at the other two sites. Although IUPAC 28/31
have lower KOW than other chlorobiphenyls measured, their
relatively high concentrations in harbor waters influence
their rate of uptake.

Measurements of condition index and lipid content in
mussels at New Bedford Harbor are significantly lower than
values for mussels at other stations during the pre-spawning
period (Table 2). Highest values for scope for growth during
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the pre-spawning period were measured for mussels from
the Nantucket Sound site and these are significantly higher
than measurements made at either the Cleveland Ledge or
New Bedford Harbor sites. The low values for scope for
growth measurements in mussels at the Cleveland Ledge site
coincide with a small oil spill that occurred during the trans-
plant experiment 60 d before the mid-April spawning event.
Other bioenergetic measurements (condition index and lipid
content) were not significantly different from the Nantucket
Sound mussels and reproductive effort was only slightly re-
duced.

Accumulation of lipids (primarily triglycerides) is corre-
lated with seasonal changes in the reproductive cycle and
maximum levels are detected just prior to spawning. Maxi-
mum lipid accumulation in mussels at New Bedford Harbor
is only 57.2% of values observed in mussels at Nantucket
Sound and Cleveland Ledge. As spawning proceeds, the
condition index and lipid content decrease in all populations
as lipid is incorporated in the production of new gametes.

Bioenergetic estimates of reproductive effort (measured as
the proportion of energy allocated to reproduction through
the collection of released gametes in relation to the total
amount of energy assimilated and partitioned to growth and
respiratory demands) was calculated for the entire spawning
period (April–October). Reproductive effort (RE) was lowest
for mussels from the New Bedford Harbor station. Detailed
analysis of the stereology of gonadal tissues in mussels
transplanted to New Bedford Harbor confirms the bioener-
getic estimates of reduced reproductive effort. The percent-
age of developing follicles in female mussels from New
Bedford Harbor transplants is significantly reduced in com-
parison with control populations. Mussel populations from
Nantucket Sound and Cleveland Ledge had gonadal indices
of 0.75 in both males and females just prior to spawning,
indicating that 75% of the mantle volume was occupied by
developing follicles. New Bedford Harbor mussels had a
maximum gonadal index of 0.33 for females and 0.70 for
males. The reduction in developing oocytes in mussels from
New Bedford Harbor is correlated with the reduction in the
lipid content and total mass of mantle-gonadal tissues. No
aberrations in nutritive cells (adipogranular cells) or connec-
tive tissue (vesicular connective tissue cells) was noted. In
addition to the reduction in developing oocytes observed,
female mussels at New Bedford Harbor also showed a high
degree of oocyte atresia or resorption prior to spawning.

Several other investigators have reported contaminant ef-
fects in bivalve molluscs from New Bedford Harbor. These
include DNA strand breakage in gill tissues (Nacci et al.
1992) and alterations in gill function (Nelson and Gutjahr-
Gobell 1990) in mussels, and high levels of hematopoietic
neoplasia in M. arenaria (Leavitt et al. 1990b). Both Rein-
isch et al. (1984) and Leavitt et al. (1990b) reported a high
prevalence of hematopoietic neoplasia in M. arenaria pop-
ulations from a site in New Bedford Harbor in comparison
with uncontaminated sites in Buzzards Bay. Leavitt et al.
(1990b) observed an overall prevalence of 39.3%. Unlike
populations of Mytilus, there were no differences in gonadal
development, condition indices, or lipid content between
clam populations from New Bedford Harbor and a reference
site (Little Buttermilk Bay, Massachusetts), except with the

most advanced stage of hematopoietic neoplasia. Clams with
advanced stages of the disease showed a reduction in phys-
iological condition (Leavitt et al. 1990b) and fecundity (Potts
1993). The degree to which contaminant exposure influences
the prevalence of hematopoietic neoplasia in clam popula-
tions is not fully understood but may be a function of in-
creased susceptibility to the disease when animals are in
poor physiological condition or are already energetically
compromised.

Case study: Boston Harbor and Massachusetts Bay

Sediments and biota from Boston Harbor are highly con-
taminated with a variety of lipophilic organic contaminants
including petroleum hydrocarbons (both low molecular
weight and high molecular weight hydrocarbons such as
PAHs), chlorinated pesticides (total DDT, lindane, dieldrin,
and chlordane), and PCBs. Concentrations of total PAHs in
tissues of M. edulis are in the upper 15% of the most con-
taminated sites from the U.S. coastline surveyed in the Na-
tional Status and Trends Program (MacDonald 1991). Other
contaminants that show elevated levels in mussels collected
from Boston Harbor include total DDT, total PCBs, lindane,
dieldrin, and total chlordane. Although general trends in con-
taminant distributions in Boston Harbor-Massachusetts Bays
have been defined (e.g., higher concentrations of total PAHs
in the inner harbor of Boston, lesser concentrations with dis-
tance from the inner harbor), critical information on biolog-
ical effects of chemical contaminants, specifically on popu-
lation processes is lacking.

Gardner and Pruell (1988) found significant histopatho-
logical lesions in M. arenaria at selected contaminated sites
in Quincy Bay including gill inflammation, atypical cell hy-
perplasia in gill and kidney, hyperparasitism with rickettsia
in digestive ducts-tubules, and general parasitism. In addi-
tion, reproductive development and spawning among male
and female clams appeared to be asynchronous. Kimball
(1994) also observed asynchrony in reproductive develop-
ment among three populations of M. edulis in Massachusetts
and Cape Cod Bays, but reductions in reproductive effort
among female mussels could not be attributed to the effects
of contaminants alone. Recent studies conducted by Moore
et al. (unpubl. rep.) in Massachusetts and Cape Cod Bays
revealed a suite of histopathological conditions associated
with chemical contaminant exposure in fish and shellfish.
Populations of M. arenaria and M. edulis collected along a
gradient of PAH contamination showed evidence of a wide
range of pathologies including gill hyperplasia and carci-
nomas, hematopoietic neoplasia, gonadal inflammation, par-
asitic infections in connective tissues and kidney, and kidney
hyperplasia. Discriminant analysis indicated that the preva-
lence of these pathologies was strongly correlated with high
levels of PAH contamination.

To examine the effects of lipophilic contaminants on pop-
ulation processes of marine organisms in the Boston Harbor-
Massachusetts Bays ecosystem, we examined the bioener-
getics, reproductive cycle, and population growth of M.
arenaria L. collected along a gradient of PAH contamina-
tion. Clams collected at each of the sites in Massachusetts
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Table 3. Selected PCBs and PAHs in sediments and clams (both in mg g21 dry wt) from Boston Harbor.

Contaminant

Sediment*

Neponset Saugus Ft. Pt. Ch.

Mya arenaria*

Neponset Saugus Ft. Pt. Ch.

PCB (IUPAC No.)
2,4,49 (28)
2,29,5,59 (52)
2,29,4,5,59 (101)
2,39,4,49,5 (118)

,0.10
,0.10

0.39
0.73

1.74
1.78
0.55
0.77

,0.10
,0.10

1.79
1.35

5.48
7.13

17.73
14.52

3.74
4.60
5.05
9.46

2.86
1.91
4.82
7.77

2,293,4,4959 (138)
2,29,3,4,49,5,59 (180)
Total PCBs

0.75
0.30
5.39

1.99
1.39

12.81

6.24
6.71

34.80

16.21
0.00

130.49

13.80
5.73

91.08

8.18
0.72

56.71

PAH
Phenanthrene
Fluoranthene
Pyrene
Chrysene

65
166
170

51

945
1,308
1,080

474

5,331
5,179
4,332
1,670

70
266
239
216

245
924
825
609

274
1,136
1,065

885
Benz[a]anthracene
Benzo[g,h,i]perylene
Total PAHs

38
36

1,450

655
1,574

18,342

1,931
2,223

66,121

81
230

1,904

314
348

5,113

484
730

7,374

* Range in concentrations at three upper Massachusetts Bays stations (Fort Point Channel, Saugus River, and Neponset River) (McDowell Capuzzo and Shea
unpubl. rep.). Sediment sample is a composite sample and clam sample is a composite of five clams; both composite samples were taken in March 1995.

Table 4. Pre-spawning digestive gland-gonad index and maxi-
mum lipid content of Mya arenaria collected from five sites in
Massachusetts Bay.

Station
Digestive

gland-gonad index* Lipid content†

Barnstable Harbor
Wellfleet Harbor
Neponset River
Saugus River
Fort Point Channel

30.6 6 1.5
34.1 6 1.2
19.8 6 0.7‡
22.1 6 0.7‡
19.9 6 1.0‡

105.5 6 6.4
116.9 6 5.3
105.2 6 5.9

84.0 6 3.7
101.5 6 6.0

* Wet wt of the digestive gland-gonad index/ wet wt of all soft tissue 3
100; mean of 25 replicates 6 1 SE.

† Total lipid content (mg g21 dry wt) of digestive gland-gonad complex;
mean of 25 replicates 6 1 SE.

‡ P , 0.01.

and Cape Cod Bays reflect differences in body burdens of
lipophilic organic contaminants indicative of sediment con-
tamination at each site (McDowell Capuzzo and Shea un-
publ. rep.; Table 3). Bioavailability of specific compounds
(especially pyrogenically derived PAH), however, varies
from site to site and is dependent on the relative partitioning
to porewater. Changes in condition index and the digestive
gland-gonad index for each clam population at the various
sampling periods reflect seasonal differences in the repro-
ductive cycle with the highest values being detected prior to
spawning. There is a significant interactive effect of sam-
pling season and site, and all stations in upper Massachusetts
Bay (Saugus River, Neponset River, and Fort Point Channel)
have significantly lower (P , 0.01) values at pre-spawning
(Table 4). Total lipid content (primarily triglycerides) of the
digestive gland-gonad complex was not significantly differ-
ent among the five populations of clams, but the total mass
of the digestive gland-gonad complex was significantly re-
duced at the contaminated sites. There was no significant
difference in length or live weight of clam populations from

any site during any sampling period. Thus, differences in
estimates in physiological condition are not related to size
differences but to specific differences in energy and lipid
storage.

The reproductive cycle of clam populations from the five
sites varied with respect to the timing and extent of the
spawning season but not with respect to the number of de-
veloping oocytes during a spawning event. Both female and
male clams from the reference sites had advanced stages of
gamete development during late spring and spawning con-
tinued through early fall. The large relative size of the di-
gestive gland-gonad complex and accumulated lipid provid-
ed sufficient energy for this extended reproductive season.
Populations from the upper Massachusetts Bay sites (Fort
Point Channel, Saugus River, and Neponset River) did not
spawn until midsummer and spawning occurred for only a
short period of time. Asynchrony in gamete development
between males and females was not observed at any of the
five sites. In addition to an abbreviated spawning season,
clam populations from the contaminated sites also showed a
high prevalence of gonadal inflammation (cell proliferation)
that was significantly different (P , 0.001) from reference
populations especially during late fall to early winter (Sep-
tember–December). The highest values for hematopoietic
neoplasia were detected at the Fort Point Channel site during
the December sampling (100%).

Discussion

Bivalve molluscs have been used extensively during the
past two decades as sentinel monitors of chemical contam-
ination (Butler 1973; Natl. Res. Counc. 1980; Farrington et
al. 1983) and more recently as organisms in biological ef-
fects monitoring (Bayne et al. 1988). As the relationships
between levels of chemical contaminants and biological re-
sponses in bivalve molluscs continue to be explored, insight
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of the toxic action of specific compounds and groups of
compounds have been elucidated. However, our knowledge
of cause and effect relationships between tissue burdens of
many contaminants and biological consequences in most
species is still incomplete.

The most important physiological changes associated with
exposure to lipophilic organic contaminants are those re-
sponses that may affect an organism’s growth and survival
and thus its potential to contribute to the population gene
pool. Alterations in growth potential may take place as a
result of changes in feeding behavior, respiratory metabo-
lism, or digestive efficiencies. Reductions in physiological
measurements (e.g., respiration rates, carbon turnover, and
scope for growth) have correlated with reduced growth rates
measured for bivalve populations from oil-contaminated
habitats (Gilfillan et al. 1976; Gilfillan and Vandermeulen
1978). Alterations in bioenergetics and growth of bivalve
molluscs appear to be related to tissue burdens of aromatic
hydrocarbons (Gilfillan et al. 1977; Widdows et al. 1982,
1987; Donkin et al. 1990). Widdows et al. (1982) demon-
strated a negative correlation between cellular and physio-
logical stress indices (lysosomal properties and scope for
growth) and tissue concentrations of aromatic hydrocarbons
with long-term exposure of M. edulis to low concentrations
of North Sea crude oil. Recovery of mussels following long-
term exposure to low concentrations of diesel oil coincided
with depuration of aromatic hydrocarbons (Widdows et al.
1987). Donkin et al. (1990) suggested that reductions in
scope for growth in M. edulis were related to the accumu-
lation of 2- and 3-ring aromatic hydrocarbons, as these com-
pounds induced a narcotizing effect on ciliary feeding mech-
anisms.

Many contaminants do not occur in isolation, thus, organ-
isms are often exposed to complex environmental mixtures
of several lipophilic organic contaminants and trace metals.
Examination of responses to multiple classes of contami-
nants and the interaction of environmental factors, such as
seasonal variability in response, can add new insight to the
additive, synergistic, or antagonistic effects of multiple con-
taminants. Responses of M. edulis collected along a contam-
inant gradient in Langesundsfjord, Norway, showed alter-
ations in lipid distribution, reductions in scope for growth,
and increased occurrence of histopathological responses co-
incident with accumulation of PAHs and PCBs (Moore
1988; Capuzzo and Leavitt 1988; Widdows and Johnson
1988; Lowe 1988). Widdows et al. (1990) examined changes
in scope for growth in the turkey wing mussel (Arca zebra)
collected along contaminant gradients in the waters sur-
rounding Bermuda. Reduction in scope for growth as a result
of both reductions in feeding rates and increases in metabolic
expenditures correlated with significant accumulation of
lead, tri- and di-butyltin, petroleum hydrocarbons and their
polar oxygenated derivatives, and PCBs. Decreases in feed-
ing rates could be attributed to non-specific narcosis asso-
ciated with the accumulation of low molecular weight hy-
drocarbons (Donkin et al. 1990), whereas the increases in
energy expenditures through increased metabolic rates could
be related to the accumulation of TBT through effects on
oxidative phosphorylation (Widdows et al. 1990). Bivalves
collected along the same gradient showed changes in bio-

chemical composition, especially in the ratio of neutral to
polar lipids and carbohydrate content (Leavitt et al. 1990a).

The relationship between disease processes and exposure
to lipophilic organic contaminants in bivalve molluscs has
not been elucidated. Mix (1988) suggested that our limited
understanding of the distribution of toxic chemicals in the
environment, their effects on cellular and physiological pro-
cesses, and mechanisms of biotransformation hinder our
ability to explore the relationship between contaminant ex-
posure and disease progression. Recent reports by Gardner
et al. (1991a,b) have provided strong empirical evidence of
causal relationships between contaminant exposure and the
prevalence of neoplastic conditions in bivalve molluscs. Sea-
sonal variation in both disease processes and the disposition
of contaminants in bivalve molluscs can influence the ulti-
mate expression of disease in populations from contaminated
habitats (Leavitt et al. 1990b; Elston et al. 1992).

In both M. edulis populations from New Bedford Harbor
and M. arenaria populations from Boston Harbor, differenc-
es in condition index and lipid reserves between contami-
nated and uncontaminated sites were greatest during the pre-
spawning period, consistent with the accumulation and
utilization of lipid reserves for reproductive development.
Differences in the levels of reproductive impairment be-
tween the two species may be directly related to the ener-
getics of the reproductive cycle. Populations of M. edulis
incorporated most of the accumulated energy to gonadal re-
serves, whereas populations of M. arenaria had sufficient
somatic reserves in addition to gonadal reserves. Lowe and
Pipe (1987) suggested that the reallocation of energy re-
serves from resorbed oocytes in M. edulis following expo-
sure to petroleum hydrocarbons may serve as a resistance
strategy to survive the effects of hydrocarbon exposure. Oth-
er investigators have observed that a reduction in egg num-
bers in M. edulis with cadmium exposure was compensated
by an increase in spawning frequency (Kluytmans et al.
1988).

The results observed in the two case histories reported
here illustrate that disruption in bioenergetics in bivalve mol-
luscs exposed to chemical contaminants can result in loss of
reproductive output and increased susceptibility to disease.
From these observations, effects on reproductive output ap-
pear to be largely determined by effects on energy storage
and utilization. Differences in the extent of reproductive im-
pairment may be linked specifically to energetic strategies
during the life history of individual species. The combined
stressors of energetic demand of reproduction, disease, and
contaminant exposure warrant that the evaluation of contam-
inant effects be conducted during the entire reproductive cy-
cle to assess the full extent of reproductive impairment.

Establishing a causal relationship between a specific con-
taminant and observed responses in populations of bivalve
molluscs from any contaminated habitat is problematic. Sev-
eral classes of contaminants occur simultaneously, the re-
sponses observed might occur with exposure to different
contaminants, and synergistic or antagonistic effects of sev-
eral classes of contaminants may occur. An understanding of
the specific mechanisms of toxic effects on gamete and lar-
val viability related to different life history strategies may
lead to the development of biomarkers for reproductive im-
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pairment in bivalve molluscs. Alterations in bioenergetics
linked with observations of reduced fecundity and viability
of larvae, abnormalities in gamete and embryological de-
velopment, and reduced reproductive success provide a
strong empirical basis for examination of population re-
sponses. Incorporation of these responses in demographic
models may lead to new insights on adaptations of specific
life history strategies to contaminant perturbations.
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