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ABSTRACT

The objective of this study was to assess the effects of industrial discharges, contaminated
primarily with trace metals, on populations of Lampsilis radiata (Bivalvia. Unionidae) in the
upper St. Lawrence River. Effects on shell growth were examined by (a) comparing growth
curves derived from analyses of external annual rings of clams sampled from sites located
upstream and downstream of four localized sources of discharges, and (b) measuring shell
growth for one year from clams that were transplanted into contaminated and uncontaminated
sites. Allozyme frequencies in clams from above and below discharges were determined for
glucose-phosphate isomerase (GPI) and phosphoglucomutase (PGM), two enzyme systems
reported to be sensitive to selection by polluted conditions. Field collected clams and
sediment were analysed for trace metal content to correlate soft tissue burdens with degree
of environmental contamination. Toxicity tests with glochidia larvae were performed with
zinc to test for differential resistance based on the source (upstream versus downstream of
a zinc - enriched discharge), and the GPI and PGM genotypes of the mother clams.

Minor depressions were detected in shell growth patterns of clams from downstream of’
discharges relative to clams from upstream in three out of four discharge areas. However,
no shell growth depression was observed in clams transplanted into contaminated sites. Shell
growth of transplanted clams was strongly affected by their collection source, suggesting that
genetic factors or irreversible physiological compensation is more important in controlling
shell growth that environmental contaminants. There was no evidence for differential
selection of allozymes in clams from upstream and downstream of discharges. Metal burdens
were elevated in clam tissue only in those from the most polluted site. Although glochidia of
clams from polluted and unpolluted sites exhibited significant among - clam variability in
resistance to zinc toxicity, differences were not related to source (site) or genotype of mother
clams.

These results suggest that populations of L. radiata in the upper St. Lawrence River are
either resilient to effects of industrial discharges, or that gene flow between sites is sufficiently

high to offset selective pressure by contaminants.
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1. GENERAL INTRODUCTION

1.1. Assessing Ecological Impairment

As running waters throughout the world are increasingly degraded, and recognition of
their ecological importance and societal value rises, their preservation and restoration
becomes imperative. For these actions to be effective, some measure of ecosystem integrity
or "health” (Nriagu 1989; Karr 1993) is required to determine the degree to which

environmental conditions are disturbed and to evaluate the effectiveness of remedial efforts.

Ecosystems comprise a complex array of structural and functional components, whose
states and interactions define system integrity. Ecosystem disturbance can be assessed in
terms of physical, chemical and biological variables. Physical and chemical attributes (such
as water flow regime and contaminant concentrations in sediments) are easier to assess than
the comparatively more complex and variable biological ones (such as population abundance
or mean fitness). However, it is in terms of biotic components (and their interactions with the
rest of the environment) that ecosystem "damage" is commonly recognized (Beanlands and
Duinker 1983; Mclntyre 1984).

Assessing biological damage is a difficult task, ideally involving the identification of
important and relevant components followed by a comprehensive study of their structure and
function (Beanlands and Duinker 1983). Lacking sufficient resources, technical capability or
theoretical understanding for such a study, researchers often concentrate on a restricted set
of components that are indicative of the general health of the ecosystem (Cairns and Pratt
1993). Thus, the monitoring of "indicator species” has found wide application in the
assessment of aquatic pollution (Phillips 1980; Hellawell 1986).

Benthic macroinvertebrates offer many advantages in biological monitoring and, in fact,
are the group of organisms most commonly used *o assess water quality (Rosenberg and Resh
1993). Bivalves appear particularily suitable. Phillips (1977) and Green et al. (1985) discuss
the criteria of good biological indicators of environmental quality, and why bivalves satisfy

many of the requirements. Their main points are that bivalves (a) continually filter water at
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relatively stationary positions for several years or decades, (b) are responsive (ie. show
changes in some measureable paramcters) to various pollutants at subcellular, cellular,
individual and populational levels of organization, (c) are often abundant and easily sampled
in polluted areas, and (d) are comparatively well studied taxonomically, physiologically and
genetically. Marine bivalves, especially the blue mussel (Mytilus edulis), have been used
extensively for monitoring pollutants such as trace metals and organic xenobiotic compounds
(Phillips 1977, Bayne et al. 1979; Cunningham 1979; Bayne 1989). Studies have examined
contaminant accumulation, enzyme induction, histopathology, effects on energy reserves,
growth and reproduction, and community characteristics such as species abundance and
d.stribution. Effects of environmental disturbance in freshwaters have been assessed using
unionid, corbiculid and dreissenid bivalves (Foster and Bates 1978; Imlay 1982; Green et al.
1989; Elder and Collins 1991, Johnson et al. 1993; Metcaife-Smith 1994).

1.2. Study Objectives

The purpose of this study was to assess effects of industrial effluents on populations of
unionid bivalves in the upper St. Lawrence River. As a river of great regional socio-economic
importance, it has been subjected to a wide range of industrial, municiple and recreational
uses (St. Lawrence River Remedial Action Team [SLRRAPT] 1992). In addition to non-
point sources of contaminants (e.g. agricultural and urban runoff, leachate from landfills,
atmospheric deposition and upstream loadings from tributaries and the Great Lakes),
numerous installations situated on the river's shorelines discharge effluents containing trace
metals, xenobiotic organic compounds, and raw sewage (Environnement Canada 1985,
SLRRAPT 1992). The degree to which the St. Lawrence River is now polluted has become
a public concern (Picard 1989), and governments at the provincial, state and federal levels
have developed remedial action plans (Metcalfe-Smith 1994).

Lampsilis radiata radiata (Gmelin), hereafter refered to as L. radiata, is one of the two
dominant unionids in the upper St. Lawrence River. It is found throughout the St. Lawrence
River (Clarke 1981), even in sites immediately downstream of some of the largest dischargers
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of contaminants. Based on the above criteria of Phillips (1977) and Green et al. (1985), the
physiological and ecological characteristics of the species suggest it has great potential as a
an indicator of biological effects of industrial discharges. 1 therefcre examined several
physiological and ecological aspects of L. radiata - shell growth patterns, population genetic
structure, soft tissue contaminant burdens, and larval survivorship in contaminant treatments

- for relationships to contaminant fields in several areas of the St. Lawrence River.

1.3. Structure of the Thesis

The main body of the thesis is divided into seven sections. This general introduction (Sec.
1) identifies the overall rationale and purpose of the research, describes the study area,
introduces the study organism, outlines the mechanisms by which industrial effluents can
affect populations of bivalves, and states some general expectations about what information
can be obtained from the results. The next four sections deal with the different methods used
to assess effects of industrial effluents on clams. Sections 2 and 3 are about the effects of
such effluents on shell growth. They describe an observational study of differences in growth
pattermns between populations upstream and downstream of contaminant discharges (Sec. 2),
and transplantation experiments with clams from contaminated and uncontaminanted sites
(Sec. 3). Description and discussion of the methods used to reconstruct shell growth patterns
are given in Appendix B. In Sec. 4, allozyme genotypes of two loci (Gpi, Pgm) are
determined for the same clams collected for the observational shell growth study.
Frequencies of alleles and genotypes are analysed for differences between groups from
upstream and downstream of outfalls. Interrelationships among sediment contaminant levels,
clam soft tissue contaminant burdens, shell growth patterns and allozyme genotypes are
examined for groups of clams in Sec. 5. The toxicity of zinc, an important contaminant in the
Cornwall area, is tested with glochidia larvae, the life stage likely the most sensitive to
pollution, in Sec. 6 Maternal source (habitat) and allozyme genotype are considered as
additional factors in the toxicity response. Section 7 summarizes the main findings and states

the overall conclusions from the study.
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The clams that were studied from downstream of the industrial outfalls lived in some of
the most contaminated regions of the St. Lawrence River. The fact that clams survive in
substantial numbcrs in these habitats raises several questions. Do they suffer from sublethal
toxicological effects? Has there been selection for genotypes resistant to pollution? Are they
actually exposed to discharged contaminants? The components of this study were designed
to answer these specific questions, and to determine if unionid bivalves such as L. radiata are
suitable as an indicator organism (ji.e., a species whose biological response at the biochemical,
physiological or autecological level is informative of specific environmental conditions) of

effects of industrial effluents.

1.4. Study Areas

Situated along the upper two-thirds St. Lawrence River, between its source at Lake
Ontario and the city of Sorel at the junction of the Richilieu River, are over 50 industrial
installations that presently or have historically (< 1990) discharged effluents (Environnement
Canada 1985; SLRRAPT 1992). The majority of these outfalls are located adjacent to the
cities of Cornwall, Montreal and Sorel (Fig.1.1). Studies were designed to assess the effects
of effluents from four areas of discharges - (a) the north channel of the river at Cornwall, (b)
the south channel of the river at Cornwall, (c) the Montreal area, and (d) the Sorel area.
Although effluents affecting these areas originate from a variety of industries, trace metals,
iron and polychlorinated biphenyls (PCBs) are the main contaminants (Environnement Canada
1985, SLRRAPT 1992).

1.4.1. Sources of contaminants The Cornwall, N. Channel area received wastewater from
three major sources: a submerged diffuser shared by a kraft pulp mill (Domtar Fine Papers)
and an inorganic and organic chemicals manufacturer (ICIl(formerly CIL)/Cornwall
Chemicals), a diffuser from an organic chemicals manufacturer (Courtaulds Fibres and
Courtaulds Films [closed 1989]), and the outfall from the City of Cornwall sewage treatment
plant (SLRRAPT 1992). Effluent from the the kraft pulp mill, which is the second highest




75°W

Quebec

46° N

Montreal

Cornwall | 45° N

Kingston
74° W

Fig. 1.1. Locations of study areas in the St. Lawrence River.
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in volume among 27 other sucl. plants in Ontario (Ontario Ministry of the Environment
[OME] 1991), had relatively high 5-day BOD (biochemical oxygen demand) and total
suspended solids, and previous to 1980, mercury (Kauss et al. 1988). Effluent from the
inorganic and organic chemicals manufacturer also contained elevated amounts of mercury
in the past (Kauss et al. 1988), but has recently been in compliance with federal chlor-alkali
regulation (SLRRAPT 1992). The organic chemicals manufacturer has released amounts of
zinc, mercury and lead substantially in excess of provincial water quality objectives (OME
1992).

The Cornwall, S. Channel area has been influenced by three aluminum smelters -two
located on the adjacent shoreline (Reynolds Metals, General Motors Central Foundry) and
the third (ALCOA) 10 km up the Grasse River in Massena, NY. These installations were
reperted to be the largest source of PCBs to the St. Lawrence River west of the Quebec
border (SLRRAPT 1992). The Grass River itself is aisv a potential source of contaminants
(Kauss et al. 1988). The U.S. Environmental Protection Agency recently targeted this section
oi .he river for "Superfund" remediation (SLRRAPT 1992).

The main stem of the St. Lawrence River in the Montreal area has been subject to the
discharges from at least two dozen industries, urban runoff from a large city, and the inflow
of the Ottawa River (Environnement Canada 1985). A wide range of metal contaminants
were reported in effluents from these sources.

Sorel, and the adjacent town of Tracy, are the homes of several smelters (QIT - Fer et
Titane Inc., Rio Algom Ltée., Acieries Slater Ltée.) and a pigment manufacturer (Tioxide
Canada Inc.). These industries have released enormous amounts of metals - at one time
accounting for 97% of the Pb, 80% of the Ni, 72% of the Cr, 67% of the Fe, 55% of the Zn,
and 34% of the Cu loads to the St. Lawrence River between Comwall and Sorel
(Environnement Canada 1985). The Richilieu River, which enters the St. Lawrence R. at
Sorel, alsc contributes loads of Cu and Zn greatly in excess of those from the local sources
(Environnement Canada 1985).
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1.4.2. Study sites The general study design for assessing the effects of industrial effluents
involved sampling clam beds immediately upstream and downstream of each of the above four
industrial areas. Eight primary sites (nos. 2 -5, and 8 - 11) of four upstream/downstream
pairs, and five secondary sites (nos. 1, 6, 7, 13, 15) were selected for study (Fig.1.2, Table
1.1). Based on the locations of outfalls (Environnement Canada 1985, SLRRAPT 1992),
effluent flow distributions and dilutior measurements (Nettleton 1988), and surveys of
contaminant distributions in sediments (Kauss et al. 1988; Anderson 1990, Richman 1994;
this study, App. A), sites 2,4, 6, 7, 8, 11 and 15 are considered chemically impacted and sites
1,3,5,9, 11 and 13 comparatively unimpacted by local industrial disharges.

1.4.3. Observed contaminants field: dissolved substances Water quality of the St.
Lawrence River is strongly influenced by that of Lake Ontario. At Comwall, 95% of the flow
in the St. Lawrence R. is estimated to be from the Great Lakes (SLRRAPT 1992). Based on
multivariate analyses of 19 water quality variables (physical characteristics, major ions,
nutrients, metals) for 77 stations between Cornwall and Quebec City, Désilets and Langlois
(1989) identified two major water masses - one from Lake Ontario and another from the
rivers that drain from the Precambrian Shield (including the Ottawa and others entering on
the north shore). Mixing of these waters is poor until well downstream of Sorel, with the
softer Shield water confined to the northern side of the St. Lawrence River. Sites in the
present study should share much of the same water mass, except in localized, nearshore areas
immediately below inflows from tributaries and discharges from riparian industries (Kauss et
al. 1988, Désilets and Langlois 1989).

Data from 25 stations between Comwall and Sorel (M. Charette, Water Quality Branch,
Environment Canada, pers. comm.;, App. A) support this. Specific conductance, a coarse
measure of the concentration of dissolved ions, is about 300 uS/cm, except for stations near
the Ottawa River inflow or the north shoreline. Calcium concentration and alkalinity, two
factors important to bivalve shell growth (Green 1972; Burky 1983), show similar trends. For
most stations Ca concentration was about 35 mg/L, and alkalinity averaged 80-90 mg




CORNWALL AREAS

Fig. 1.2. Study sites in the St. Lawrence River. Outfalls are indicated by
V. The Grasse R. also receives effluent 10 km upstream from its mouth.
Based on river flow (which is from left to right) and movements of
discharge plumes, sites 3, 5, 9, 11 and 13 are "above” discharges, and sites
2,4, 6,7, 8, 10 and 15 are below. (Site 1, at the source of the St.
Lawrence R, is not shown.)



Table 1.1. Locations of study sites in the St. Lawrence River.

Site Latitude (N) Longitude (W)
1 44° 12' 24" 76° 14' 18"
2 45° 01' 22" 74° 39' 50"
3 45° 00' 34" 74° 43' 04"
4 44° 59' 18" 74° 44' 18"
5 44° 59' 34" 74° 46' 01"
6 45° 00' 36" 74° 44' 05"
7 44° 59' 09" 74° 45' 35"
8 46° C3' 10" (1989) 73° 05' 21" (1989)
46° 03' 02" (1990) 73° 05°' 40" (1990)
9 46° O1'37" 73° 09' 42"
10 45° 35' 10" 73° 29" 45"
11 45° 24' 32" 73° 53' 40"
13 45° 00' 27" 74° 44' 48"
15 45° 01' 15" 74° 41' 09"

* Dredging immediately upstream of Site 8 in 1990 resulted in the heavy deposition of
sediment on the clam bed sampled in 1989. Collections in 1990 were therefore conducted

several 100 m upstream, above the dredging.
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CaCOyL. Turbidity, which may be correlated to the supply of food available to filter feeders
such as unionids, shows less variability among sites than within sites.

Dissolved metals show little importance as factors discriminating sites. Concentrations

were frequently near or below detection limits, or not different among sites in the mainstream
sections of the St. Lawrence River (App. A).

1.4.4. Observed contaminants field: suspended particulates Studies in the Cornwall area
in 1979 (Kauss et al. 1988) and 1988 (Anderson and Biberhofer 1991) suggest that
contaminant - bearing particulates in industrial effluents are deposited within several
kilometres downstream. Kauss et al. (1988) reported higher concentrations of Cr, Hg, Pb,
Zn and PCBs in particulates near site 15 (Fig. 1.2), just below the Courtaulds outfall,
compared to a location 1 km downstream of site 2. Effluents from Courtaulds sampled in
1988 contained substantial amount of Hg, Zn, Cu and Pb, but there was very little difference
in the concentrations of these or any other of the metals analysed (Al, Ar, Cd, Co, Cr, Fe, Ni,
Se) in particulates from 3 km above site 13 and 4 km downstream of site 2 (Anderson and
Biberhofer 1991). Furthermore, Anderson (1990) linked elevated sediment concentrations
of Hg, Pb and Zn in the Cornwall area with the same inorganic contaminants in the effluents
of local sources.

1.4.5. Observed contaminants field: sediments Three surveys in the Cornwall study areas
in 1979 (Kauss et al. 1988), 1985 (Anderson 1990) and 1991 (Richman 1994), in addition to
samples collected in 1989 and 1990 for the prese: . study (App. A), indicate substantial
contamination of sediments in sites downstream of sources of industrial effluents. In the
Comwall, N. Channel area, the major contaminants are Hg, Zn, and Pb, especially near sites
15 and, to a lesser degree, site 2 (Fig. 1.2). Methyl mercury, the most bioavailable form of
mercury (Luoma 1983), was also elevated in sediments immediately downstream of Hg
sources, and was highest near site 6 (0.012 ug/g vs 0.001 ug/g upstream of the discharges;
Richman 1994). Concentrations of total metals in sediments from stations resampled for thic
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surveys in 1979, 1985 and 1991 generally show no significant decreases through time
(Anderson 1990, Richman 1994).

Sediments from downstream of discharges in the Comnwall, S. Channel area are primarily
polluted with PCBs. Samples from stations along the southern shoreline, including ones
within several hundred metres of sites 4 and 7 (Fig. 1.2), contain levels of total PCBs 1 - 2
orders of magnitude greater that samples from the N. Channel and upstream of local sources
(1000 - 14000 ng/g vs < 100 ng/g; Kauss et al. 1988; Anderson 1990). This condition has
existed since at least 1975 (Metcalfe and Charleton 1990). Site 7 also showed substa: tially
elevated concentrations of Cd, Cu, Mn, Ni, Se and Zn (Fig. A.3, A 4; App. A).

Characterizations of sites downstream of t! ~ Montreal (site 10) and Sorel (site 8) areas
are based solely on samples from the present study (App. A). Below Montreal, sediment
concentrations of total Hg, Zn, Cu, Fe and As are higher than those measured upstream of
discharges (Fig.A.3), and all except As exceed Provincial Sediment Quality Guidelines
(Persaud et al. 1992). Extractable concentrations of metals, generally considered a better
measure of the bioavailable fraction than total concentrations (Tessier and Campbell 1987,
Luoma 1989), show only Zn and Mn as elevated (Fig. A.4). Sediments from downstream of
the Sorel industries are heavily polluted by both total and extractable concentrations of Cu,
Co, Ni, Cr, Pb, Fe and Zn (Figs. A 3, A 4).

Table 1.2 lists the important contaminants identified in the study sites downstream of the
industrial discharges. Based on sediments sampled for the present study, all the primary sites
below outfalls (er.cept site 4) appear chemically impacted by metals. Combined metal
concentrations (in units of mmol/kg) for the eight primary study sites (Figs. A.S and A.6),
show higher overall levels in sites 2, 8 and 10 relative to their paired upstream sites. An
ordination of sites by PCA (App. A), further supports this conclusion.




Table 1.2. Major contaminants in sediments of study sites (Fig. 1 2) downstream of industrial

outfalls in the St. Lawrence River.

SITE AREA CONTAMINANTS® REFERENCES"
2 Cornwall, N. Channel Hg., Zn, Pb 2,3.4
4 Comwall, S. Channel PCB 1.2.4
6 Comnwall, N. Channel Hg 2.3
7 Comnwall, S. Channel PCB, Cu, Ni, Cd, Zn, 1,2,4
Mn, Se
8 Sorel Cr, Fe,Ni, Co, Cu,Pb, 4
Zn
10 Montreal rAg, Zn, Mn, Cu 4
15 Comwall, N. Channel Zn, Hg, Pb 2,3

* in approximate order of importance, which among metals ic based on the percent

concentration exceeds Provincial Sediment Quality Guidelines (Persaud et al. 1992)

® 1. Kauss et al. (1988) 2. Anderson (1990) 3. Richman (1994) 4. this study (App. A)
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1.5. Study Organism

Lampsilis radiata radiata (Gmelin), also known as the eastern lampmussel, is a common
unionid bivalve found in the lower St. Lawrence River and Atlantic Slope drainages from
southern Quebec and eastern Ontario to South Carolina (Burch 1975; Clarke 1981). In the
upper St. Lawrence River, there is evidence of some intergradation with the closely related
L.. radiata siliquoidea (Barnes) from the Interior Basin (Clarke 1981). (Kat (1986) regards
this latter taxon as a distinct species, L. siliquoidea, with which L. radiata can hybridize.)
Clarke and Berg (1959) described an intergradation in the St. Lawrence River drainage, with
the influence of siliquoidea highest in Lake Ontario and western New York and lowest in
Lake Champlain and the St. Lawrence River near Comwall. According to Clarke (1981),
pure L. r. siliquoidea are rare below Lake Erie, and intergrades with L. r. radiata can be
refered to as Lampsilis radiata (sensu lato). Based on shell morphology, clams' collected for
the present study generally resembled L. r. radiata, but in recognition of the potential
inclusion of intergrades, clams will be refered to as L. radiata.

Lampsilis radiata, of the tribe Lampsilini in the subfamily Ambleminae (Davis and Fuller
1981), is eurytopic and one of the most abundant of unionids in its range (Clarke and Berg
1959, Strayer 1987). Like all unionids, a salient feature of its life history is a mode of
reproduction involving the obligate parasitism by its larvae on a fish. This characteristic has
important consequences for the organism's dispersal (Kat 1984) and possibly its
ecotoxicological responses to pollutants (Huebner and Pynnonen 1992). The larvae, or
glochidia, develop from fertilized eggs in modified chambers (marsupia) of the gills in females.
When mature, the bivalved glochidia are discharged through special holes at the bases of the
marsupia and released from the clam to be taken up by a host. The breeding season for L.
radiata begins in late summer and lasts almost a year (Clarke 1981). In the Lampsilini, edges
of the mantle are modified to resemble a small fish which, coupled with a particular wriggling

' Although unionids are traditionally and, perhaps, in the strict sense more correctly referred to as
"mussels” and not "clams”, the latter will be used here to avoid confusion with the recently exotic zebra mussel
(Dreissena polymorpha).
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behavior, serve to attract a host (Kat 1984) Although the host fishes for .. r. radiata are not
known (Clarke 1981), it is likely that they include some of the 5 - 10 species used by /.. r.
siliquoidea (Clarke and Berg 1959). Glochidia clamp on to the host, usually at the gills, and
encyst for several weeks. During this period the adult organ systems develope. Juvenile
clams then erupt from gill tissue, and drop from the host (Coker et al. 1922). On suitable
substrate, juveniles burrow into the bottom and continue development to adults.

Adult clams are sedentary, and feed by filtering organic, particulate matter from the water
column. Sexual maturity is attained after several years (Coker et al. 1922). Adult
survivorship is high and lifespans can be as long as several decades (Burky 1983), which in
addition to low survivorship past the juvenile stage, accounts for the dominance in natural
populations of large, adult individuals (McMahon 1991).

Substrate type, water chemistry (especially hardness and oxygen concentration) and food
supply are important natural factors that affect distribution, growth and abundance of unionids
(Fuller 1974; Burky 1983). These factors are not, however, independent of each other.
Maximum abundance of clams occurs in fast currents and at depths less than 10 m (Jurky
1983). Fuller (1974) remarks that the major biotic relationship of clams (excluding humans)
involves their parasitism of fishes. Unlike marine bivalves, unionids show few adaptations in
shell structure and behavior that suggest that predators have been of significant evolutionary
consequence (Vermeij and Dudley 1985).

1.6. Effects of Metal and PCB Contaminants on Bivalves

Exposurc to biologically available contaminants can produce toxicological effects
throughout the organizational hierarchy of organisms, from the subcellular and cellular levels,
through organs and individuals, and up to populations and communities (Haux and Forlin
1988). As outlined below, initial responses include uptake and accumulation in tissues. If
cellular detoxification and depuration systems are inadequate, altered structure and deficient
function of important macromolecules such as enzymes and nucleic acids can occur, resulting

in impairment of dependent physiological processes. Reduced survival can occur if
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impairment is severe, and reproductive output may be lower under sublethal impairment.
Resistance to the effects of toxicants incurs some degree of energetic costs that would
otherwise be available for production (Calow 1991).

1.6.1. Metals The bioavailability of metal contaminants to aquatic organisms is affected by
numerous geochemical and biological factors (reviewed by Luoma 1983; Campbell and
Tessier 1989). Although these factors can interact in complex and incompletely understood
ways (Luoma 1989), several generalizations relevant to the present study are possible. It is
accepted that a substantial fraction of most metals entering aquatic systems are partitioned
into colloidal and particulate phases and eventually transported to sediments (Yeats and
Bewer 1982, Batley 1983; Moore and Ramamoorthy 1984; McIntosh 1991; Warren and
Zimmerman 1993). Filter-feeders such as unionids are thus likely to be exposed to metals
downstream of outfalls polluted with metals. Bioaccumulation of metals from contaminanted
freshwater environments has been widely observed in bivalves (Havlik and Marking 1987;
Elder and Collins 1991), indicating that metals are bioavailable to some degree (Bayne 1989,
Luoma and Carter 1991).

Uptake of a metal is affected by a variety of factors related to the form of the metal and
physiology of the organism (Luoma 1983; Elder and Collins 1991; Roesijadi and Robinson
1994). In bivaives, the gills, foot, mantle and digestive tract have buen implicated as sites of
uptake (Simkiss and Mason 1983). Metals are generally taken up more efficiently from
solution than from particle-bound forms (Luoma 1983; Roesijadi and Robinson 1994).
However, ingestion is often the most important source of metals to organisms that feed on
particles because the concentrations of most metals are orders of magnitude greater in
sediments than in solution (Simkiss and Mason 1983, Luoma 1983, 1989).

Regulation and toxicity of metals in aquatic organisms has been recently reviewed by
Simkiss and Mason (1983), George and Viarengo (1985), Luoma and Carter (1991), and
Roesijadi and Robinson (1994). Protection against toxic levels of metals within cells appears
to involve uptake from the cytosol, sequestration in an inactive form, and excretion. Specific

mechanisms of the metabolism of metals, many of which are essential to enzymatic processes,
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are not completely understood. However, it has been observed that in a variety of taxa these
processes involve specific metal binding proteins (metallothioneins, which are inducible by
high metal concentrations, ferritin, and possibly transferrin), subcellular inclusions such as
granules, lysosomes and other vesicles. Excretion, where observed, possibly occurs through
renal or digestive pathways, at a slower rate than metal binding and storage. Certain granules
appear to accumulate without being eliminated. Metal influxes that overwhelm cellular
regulation processes can result in biochemical toxicity by binding and impairing the function
of cytosolic enzymes. Damage to lysosomes has also been observed, resulting in leakage of
hydrolytic enzymes and consequent damage to cell structure and function and, because of the
role played by lysosomes in metal sequestration, a reduction in the rate of detoxification.
Because metal detoxification requires increased protein synthesis for the induction of
metal-binding proteins, replacement of degraded enzymes, and repair of damaged cellular
structures, less energy is available for growth and the production of gametes (Bayne 1989).
In bivalves, specific physiological and whole organism processes that show sensitivity to
metal contamination include feeding rate, respiration, nitrogen excretion (indicative of protein
use), gamete and embryological developr |, "scope for growth” (sensu Bayne et al. 1985)
and tissue growth (reviewed in Leland a... Kuwabara 1985; Luoma and Carter 1991)
Population - level effects of metal contaminants on bivalves, such as reduced abundance,
are not well documented. Difficulties in establishing causal relationships between multiple,
interacting environmental factors and population factors (e.g. abundance and density) may
partially account for this. Responses of populations are often more subtle, involving reduced
fecundity and differential survival related to age, size, or genetic factors, which can alter
population age structure, or select for pollutant-tolerant genotypes (Luoma and Carter 1991;
Mulvey and Diamond 1991). Furthermore, physiological effects, such as reduced growth and
reproductive output may not necessarily result in decreased population size. In organisms
where larval mortality is naturally high (e.g. bivalves), density-dependent regulation of
recruitment may make pollutant-related effects negligible (Underwood and Peterson 1988).
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1.0.2. PCBs Although the reactivity and transfer of polychlorinated biphenyls in aquatic
environments differ among congeners, in general PCBs are highly mobile and persistent
(Eisenreich et al. 1983). Owing to their hydrophobicity, many PCBs (especially higher
chlorinated congeners) tend to adsorb onto particles and settle to sediments, which can serve
as reservoirs for further exchanges among other compartments, including biota (Eadie et al.
1983, Thomann and Muell:r 1983, Allan 1989). PCBs are very soluble in lipids and have
been widely observed to bioconcentrate in food webs (Safe 1984; Gilbertson et al. 1991),
including unionid clams in the Great Lakes and St. Lawrence River (Metcalfe and Charlton
1990).

Potential toxicological effects of PCBs on animals have been reviewed by Safe (1984).
Following uptake, PCBs can induce the cytochrome P-450, ethoxyresorufin O-deethylase
(EROD), or benzo[a]pyrene hydroxylase systems, whose synthesis is, as for metal binding-
proteins, energetically expensive (Bayne 1989). Failure to detoxify certain isomers and
congeners can result in damaging interactions with proteins, DNA and RNA. Observed
effects (in mammals, birds, and some fishes) include hepatic toxicity, immunotoxicity,

reproductive impairment, genotoxicity and epigenetic effects (Safe 1984).
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2. SHELL GROWTH PATTERNS IN NATURAL POPULATIONS FROM
UPSTREAM AND DOWNSTREAM OF INDUSTRIAL OUTFALLS

2.1. Introduction

Growth of shells in many marine and freshwater bivalves is strongly affected by
environmental conditions, such as temperature, water chemistry, substrate type, turbulence
or current velocity, food supply, turbidity, and anthropogenic contaminants (Hallam 1965
Seed 1980; Tevesz and Carter 1980; Bayne et al. 1985). The relationship of shell structure
and growth rate to environmental conditions has been applied by paleontologists in
reconstructing past environments (Rhoads and Lutz 1980). Growth is also considered a
relevant character by ecotoxicologists in assessing the health of an individual. Studies of
physiological responses to pollutants often involve the balance within an organism of energy
gained from food and energy lost to maintenance processes (Bayne 1989). Growth and
reproduction, both of which bear heavily on fitness, are possible only when the energy balance
is positive. Furthermore, because growth results from numerous biochemical activities, it
integrates toxicological responses from lower levels of biological organization.

Studies of intra-specific variability in shell form of freshwater clams related to
environmental factors suggest some degree of phenotypic plasticity in response to these
factors (Green 1972; Green et al. 1989). The influence of natural conditions on the shell
morphology of unionaceans has been reviewed by Eager (1978) and Tevesz and Carter
(1980), and examined more recently by Kat (1982, substrate), Mackie and Flippance (1983,
water chemistry), Hinch et al. (1986, substrate), Bailey and Green (1988, current velocity,
substrate), Hinch and Bailey (1988; current velocity), and Hinch et al. (1989; water chemistry,
substrate). In general, thicker and larger shells are associated with hard, fast flowing, warm
and productive waters. Shell obesity or width at a given length appears negatively correlated
with substrate particle size. These relationships are not consistent though, especially among
lakes and rivers. Often correlations exist among factors, such as current velocity and

substrate particle size or food supply. In addition, the relationship between environmental
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factors and shell structure may not be monotonic. For example, moderately fast currents
likely supply more food particles than slower currents, promoting larger, faster growing
individuals. With further increase in current, however, the energetic cost of maintaining
position can result in smaller, "stunted” clams (Bailey 1987).

Rate of growth is also influenced by the same environmental factors affecting shell form.

The effect of temperature on shell growth is well known for unionids in temperate regions.

After accounting for effects of habitat type, clams in warm waters grow faster than clams in
cold waters (Tevesz and Carter 1980). Regarding other conditions, those which decrease
energy intake or increase body maintenance costs leave less energy available for growth and
reproduction (Bayne 1989). Thus, clams in poorly-productive, calcium-deficient, low-water
flow environments tend to grow slower than those from highly-productive, calcium-rich, high-
flow environments.

Environmental pollutants have long been recognized as stresses to freshwater bivalves
(Fuller 1974; Havlik and Marking 1989). Metal contaminants can retard growth through
several routes: reduced energy intake and assimilation, due to valve closure to avoid exposure
to toxicants or enzyme impairment; increased metabolic maintenance costs, due to metal
detoxification and repair of damaged tissues; and slower tissue production, due to impairment
of required biochemical pathways (see Sec. 1.6.1). Although observed in marine systems
(Luoma and Carter 1991), depression of bivalve shell growth due to metal pollution has not
been as widely examined in freshwater systems, especially for unionids (Elder and Collins
1991).

The pattern of mineral deposition in bivalve shells results from interacting environmental
and physiological factors (Lutz and Rhoads 1980). Both externally and internally, bivalve
shells commonly show discontinuities in structure due to growth interruption, corresponding
to both regular periods related to lunar and solar cycles, and episodic events such as predator

attacks, storms, pollution and spawning (Lutz and Rhoads 1980). In many species of
unionids from temperate regions, several kinds of growth rings or lines have been described.
Workers as early as Isley (1914), Coker et al. (1922), and Chamberlain (1931) recognized
two types: dark, macroscopic rings ("annuli") visible on the exterior and believed due to
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winter growth cessation; and lighter, microscopic rings ("pseudoannuli*) less regularly visible
and considered due to shorter-term growth disturbances. These structures, as well as
ultrastructural rings, are also visible in cross sections of shells as darkened lines, and are
apparently caused by altered arrangement and composition of CaCO, (calcite, aragonite) and
protein (conchiolin) in response to environmentally induced valve movements (Lutz and
Rhoads 1980; Day 1984).

There has been some debate about the annularity of the macroscopic growth lines.
Whereas the periodicity of growth lines in marine bivalves has been extensively investigated
and established (Lutz and Rhoads 1980), evidence of annularity of freshwater shell growth
rings (Isley 1914; Coker et al. 1922; Negus 1966, Podemski 1992) is more lirnited. Imlay
(1982), Tevesz and Carter (1980) and McCuaig and Green (1983) accept that, in at least
some species, true annual growth rings can be identified, especially when cross-checked with
internal lines and verified by field mark-recapture studies. Downing et al. (1992), on the other
hand, observed that the number of annuli formed per year in two species of marked and
recaptured clams was variable and often less than one, especially in larger individuals. They
caution against the use of data from annuli whose annularity has not been verified.

For many bivalve taxa, shell growth is fitted well by the von Bertalanffy growth model
(1) Lt=L~(l'e-b)

where L = size, ¢ = time, L_= maximum size and k = instantaneous growth rate at = 0 (Seed
1980). This asymptotic growth model describes an increase in size over time whose rate is
proportional to the degree L, is less than [, . Growth of this pattern has been previously
observed in Lampsilis from several locations: L. feres from the lower Mississippi River
drainage (Chamberlain 1931), L. radiata siliquoidea from the upper Mississippi River
(Chamberlain 1931); L. radiata from the St. Lawrence River (Magnin and Stanczykowska
1971); L. r. siliquoidea from Lake Erie (McCuaig and Green 1983, Bailey 1987), /L. r.
radiata from Lake Champlain (Day 1984), and L. radiata from Lake Ontario (Podemski
1992). McCuaig and Green (1983) applied the "Walford Plot” method to describe patterns
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fitted by this model. The method involves the use of consecutive annuai rings and the linear

regression equation

() lh.,=a+bL,

where /.,,, and L, are the lengths of two rings for years ++1 and ¢. The intercept, a, represents
length after the first year, and the slope, b, the fraction of the total growth remaining after the
first year. The two Walford Plot parameters are related to the von Bertalanffy parameters by

3) L.=al(l-b) and

) k= -Inb

McCuaig and Green (1983) and Green et al. (1989) proposed using unionid shell growth
rate (as described by the above parameters) as a sensitive indicator of environmental
conditions. Beds of L. radiata are found throughout the St. Lawrence River (Clarke 1981),
including below several areas discharging industrial effluents in sites heavily contaminanted
with metals and PCBs. The purpose of this study was to estimate mean rates of shell growth
for populations of clams living above and below of four areas of contaminant discharge, and
to determine if clams downstream of the outfalls show depression in their rate of growth

relative to those upstream.
2.2. Methods
2.2.1. Sampling design and collection of clams Lampsilis radiata were collected in June

1989 from clam beds located upstream and downstream of four areas receiving point source
discharges in the St. Lawrence River: sites 2 and 3 in the north channel of the river at

Cornwall, sites 4 and S in the south channel of the river at Cornwall; sites 8 and 9 at Sorel;
and sites 10 and 11 at Montreal (Fig. 1.2). Historical information on the effluents discharged
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from these sources and measurements of contaminant concentrations in sediments (Sec. 1.4 ;
App. A) suggest that clams in the downstream sites (2,4,8,10) have been exposed to
substantially higher levels of trace metals or PCBs (Table 1.2) than clams in the upstream sites
(3,5,9,11).

From each of the eight paired collection sites, at least 50 clams of all available sizes were
collected from depths of 2 - 9 m by divers or oyster tongs. Within several hours, the clams
were shucked, and the shells labelled. Both valves were later cleaned of residual soft tissue,
and as much externally attached algae and sediment as possible without scraping off

periostracum, and dried.

2.2.2. Identification and measurement of growth rings In contrast to some other
unionids, the external, macroscopically visible growth lines on the shells of L. radiata are
generally distinct and easily identified (McCuaig and Green 1983; Day 1984, Podemski 1992).
This was true for the present study, except for the earliest one or two rings (which were
usually eroded) and for the oldest rings in some large clams (which were often closely spaced
and weakly defined). These external growth rings were assumed to mark winter growth
interruptions because internal growth lines, which were examined in cross-sections prepared
from 15 shells (App. B), corresponded well to external rings in both position and number.
Although field verification of growth ring annularity was not attempted in the St. Lawrence
River, Podemski (1992) demonstrated yearly ring deposition in L. radiata s..arked with
oxytetracycline in the Bay of Quinte, Lake Ontario, which is within 100 km from the outflow
of the St. Lawrence River.

Clams were aged using rings from both valves. The valve with the least amount of
erosion was examined wet, which improved ring visibility. The other valve was examined dry.
Shells were examined using reflected and transmitted light from an incandescent lamp. The
dark, often raised rings on the periostracum were counted from the umbo to the shelt edge.
In preliminary examinations of shells, the first growth ring, when visible, tended to be 10 - 20
mm in length, which agreed with estimates from other studies of the length at one year for L.
radiata (McCuaig and Green 1983, Day 1984). Therefore, for shells with extensive erosion
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in the umbo region, rings larger than 20 mm were assumed to be the second year's growth
ring. Possible bias and annual ring misidentification were checked by thin-sectioning (App.
B) approximately 15 shells and comparing age estimates with those obtained by external ring
counts. Agreement was usually within 1-2 years. Measurement error was estimated to range
from £0 to £3 rings, depending on the age and degree of umbo erosion of the individual.
At the same time as aging, maximum lengths (Fig. B.1) of as many as 10 extemnal rings
were measured from the left valve (or right if left valve extensively eroded) of each clam using
digital or dial calipers (precision = 0.01 mm). All measurements were made by the same
individual. Independent remeasurements of clams indicated measurement error to be =0.1

mm.

2.2.3. Growth pattern determination and analysis Scparate growth patterns were derived
for each of 421 clams which had at least three measureable ring pairs (App. B). Initially,
Walford Plot regressions (eq. 2) were fitted to ring lengths using the Geometric Mean
method, as recommended by McArdle (1988) for data of this type. This method is preferred
over the Ordinary Least Squares method when error in observations of the independent (X)
variable is approximately equal to error in observations of the dependent (Y) vanation.
Walford Plot parameter estimates a and b were used to estimate von Bertalanffy parameters
L_and k (eqs. 3 and 4). Lastly, with equation 1, growth curves were derived for ages 0 - 12
years.

Shell growth patterns in the eight groups were analyzed by one-way multivariate analysis
of variance (MANOVA), which tested for differences among sites based on Walford Plot
estimates of intercept a and slope 5. Observations were weighted by the degrees of freedom
of the regression from which a and b were estimated. Following the MANOVA, canonical
discriminant analysis (CDA) was performed on the same data to determine which groups of
clams were different and, in particular, whether clams from downstream of industrial
di=-* ges showed different growth patterns from those of clams from upstream of
discharges. Two uncorrelated canonical variates (CVs) were derived that maximized

discrimination among the eight groups. Group differences in growth pattern were assessed
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for each CV using one-way ANOVA and Fisher's LSD multiple comparison of means.
Significance levels for comparisons were adjusted using the Bonferroni inequality (Jones
1984) to limit experiment-wise type I error rate to < 0.05.

2.3. Results

Between one-half to two-thirds of the external rings on the shells of L. radiata were
measured for length. Estimates of Walford Plot regression parameters (a and ) and von
Bertalanffy growth model parameters (L. and k) are summarized for each of the eight study
sites in Table 2.1. Out of the 421 shells to which growth models were fitted, 13 were
excluded from statistical analyses either because b was estimated to be > 1, implying an ever
increasing growth rate, or L_ was estimated as > 200 mm, which greatly exceeds maximum
observed sizes of L. radiata (Clarke 1981).

Growth patterns of clams differed among sites. Based on the MANOVA (Table 2.2),
mean a and b varied significantly among sites (P < 0.001). In terms of the two CVs (Table
2.3), upstream and downstream groups within each of the four study areas were distinct
(Bonferroni adjusted P < 0.04; Fig. 2.1). This is also clear in bivariate plots of Walford Plot
intercept against s'ope (Fig. 2.2). Comparisons between upstream and downstream sites
within each pair show higher mean slope for the two downstream sites in the Comwall area.
No difference in slope between upstream and downstream populations at Sorel was detected,
but for the Montreal area the slope was higher in the upstream population than in the
downstream population. Mean intercept of Walford Plots for the downstream Cormnwall -
north channel population was lower than that for the upstream site, indicating less growth in
the first year. Differences in mean intercept between sites in the Cornwall - south channel and
Sorel areas were not significant. At Montreal the upstream population had a much lower
mean intercept than the downstream population.

Derived growth curves based on von Bertalanffy models are shown in Fig. 2.3. Maximum
asymptotic lengths (L) were lower in the downstream than in the upstream clams at Sorel,
not different between upstream and downstream sites at Cornwall, south channel; and higher
in the downstream than in upstream populations at Cornwall - north channel and Montreal
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Table 2.1. Summaries of Walford Plot regression and von Bertalanffy equation parameters
estimated by analyses of Lampsilis radiata shells from eight sites in the St. Lawrence River.

a b L, k
Site 2 (n = 47)
mean 228 0.747 973 0.299
SD 5.53 0.0929 244 0.126
Qi 19.3 0.684 83.1 0214
median 226 0.745 90.7 0.294
Q3 27.0 0.808 101.2 0.380
minimum 79 0.547 644 0.071
maximum 349 0.931 189.0 0.603
Site 3 (n= 56)
mean 270 0.668 83.1 0412
SD 5.59 0.0841 10.9 0.128
Ql 23.1 0.590 75.4 0.305
median 26.0 0.676 81.2 J.392
Q3 322 0.737 89.7 0.527
minimum 17.3 0.496 64.8 0.194
maximum 38.6 0.824 120.6 0.702
Site 4 (n = 56)
mean 26.0 0.712 91.7 0.345
SD 5.38 0.0674 10.6 0.0953
Qi 23.1 0.657 86.3 0.293
median 253 0.720 90.9 0.329
Q3 288 0.746 97.2 0.420
minimum 15.3 0.574 71.2 0.135
maximum 404 0873 129.0 0.556
Site S (n = 56)
mean 288 0.669 88.3 0.408
SD 4061 0.0697 9.75 0.106
Ql 260 0616 80.7 0.324
median 280 0.676 88.1 0.392
Q3 308 0.723 93.2 0.485
minimum 20.0 0.532 69.6 0.205
maximum 404 0.816 119.6 0.632




Table 2.1. continued

a b L. k
Site 8 (n = 54)
mean 255 0.703 89.1 0.359
SD 518 0.0827 149 0.120
Ql 208 0.656 77.0 0.280
median 264 0.698 883 0.359
Q3 284 0.756 96.9 0422
minimum 13.5 0.487 65.3 0.103
maximum 378 0.902 138.2 0.721
Site 9 (n = 395)
mean 267 0.728 105.0 0.325
SD 453 0.0860 26.7 0.119
Ql 22.1 0.658 83.0 0243
median 284 0.737 100.5 0 305§
Q3 299 0.784 114.7 0.419
minimum 168 0 561 72.1 0108
maximum 341 0.898 187.1 0.579
Site 10 (n = 56)
mean 252 0.685 29 0.387
SD 5.20 0.0892 16.2 0133
Q1 21 R 0.633 74 8 0314
median 255 0.676 795 0392
Q3 284 0.731 86.0 0.457
minimum 123 0.434 59.2 0.100
maximum 37.0 0.905 166.0 0.836
Site 11 (n = 48)
mean 12.1 0828 74.7 0.198
SD 418 0.0807 19.7 0.105
Q1 87 0.792 65.5 0.139
median 116 0.828 696 0.189
Q3 146 0870 78.5 0234
minimum 49 0.537 448 0.045
maximum 24.2 0.956 1553 0.622
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Table 22 Effect of clam bed site on shell growth patterns of Lampsilis radiata.

ANOVA
Source df SS MS F P

Dependent variable: Walford Plot regression intercept (a)
Site 7 44803 6401 66.68 <0 001
Error 400 38395 96
Dependent variable: Walford Plot regression slope (5)
Site 7 4.4863 0.6409 28.27 <0.001
Error 400 9 0681 0.0227

MANOVA for Site

Test df

Criterion Statistic F (num., den.) P

Wilk's Lambda 0.32674 427 14, 798 <0.001
Lawley-Hotelling Trace 0.82910 52.0 14, 796 <0.001
Pillar’s Trace 0.74888 342 14, 800 <0.001
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Table 2.3. Canonical discriminant analysis of growth pattern parameters (a and b estimates
from Walford Plot regressions). Canonical variate {CV) scores are summarized for each ot

the eight study sites. Following, for each CV, are given the eigenvalue, the squared canonical

correlation (R?), and the results of the ANOV As testing for site differences.

Canonical Variate 1 Canonical Varniate 2

mean SD mean SD
Site 2 -1.59 5.53 0.0157 0.0426
Site 3 2.61 5.59 -0.0171 0.0408
Site 4 1.64 5.35 0.0161 0.0283
Site S 4.39 4.61 0.0633 0.0339
Site 8 1.13 5.18 0.0020 0.0444
Site 9 227 4.54 0.0392 0.0521
Site 10 0.75 520 -0.0209 0.0436
Site 11 -12.32 418 -0.0245 0.0394
eigenvalue 0.902 0.229
R? 0.474 0187
F (df =7, 400) 51.6 13.1

P <0.001 <0 001
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Fig. SO1. Differences in shell growth patterns of Lampsilis radiata
between sites in the St. Lawrence River. Scores of canonical variates
(CV1, CV2) are from CDA on estimated intercepts and slopes from
Walford Plot regressions of annual shell lengths. Comparisons between
upstream (3,5.9,11) and downstream (2,4,8,10) groups from four pairs
of sites were made for each CV. * = significantly different at
experiment-wise o < 0.04. n.s. = not significantly different.
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Fig. 2.3. Fitted von Bertalanffy growth curves for eight groups of Lampsilis
radiata from the St. Lawrence River. Sites were sampled upstream and
downstream of four sources of industrial discharges (Fig. 1.2).




2.4. Discussion

2.4.1. Depression of shell growth In three out of the four site pairs, some aspect of shell
growth was depressed in the downstream clams relative to those from upstream. Lower
Walford Plot regression intercept (a), as in clams from site 2, indicates slower growth early
in life. Higher Walford Plot regression slope (), as in sites 2 and 4, implies a lower initial
instantaneous growth rate (von Bertalanffy model parameter k) from eq. 4. Low a and high
b values correlate to low CV1 scores (Fig. 2.1), and correspond to positions in the lower right
of the plots in Fig. 2.2. Where growth in the early years in the site below the outfall did not
differ from that in the site above the outfall, as in site 8 (Fig. 2.2), maximum length (/..) was
lower below the outfall (Fig. 2.3). In contrast to the other three pairs of sites, clams from the
downstream site in the Montreal area showed substantially faster shell growth relative to

clams from above discharges in the region (Fig. 2.2, 2.3).

2.4.2. Factors affecting growth patterns Except for the Montreal area (discussed below),
upstream and downstream sites do not differ greatly from each other in natural conditions that
are known to affect clam growth, such as water chemistry (specific conductance, alkalinity,
dissolved calcium concentration), or sediment particle size distribution (App. A). Thus,
variability in growth patterns among these six groups is difficult to explain by natural factors.
Sediments in sites below industrial discharges are however, polluted by trace metals or PCBs
(Sec. 1.4.5.). Excessive amounts of such contaminants in tissues can impair a variety of
biochemical and physiological processes including shell growth in bivalves (Sec 1.6).
Therefore, if degree of sediment contamination is indicative of contaminant bioavailability,
differences in shell growth patterns between upstream and downstream sites possibly are due
to toxicity of trace metals or PCBs.

Although Imlay (1982) recommended the use of annual shell growth to monitor metal

poliution in freshwaters, few studies appear to have examined effects of metal pollutants on
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shell growth of freshwater clams (reviewed by Havlik and Marking 1987; Elder and Collins
1991, and Johnson et al. 1993). Belanger et al. (1986) found reduced shell growth in
Corbicula sp. exposed to zinc (0.05 - 1.0 mg/L) for 30 days in artificial streams. The lowest
observed effect (0.05 mg Zn/L) was reportedly equal to the level of zinc considered protective
of life by the USEPA. Effects of copper on shell growth by Corbicula fluminea, in both
artificial streams and in the Clinch River below an industrial discharge were studied by
Belanger et al. (1990). Growth was depressed both in adults and, especially, in juveniles
exposed to copper. These responses to experimental treatments agreed with the relationship
observed between densities of natural populations and copper concentrations.

Clams from the upstream site (11) in the Montreal area showed a markedly lower rate of
growth and estimated age-specific length compared to those from the downstream site.
Located near the inflow of the Ottawa River, alkahnity, dissolved calcium concentration and
specific conductance near site 11 were all roughly less than a third of the values for the other
seven sites which are all in the mainstream of the St. Lawrence River (Fig. A 1, A.2: note
stations 9002 and 9008). Slower growth and smaller size in these clams compared to those
from the mainstream of the St. Lawrence River, are probably due to the influence of the softer
water of the Ottawa River, an effect which was also observed by Magnin and Stanczykowska
(1971).

2.4.3. Ecological significance of growth depression Differences in shell growth patterns
between upstream and downstream groups in each of the four study areas were statistically
significant, but these results may have little ecological significance. The statistical power to
detect differences in growth patterns was high, as evidenced by the results for the Comwall -
south channel groups. Despite having nearly overlapping derived growth curves (Fig. 2.3),
these groups were different at a Bonferroni adjusted & < 0.04 (Fig. 2.1, 2.2). Differences of
only a few millimetres between groups in mean age-specific lengths or maximum asymptotic
size may suggest differences in environmental conditions or genetic factors related to growth,
but may not necessarily correlate with differential mean fitness. Fitness of a unionid bivalve
can be affected by its growth rate in several ways. Rapid growth in the first few years lessens
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the time the clam spends in the juvenile stage, whose surviorship is low relative to that of the
adult stage (Coker et al. 1922; MacMahon 1991). Earlier maturaticn also allows earlier
reproduction and thus greater potential lifetime fecundity. Fecundity in bivalves is also
generally proportional to body size (Brousseau 1977, Bayne et al. 1983, Sprung 1983, Bayne
et al. 1985). Thus faster growing and larger clams should be selectively favored over slower
growing and smaller individuals.

Direct measurement of fitness was beyond the scope of this study. However, if survival
or fecundity are strongly related to shell size, clams from downstream of discharges in the
Sorel area may suffer reduced fitness. Unionids require several years to reach maturity (2 -
8 yr according to Coker et al. 1922; at least 6 yr according to McMahon 1991). The
minimum lengths of reproducing L. radiata sampled from the St. Lawrence River study sites
ranged from 60 to 70 mm, corresponding to ages of 3 - 6 yr. This agrees with observations
of Podemski (1992) on gravid L. radiata from the Bay of Quinte, Lake Ontario, which were
as small as 60 - 70 mm (4 - 8 yr old). In the Sorel pair of groups, mean shell length of the
downstream clams diverged from that of the upstream clams by age four (Fig. 2.3). Mean
lengths thus differed throughout the reproductive lives of the clams, possibly resulting in
lower fecundity in the downstream than in the upstream population.

Depressions in growth attributed to pollutants should also be evaluated relative to
variability due to non-anthropogenic stresses. Among all groups, the smallest and slowest
growing clams were from site 11 - upstream of the Montreal area discharges but within the
inflowing Ottawa River water mass. The depression in growth here, likely due to low
alkalinity and low calcium concentration, easily exceeds any of those in clams from the
polluted sites. Hinch et al. (1986) and Green et al. (1989) also observed variability in growth
pattern due to natural environmental heterogeneity at levels exceeding the differences
observed here between upstream and downstream groups (excluding sites 10 and 11) In
addition, variability in shell growth pattern among study areas is of a similar magnitude to the
detected pollutant effects. Thus, the levels of industrial discharges and sediment
contamination observed in the study sites, though high by some standards (Sec. 1.4), are not
the most important factors affecting shell growth in L. radiata.
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3. EFFECTS ON SHELL GROWTH OF SOURCE AND DESTINATION
OF CLAMS TRANSPLANTED INTO CONTAMINATED
AND UNCONTAMINATED SITES

3.1. Introduction

Analyses of shell growth patterns of L. radiata sampled upstream and downstream of
industrial discharges at four areas in the St. Lawrence River indicated significant variation
among sites in growth rate and maximum length of clams (Sec. 2). In three of the four pairs
of sites, clams from downstream of the discharges exhibited growth patterns that were
depressed relative to those of clams from immediately upstream of the discharges. Sites
below outfalls are exposed to levels of trace metals and PCBs that are substantially higher
than levels in the sites above outfalls. In the absence of major environmental heterogeneity
among sites in other factors known to affect shell growth, such as water chemistry and
substrate particle size, these results suggest that shell growth patterns may be related to
habitat contamination.

Although growth of bivalve shells is strongly influenced by environmental conditions
(Seed 1980, Tevesz and Carter 1980, Bayne 1989), genetic factors can also be important
(Singh and Zouros 1978, Berger 1983, Zouros et al. 1988; Koehn and Bayne 1989, Skibinski
and Roderick 1989). Clams in each of the study sites could belong to populations with
different inherent rates of growth that are coincident with the observed differences in
contaminant levels. To assess the relative importance of genetic and environmental factors
in explaining differences in growth patterns among sites, two field experiments were
conducted in which a year's shell growth was measured for clams collected from common
sources and transplanted into polluted and unpolluted sites. Variability between
transplantation sites in growth of clams from the same source should be due to environmental

conditions, whereas variability in growth within transplantation sites between clams from

different sources should be attributed to genetic factors.
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3.2. Methods

3.2.1. Study sites and experimental designs The two experiments involved three polluted
and two unpolluted sites located in two areas in the upper St. Lawrence River, in the north
channel of the river at Cornwall, and in the Sorel area (Fig. 1.2). For the Comwall
experiment, L. radiata were collected from site 13, upstream of a submerged diffuser shared
by a kraft pulp mill and a chemical manufacturer, and transferred to (a) site 6, several hundred
metres downstream from the diffuser; (b) site 3, across the river from site 6 but cutside the
discharge plume; and (c) back into site 13 (Fig. 3.1A). Sediments at site 6 are heavily
contaminated with mercury. Concentrations of total mercury immediately downstream of site
6 averaged 3.26 pg/g in 1991 (Richman 1994). In comparison, mercury levels in sites 3 and
13 were 0.07 and 0.03 ug/g, respectively, in 1990 (J. L. Smith, pers. comm.). Methyl
mercury levels were also elevated near site 6 - 0.012 ug/g vs 0.001 pg/g in sites upstream of
the outfall (Richman 1994). Unlike all other sites sampled in the St. Lawrence River, few live
unionids were found at site 6 prior to transplantation.

The purpose of the Sorel experiment was to examine the effect of source, as well as
destination on shell growth. In the Sorel experiment clams were reciprocally transplanted
between site 8, below the discharges of three smelters and a pigment manufacturer, and site
9, upstream of the discharges (Fig. 3.1B). Sediments in site 8 are heavily contaminated with
Cu, Co, Ni, Cr, Pb, Fe and Zn (App. A).

3.2.2. Cornwall experiment Over 300 L. radiata were collected by divers from 2 -3 m
depth in site 13 on 20-21 June 1990. During handling, clams were held in tubs of cooled,
aerated river water. One hundred clams were randomly assigned to each of the three transfer
groups, and then marked with coded plastic tags glued to the right valve with a wet surface
repair epoxy putty. Maximum shell lengths were measured with dial calipers to the nearest
0.01 mm. Mean length of these shells was 82.4 mm, with SD = 7.7. On 22 June 1990, clams

were returned to the river with no mortality during handling. Clams were released onto
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Fig. 3.1. Designs of transplantation experiments with
Lampsilis radiata in two 2reas of the St. Lawrence River.
See text for details.
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flagged, 2-3 m’ - areas of river bed at 2 - 4 m depth, on substrate shared with other clams
(except for the virtually uninhabited site 6).

During 23-28 May 1991, transplant sites of clams released in 1990 were relocated. At
each site, an area 10 m in radius was systematically searched for tagged clams. Surviving
tagged individuals were recaptured and remeasured for maximum lengths.

Differences in shell growth among sites were assessed by analysis of covariance
(ANCOVA). The effect of the transplant destination (DESTIN) was tested on shell length
in 1991 (L,,) adjusted for length in 1990 (L. ), because smaller, younger ~.lams grow faster
than larger, older ones. This is equivalent to an ANCOVA on "length gain” (L,, - Ly,). but
with fewer statistical assumptions. Because the DESTIN*L,, interaction term was not
significant (P = 0.111), the model was reduced to:

L, =p+DESTIN+bLyg +e¢.

3.2.3. Sorel experiment Concurrent with the Cornwall experiment, over 150 L. radiata
were collected from depths of 2 - 4 m at each of sites 8 and 9 in the Sorel area on 26 June
1990. Clams were maintained in cooled, aerated river water prior to transplantation. From
each site, 100 randomly chosen clams were assigned to the opposite site and 50 clams were
replaced at their source. Shells were marked and measured for length in the same manner as
for the Comnwall experiment. Mean length + SD of shells in 1990 was 83.8 £ 10.1. On 27
June 1990, clams were released onto flagged river bed in their assigned destinations. These
positions were relocated and searched over 10 m - radius areas during 30 May - 02 Jun 1991.
Recovered live clams were remeasured for maximum length.

Variation in shell growth among transplant groups was assessed by an ANCOVA similar
to the Comwall experiment, except that the effect of collection source (SOURCE) on length
in 1991 (adjusted for length in 1990) was tested in addition to transplant destination. Again,
a full model with all interaction terms was initially used after which nonsignificant (P > 0 274)

interaction terms were removed, leaving the reduced model
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Lo, = u + SOURCE + DESTIN +bLy, + SOURCE®*L,, + €.

3.3. Results

3.3.1. Cornwall experiment Of the 100 tagged clams placed into each of the three study
sites, recapture numbers were 80, 73 and 52 for sites 3, 6 and 13, respectively. These
numbers included some dead individuals: 6, 10 and 2 for sites 3, 6 and 13, respectively.
Analysis of the live recaptures indicated that growth in shell length, as determined by L,
adjusted for L,,, did not differ among transplant groups (Table 3.1). Mean length in 1991 of
clams transferred to site 6, the most highly contaminated with mercury, was lower than the
mean lengths of clams from sites 3 and 13, but the differences were not significant (Fig. 3.2).

3.3.2. Sorel experiment The recapture rate of tagged shells from site 8 was 52% (78 live,
0 dead), and from site 9, 70% (98 live, 6 dead). Results from the ANCOVA on 1991 lengths
showed strong effects of clam source (P < 0.001) and destination (P = 0.015) on growth
(Table 3.1). Clams that came from upstream of the discharges (site 9) grew more than those
from downstream (site 8), regardless of where they were transplanted (Fig. 3.3A). But
among clams from the same source, those put into the downstream site grew more than those
put into the upstream site (Fig. 3.3B). The transplanted group collected from upstream and
released downstream of the discharges showed the greatest growth (Table 3.2).

The SOURCE®L,, interaction was also significant (P < 0.001), indicating that the
relationships between L,, and L;, differed between clams from site 8 and those from site 9.
In Fig. 3.4, these relationships are shown in terms of predicted gain in length vs. Ly, for
clarity. A year's growth by clams from site 9 was on average greater than that by clams from
site 8, except for individuals longer than roughly 90 mm. For shells >90 mm in length, (over
90% of the estimated maximum lengths for L. radiata from sites 8 and 9, Table 2.1), annual
growth is expected to be near zero (Fig. 2.3). Some individuals even showed degrowth of
shells.
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Table 3 1 Vanation in shell growth of /.. radiata among transfer groups: ANCOV As using
reduced models with L, (length in 1991) as the dependent variable. Factors are (a) site to
which clams were transplanted (DESTIN). and (b) site from which clams were collected
(SOURCE). Length in 1990 (L,,) was the covariate.

Source df Type 111 SS MS K P

Comwall Experiment

DESTIN 2 20 1.0 253 0082
Lo, 1 10964.6 10964.6 28200 <0.001
Error 183 712 04

Sorel Experiment

SOURCE 1 218 218 17.97 <0.001
DESTIN 1 14 74 6.07 001Ss
Lo 1 10506.5 10506.5 8652.78 <0 001
SOURCE®*L,, 1 15.4 154 12.67 <0.001

Error 171 207.6 1.2
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Table 3 2. Gain in shell lengths (mm) of transplanted L. radiata in the Sorel experiment.
Values for each of the four transplant groups are mean = SE of predicted differences in
lengths between 1991 and 1990 from a reduced model ANCOVA using "L,, - Ly," as the

dependent variable in place of L,, in the analysis described in the text.

Source of Clams

Destination Upstream of Discharges Downstream of Disharges
of Clams (site 9) (site 8)
Upstream 183+0.17 0.32+0.04
(site 9)
Downstream 225+0.14 0.66 £ 0.05

(site 8)
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3.4. Discussion

In both the Comwall and the Sorel experiments, over a year clams that were transplanted
into metal-contaminated sites showed no depression of shell growth relative to clams put into
comparatively ut.contaminated sites. In fact, in the Sorel experiment shell growth was better
in the polluted site than in the unpolluted site for clams collected from the same source.
These results are surprising given that metal concentrations in the sediments of sites 6 and 8
are well above the "severe effects level” of Ontario’s Provincial Sediment Quality Guidelines
(Persaud et al. 1992).

Clams from upstream of the Sorel area discharges grew more in a year than those from
downstream, which is in agreement with the analyses of growth patterns in Sec. 2 (Fig. 2.3).
This effect of source was clearly greater than the effect of destination on shell growth (Fig.
3.3, 3.4), suggesting that a genetic factcr, or possibly an irreversible physiological adaption
(Hinch et al. 1986, Bayne 1987, Peterson and Beal 1989), influences growth rate.
Furthermore, slower growing clams from site 8 did not exhibit enhanced growth after transfer
to the less contaminated site 9, as expected if the stress of trace metal resistance restricts shell
growth,

Similar results were obtained from reciprocal transplant experiments by Hinch et al.
(1986), on /.. radiata from two sites in Lake Erie differing in substrate type, and by Hinch and
Green (1989), on Elliptio complanata from three southern Ontario lakes differing in
alkalinity. In both cases, the effect of clam source on shell growth dominated that of
destination. Peterson and Beal (1989) found that source had the greatest effect of several

factors on shell growth in field experiments with the estuarine clam Mercenaria mercenaria,

and that this effect was likely to have a genetic rather than a physiological basis. Growth of
Mytilus edulis was also found to depend on collection source (Dickie et al. 1984; Mallet et
al. 1987).

Several circumstances constrain the conclusions to be drawn from the results. Loss of
marked clams, although not high compared to other studies with L. radiata in lakes (Hinch
et al. 1986, Downing et al. 1992; Podemski 1992), were not negligible and somewhat uneven
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among transplant groups. Unrecovered clams could have burrowed into the sediment,
dispersed from the search area, or died and been buried or swept away by the current,
possibly in response to environmental conditions. Emigration and/or mortality should account
for most of the loss of marked clams, because it is unlikely that many clams would have been
endobenthic at the time of sampling. Amyot and Downing (1991) reported that in a
population of Elliptio complanat: in a Quebec lake, no clams in late June, and only
approximately 10% in early August were endobenthic. It is difficult to determine however,
if the loss of marked clams is due more to emigration or to mortality Recapture rates in the
two experiments were not consistent with respect to degree of site contamination. In the
Cornwall experiment, most dead shells were recovered in the contaminated site, but the
poorest recapture rate was in the uncontaminated, source site. At Sorel, the reverse
occurred: all dead shells were found in the upstream site, where the recovery rate was lowest

The clams used in the experiments, though representative of the beds from which they
were taken, were generally over 70 mm in length. Because annual growth at these sizes is
only a fraction of that in younger clams, the potential response to environmental conditions
was low. Measured gains in length were commonly less than 2 mm; some individuals even lost
length, a condition also observed by Downing et al. (1992). Resistance to environmental
stress is likely higher in older than in younger age groups (Cherr et al. 1990; Yeager et al.
1994; Warren et al. 1995). Thus, while the conclusions from these experiments are relevant
to most individual encountered in clams beds, inference concerning younger clams should be
guarded.

In summary, it is evident that shell growth of transplanted L. radiata is not inhibited in the
sites contaminated with trace metals. Clams from upstream of the Sorel area discharges grew
faster than those from downstream. Growth rates observed here appear to be constrained by
genetic factors, or possibly by irreversible physiologic acclimatization. Selection may have
favored slower growing clams in contaminated sites as a trade-off against greater resistance
to trace metal toxicity. Perhaps enhanced growth shown by clams from the upstream site (9)
in the downstream site (8) may be explained by the existence of conditions at site 8 more

favorable to growth over the short term than those at site 9.
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4. VARIATION IN ALLOZYME GENOTYPE FREQUENCIES AMONG
NATURAL CLAM POPULATIONS UPSTREAM AND DOWNSTREAM
OF INDUSTRIAL DISCHARGES

4.1. Introduction

Aquatic invertebrates are affected by pollutants at levels of biological organization ranging
from subcellular to community. At the population level, a strong lethal effect decreases total
abundance. With less severe effects, individuals (and their offspring) resistant to contaminant
toxicity may replace those suffering reduced survival or reproductive output. If thereis a
genetic component underlying variation in resistance, pollutants can act as selective force,
altering the genetic structure of populations before eliminating them. Populations in
contaminated and uncontaminated environmenis should differ in the frequencies of genotypes
that confer differential fitness under contaminant exposure (Nevo et al. 1983; Bayne 1987).

Electrophoretic analysis of allelic variants of enzymatic proteins (allozymes) has been an
important tool for the study of population genetic structure for several decades (Richardson
et al. 1986). Pollutant-related variation in allozyme genotype frequencies has been reported
in field observations of marine shrimp and gastropods (Nevo et al. 1984, Nevo 1993),
barnacles (Patarnello et al. 1991, Montero et al. 1994), freshwater insects (Benton and
Guttman 1990) and freshwater fishes (Gillespie and Guttman 1989, Heagler et al. 1993).
These studies have all involved trace metal contaminants and one or both of the enzymes
glucose-phosphate isomerase (GPI) and phosphoglucomutase (PGM). GPI and PGM are
commonly polymorphic and easily detected in animal taxa (Richardson et al. 1986), and
elevated concentrations of certain metals inhibit the function of PGM (Milstein 1961) and GP1
(Montero et al. 1994). Frequencies of GPI and PGM allozymes have also exhibited variations
in field studies related to oil contaminantion, thermal pollution, and degree of eutrophication
(reviewed in Hummel and Patamello 1994). For these reasons, the analysis of PGM and GPI
genotypes has been suggested as a means of detecting disturbances to populations due to

environmental pollution.
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The purpose of this study was to (a) determine if allozyme genetic markers could be
analyzed in populations of the freshwater bivalve Lampsilis radiata from industrialized areas
of the St. Lawrence River, and (b) assess if industrial discharges affect the genetic structure
of these populations with respect to these markers. In preliminary electrophoretic screening
of several allozyme systems, GP1 and PGM alone were both resolvable and polymorphic. The
presence of beds of reproducing L. radiata in several sites severely chemically impacted by
effluents suggests that adaptation to the contaminants may have occurred. Variation in GPI
and PGM allozyme frequencies has been associated with variation in fitness, under a variety
of polluted conditions in laboratory experiments (reviewed by Hummel and Patarnello 1994).
Thus, frequencies of GPI and PGM allozymes are expected to differ between groups of clams

from sites upstream and downstream of discharges.
4.2. Methods

4.2.1, Study sites Eight clam beds located downstream and upstream of four industrialized
areas in the St. Lawrence River (sites 2 and 3 in the north channel of the river at Cornwall,
sites 4 and 5 in the south channel of the river at Cornwall; sites 8 and 9 at Sorel; and sites 10
and 11 at Montreal; Fig. 1.2) were sampled to examine allozyme frequencies. Concentrations
of contaminants in effluents and in sediments indicate substantial contaminantion by trace

metals or PCBs in the sites downstream of outfalls (Sec. 1.4; Table 1.2).

4.2.2. Collection and handling of samples Approximately 50 Lampsilis radiata ‘vere
collected from each of eight clam beds (one upstream and one downstream of the four study
areas) from depths of 2 - 9 m using oyster tongs or SCUBA during June 1989. Within several
hours, clams were shucked. Shells were labelled, aged (App. 2) and retained for growth
pattern analysis (Sec. 2). Several grams of foot tissue were dissected, snap-frozen in vials
with liquid nitrogen, and stored initially on dry ice and later in an uitra-cold (-80°C) freezer.
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4.2.3. Electrophoresis  Allozyme electrophoresis was performed on all samples using the
general procedures of Richardson et al. (1986). To prepare samples for for electrophoresis,
approximately 0.2 cm’ of frozen or freshly thawed foot tissue was placed in a centrifuge tube
with 0.50 mL of homogenizing solution (Table 4.1), and ground with glass beads and a rod
while immersed in an ice bath. Samples were spun in a centrifuge at 1800 rpm for 3 - 4 min.,
and five or more 10-uL subsamples of the supernatent were refrozen in liquid nitrogen and
stored at -80°C.

Electrophoresis was conducted on cellulose acetate gel plates. The usual running buffer
was 0.015 M Tris-EDTA-borate-MgCl, at pH 7.8 - 8.0. For cases in which allozyme band
separation or resolution was insufficient, additional runs with 0.025 Tris-glycine at pH 8.2 -
8.5 as buffer were performed. Homogenates were transferred to Titan I1I Plates with a Super
Z-12 Application System (Helena Laboratories, Beaumont, Texas). Plates were run two per
buffer tank, with constant 200 V direct current, usually for 60 minutes. Temperatures of
buffers were maintained at < 5°C by ice baths. Following each run, one plate was stained for
GPI (E.C. Number 5.3.1.9) and the other plate for PGM (E.C. Number 2.7.5.1) using the
agar overlay method of Hebert (1986) and solutions (Table 4.1) modified from Richardson
et al. (1986). Positions of bands were recorded immediately after appearance by either
photocopying the plate or tracing band outlines on an overlying transparency. Line-up gels
were run to confirm apparent mobility similarities across plates and between buffers.
Repeated electrophoresis of the earliest run samples after all others had been run indicated

no change in allozyme activity or migration.

4.2.4. Analysis Interpretation of banding patterns followed the procedures of Richardson
et al. (1986). Different allozymes (phenotypes) as detected by banding patterns were assumed
to result from allelic substitutions at the locus coding for the enzyme. For each enzyme
system, the fastest migrating allozyme was labelled "A", the next fastest "B", and the slowest
"C". Anindividual designated GPI-BC, for example, showed allozyme bands corresponding
to the product of the heterozygote Gpi™. Allelic and genotypic frequencies of Gpi and Pgm

were then estimated for each of the eight clam groups (= putative populations) using




Table 4.1. Recipes for solutions used in electrophoresis.

Homogenization Solution

0.303 g Tris
0.093 g EDTA (di-sodium salt)
250 mL water (deionized, distilled)

Adjust to pH 6.8 with conc. HCI

10 mg NADP
18 puL B-mercaptoethanol

Staining Solution of GPI (agar overlay method)

1.5 mL 0.276 M Tris-HC! pH 8.0

0.2 mL 0.16 M Fructose-6-PO,

1.0 mL 5.0 mM NADP

0.75mL 04 M MgCl,

0.25 mL 14.5 mM Methyl thiazolyl blue (MTT)
0.25 mL 6.5 mM Phenazine methosulphate (PMS)
44 U Glucose-6-phosphate dehydrogenase
2 mL agar (70°C)

Staining Solution of PGM (agar overiay method)

1.5 mL 0.276 M Tris-HCl pH 8.0

0.25 mL 0.32 M Glucose-1-PO, (with > 1% glucose-1,6-
diphosphate)

1.5 mL 50 mM NADP

03 mL 04 M MgCl,

0.25mL 145 mM MTT

025mlL 6.5 mMPMS

44 1U. Glucose-6-phosphate dehydrogenase

2 mL agar (70°C)

50
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BIOSYS-1 (Swofford and Selander 1981). Linkage disequilibrium between the loci was
assessed by Chi-square homogeneity test on the genotype distributions (Richardson et al.
1986).

Within- and among - group variation was assessed for both enzymes. Based on allelic
frequencies, genotype frequencies in a population are predicted by the Hardy-Weinberg
Principle if, among other assumptions, there is no differential selection among genotypes
(Crow 1986). Deviations of observed from expected frequencies within groups were tested
by Chi-square analysis.

Selection by industrial effluents (resulting in differential survival among Gpi and Pgm
genotypes) should be evident by comparing allozyme frequencies in groups from downstream
of outfalls with those in groups from upstream. Differences in genotype frequencies among
groups were tested for significance by chi-square contigency analysis.

Genetic differentiation of the eight groups was assessed by calculating Wright's F -
statistics (Crow 1986) using BIOSYS-1. Fg, the fixation index, is a measure of population
subdivision in terms of the amount of allelic heterozygosity within groups (subpopulations)
relative to that expected for the whole population (groups pooled). In other words, it is a
measure of the reduction in heterozygosity due to population subdivision. The stronger the
subpopulation structure, possibly due to low levels of genetic mixing among groups or locally
variable selection regimes, the higher the Fg; value.

4.3. Results

Both GP! and PGM were polymorphic in all groups of clams: 3 alleles with 5 genotypes
for GPI, and 3 alleles with 4 genotypes for PGM (Tables 4.2 and 4.3). There appears to be
no linkage between the two loci (X? = 9.085, d.f= 12, P = 0.70). Staining for PGM often
showed activity in a second zone further from the sample origin, indicating a second

detectable locus. However, these bands were not always apparent and sufficiently intense to

be scored. Results reported here are thus from the Pgm-2 locus.




Table 4.2. Allele frequencies in groups of Lampsilis radiata collected from St. Lawrence
River sites in 1989.

GP1 PGM
SITE N A B C A B C
2 51 .020 833 147 .020 902 078
3 44 034 .886 080 011 864 125
4 48 .042 854 104 021 906 073
5 S0 .020 850 130 020 .880 100
8 49 031 847 122 031 857 12
9 50 020 .860 120 .020 910 070
10 50 030 870 100 010 870 120
11 45 011 856 133 022 778 200
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Table 4.3. Genotype frequencies in groups of Lampsilis radiata collected from St. Lawrence
River sites in 1989.

GPI PGM
SITE N AB AC BB BC CC AB BB BC CC
51 .020 020 745 187 059 039 .804 157 0

2

3 44 068 0 773 159 0 023 750 205 023
4 48 .063 021 .750 ‘46 021 .042 833 104 021
5 50 020 020 740 200 .020 .040 18 160 020
8 49 061 0 .69 245 0 061 714 225 0
9 50 020 020 .760 180  .020 040 840 100 020
10 50 .060 0 740 .200 0 020 .780 .160 .040
11 45 0 022 756 200 .022 .044 .600 311 044
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4.3.1. GPI Allelic frequencies of GPI were similar in all groups, with GP1-B at proportions
>0.83, GPI-C at 0.08 - 0 15, and GPI-A at <0.05 (Fig. 4.1). Genotype frequencies (Fig. 4.2)
were also similar among groups and predominated by GPI-BB (0 69 - 0.77) and GP1-BC
(0.15 - 0 24). These frequencies showed no significant departures from Hardy-Weinberg
equilibrium values in any of the groups (Table 4.4). Genotype frequencies were not different
between upstream and downstream groups from any of the four pairs of sites (P = 0.30 -
0.82) In fact, genotype frequencies were the same in all eight sites (X* = 18 470, d €= 28,
P =0091). Inthe 4 downstream sites, where selective pressure due to pollutants should have
been greatest, genotype frequecies (pooled among sites) were homogeneous in age classes
2-7yr,8-11yr and 12 - 22 yr (Fig. 4.3). This suggests genotype frequencies have not
changed over the last 10 - 20 years.
4.3.2. PGM The results for PGM were similar to those for GPl. The PGM-B allele was the
most common in all groups, at proportions of 0.78 - 0.91 (Fig. 4.4). PGM-C and PGM-A
occurred at levels of 0.07 - 0.20 and 0.01 - 0.03, respectively. The most important genotype
proportions (Fig. : 5) were consistently for PGM-BB (0.60 - 0.84) and PGM-BC (0 10 -
0.31). Frequencies of genotypes in all groups were the same as those expected from the
Hardy-Weinberg Principle (Table 4.4). There were no differences in genotype frequencies
cither between upstream/downstream group pairs (P = 0.25 - 0.88), or among all groups (X’
= 17.059, d.f = 21, P = 0.71). Among age classes, the distribution of PGM genotypes
appeared stable (Fig. 4.3).

4.3.3. Population subdivision Based on Gpi and Pgm-2 allelic frequencies, very little
genetic differentiation exists ainong groups. Fg; values for Gpi and Pgm-2 were 0 003 and
0.014, respectively. For both loci, Fg; was 0.008 (Table 4.5).
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Fig. 4.1. Allelic frequencies of GPI allozymes in Lampsilis radiata sampled
above and below industrial discharges in four areas of the St. Lawrence
River.




PROPORTION

Cornwall North Cornwall South

1.0 1.0
.

0.8 _ — 0.8 — —

0.6/ 0.6

0.4} 0.4}

0.2} 0.2

0.0 N m [N 0.0 - M= NI ﬁq
Below Above Below Above

Sorel Montreal

1.0 1.0

08 _ 08  _ -

0.6} 0.6

0.4} 0.4

0.2} 0.2

0.0 § g‘ 0.0 § = ﬁ“
Below Above Below Above

SITE

GPI Genotype
Jac LiBB N\IBC L]CC

B AB

Fig. 4.2. Genotype frequencies of GPI allozymes in Lampsilis radiata
sampled above and below industrial discharges in four areas of the St.
Lawrence River.



57

Table 4.4. Tests for deviation o, genotype frequencies from Hardy-Weinberg equilibrium

(rare genotyypes pooled, d.f = 1).

GPI

___ POPULATION CHI-SQUARE P
Cornwall N, below 6.784 0.009
Cornwall N, above 0.723 0.395
Cornwall S, below 1.287 0.257
Cornwall S, above 0.942 0.332
Sorel, below 1 600 0.206
Sorel, above 1435 0.231
Montreal, below 1116 0.291
Montreal, above 1.638 0.201

PGM

POPULATION CHI-SQUARE P

Cormwall N, below 0.603 0.438
Cornwall N, above 0.054 0.816
Comwall S, below 0.965 0.326
Comwall S, above 0.141 0.708
Sorel, below 1.361 0.243
Sorel, above 1.056 0.304
Montreal, below 2.086 0.149
Montreal, above 0.037 0.848
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Table 4.5 Summary of F-statistics for groups of L. radiata from the St. Lawrence River,

1989
LOCUS Fis Fp For
GPI 051 054 .003
PGM .043 056 014
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4.4. Discussion

Populations of the unionid L. radiata situ...ed in the St. Lawrence River study areas were
expected to experience a microevolutionary scenario involving several features. Panmixis
among clam beds is likely, due to the obligate parasitization by their larvae of a variety fish
species (Kat 1984) able to range throughout the river. Following settlement from the host,
the generally sedentary lifestyle of juveniles and adults would result in little migration among
study clam beds (which are separated by at least 2 km). In the sites downstream of industrial
outfalls, survival of Gpi and Pgm genotypes resistant to contaminant toxicity should be
favored over genotypes that suffer impairment. Selection for specific genotypes due to
pollution has been cited to explain heterogeneous allozyme frequencies across contaminant
gradients in several field studies, involving (a) PGM in the shrimp Palaemon elegans and GP1
in the gastropod Monodonta turbinata and mercury pollution in the Mediterranean Sea (Nevo
et al. 1984), (b) PGM and MDH in the fish Campostoma anomalum and discharges of a
uranium processing plant to a river (Gillespie and Guttman 1989), (c) GPI in the fish
Gambusia holbrooki and mercury pollution in a river (Heagler et al. 1993), and (d) GPI and
PGM in the bamacle Balanus amphitrite in a chemically polluted channel of the
Mediterranean Sea (Montero et al. 1994).

The observed genetic structure based on GPI and PGM allozyme freqencies of the 8 clam
groups provided no evidence for any contaminant-mediated selection in habitats downstream
of the industrial outfalls. The allozyme frequencies, which were nearly identical among
groups and all in agreement with Hardy-Weinberg equilibrium values, are consistent with a
single panmictic population and a uniformly weak selection regime across the study sites.
Homogeneity of allozyme frequencies among age groups suggests little temporal variability
in selection pressure. Bailey (1987) also found little divergence in GPI and PGM allozyme
frequencies among L. radiata in the lower Great Lakes.

This apparent "lack of response” by GPI and PGM, two of the most often cited enzyme
systems affected by contaminants (Hummel and Paternello 1994), in clam beds downstream
of some of the largest point source dischargers of metal-containing pollution in Quebec and
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Ontario (Environnement Canada 1985, SLRRAPT 1992) is surprising. Three conditions that

could account for these results are (a) inadequate power in the sampling design to detect
differences in allozyme frequencies, (b) exposure of clams to contaminants at levels below
toxicity, and (c) lack of differential resistance of allozymes to toxicity. These will be
evaluated below.

The difference in allele frequencies between groups that can be determined as significant
using a chi-square test depends on the sample size (n), frequency of the allele (p), Type I error
rate (a), and Type II error rate (B) (Richardson et al. 1986). For both GPI and PGM, the
frequencies for the A, B and C alleles were approximately 0.8, <0.2 and <0.05, respectively,
and sample sizes ranged from 44 to 51. With a@ = 0.05 and B = 0.2, the detectable significant
difference should be about 0.2 (Richardson et al. 1986). In other words, allele frequencies
in paired upstream and downstream sites that differed by > 0.2, should have been determined
as significant 80% of the time. The fact that significant differences were found in none of the
four site pairs tested further reduces the likelihood of having accepted a null hypothesis that
is not true.

In contrast to other studies comparing allozyme frequencies in metal-contaminanted and
reference sites, the differences in genotype frequencies found in the present study are low.
The greatest difference in genotype frequencies between upstream and downstream paired
clam groups observed was 0.065 for GPI, and 0.18 for PGM. With the exception of Heagler
et al. (1993), who found Gpi-2"* in mosquito fish from a mercury polluted canal at a
frequency 0.028 lower than that in an unpolluted river, differences in genotype frequencies
reported as significant range from 0.1 (Pgm™S in shrimp and Pg™™ in gastropods involving
marine mercury pollution; Nevo et al. 1984), to 0.37 (Pgm*™ in central stonerollers from a
uranium and technetium polluted stream; Gillespie and Guttman 1989).

The degree to which aquatic organisms are exposed to environmental contaminants
depends on a variety of geochemical and biological factors and processes whose actions and
interactions are not well understood (Luoma and Carter 1991). Although contaminant
availability to L. radiata was not directly addressed in this study, some generalizations can
be made. Elevated concentrations of metals in sites downstream of outfalls relative to those
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upstream indicate past deposition of contaminant-bearing particles (Sec. 1.4). An important
fraction of contaminants in freshwaters are associated with particulate matter (Batley 1983,
Mcintosh 1991; Warren and Zimmerman 1993), and thus potentiaily available to filter feeding
bivalves. Ingestion is an important route by which metals are taken up in bivalves (Luoma
1983, Simkiss and Mason 1983). Therefore, it is difficult to suggest that the clam beds
downstream of outfalls could not have been exposed to contaminants.

Laboratory experiments on a variety of marine and freshwater invertebrates and fishes
have demonstrated differential tolerance (measured by survivorship, time-to-death) among
allozymes of Gpi and Pgm to elevated metal treatments (Mulvey and Diamond 1991; Hummel
and Paternello 1994). Several studies have also determined that some genotypes showing
resistance in laboratory experiments are aliso found at disproportionately high frequencies in
natural populations exposed to metal pollution (Nevo et al. 1984, Gillespie and Guttman
1989; Heagler et al. 1993; Montero et al. 1994). These studies provide strong evidence that
Gpi and Pgm (or 2. least other loci to which they are linked) are subject to selection by
environmental contaminants. However, in comparing results among studies, consistent
trends are not apparent (Hummel and Paternello 1994). The allozymes observed in L. radiata
may differ structurally from those observed in other studies, and may exhibit differences in
fitness. It also is possible that observed genotypes are equally resistant to St. Lawrence River
discharges.

In conclusion, the homogeneity of allozyme distributions among sites results suggests
that selection by the contaminant field (or by any factor) is insufficient to counter gene flow
among clam beds through the settlement of juveniles. Based on the GPI and PGM enzyme
systems, industrial effluents do not affect the genetic structure of populations of /.. radiata
in the upper St. Lawrence River.
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S. INTERRELATIONSHIPS AMONG SHELL GROWTH PATTERNS,
ALLOZYME GENOTYPES, SEDIMENT CONTAMINATION AND
SOFT TISSUE CONTAMINANT BURDENS

S.1. introduction

Beds of Lampsilis radiata are found in all of the St. Lawrence River study sites described
in Sections 1 - 4 (although substantially reduced in site 6), including those downstream of
discharges heavily contaminated with metals. The general physiological "health" of clams
sampled from below discharges, as assessed by analyses of shell growth patterns, does not
appear severely impaired. Statistically significant but minor depressions in growth were
detected in some of these groups relative to clams sampled from sites immediately above
discharges (Sec. 2). However, mature clams transplanted from locations upstream of outfalls
into more polluted sites downstream show no growth depression, and clams transferred from
polluted to less polluted sites showed no growth acceleration (Sec. 3). These results
challenge the premise that these clams take up metals and, that once taken up, the metals
cause deleterious effects.

Sediments in the sites below outfalls are contaminated by a variety of metals (except site
4), in some cases heavily (Sec. 1.4.5.). A large fraction of most metals entering freshwater
partitions into particuiate phases and, eventually, into sediments (Yeats and Bewer 1982,
Batley 1983; Moore and Ramamoorthy 1984; McIntosh 1991; Warren and Zimmerman
1993). Sedentary, long-lived, filter-feeders such as unionids are thus likely to be exposed to
discharged metals. Assimilation of metals, however, is difficult to assess. Trace metal
bioavailability depends on numerous factors related to both the physico-chemical environment
and the biological system involved (Luoma 1983; Tessier et al. 1984, Campbell and Tessier
1989). Quantifying the relationship between uptake and environmental contaminant levels
has proven difficult (Luoma 1989).

To obtain an initial evaluation of metal bioavailability in L. radiata in several of the study
sites, two questions were addressed: (a) Are soft tissue metal concentrations influenced by
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sediment metal concentrations?, and (b) Do sediment and/or tissue metal levels account for
variation in shell growth patterns among sites?

Among - clam variation in shell growth pattern was also examined for association with
specific GPI and PGM genotypes. Growth rates in bivalves are known to be partially
controlled by genetic factors, likely involving many loci (Berger 1983) However, if specific
genotypes confer physiological advantages in metal - contaminated environments, as has been
suggested for GPI and PGM in other studies (Hummel and Patarnello 1994), dependent

processes such as growth patterns should differ among genotypes.
S.2. Methods

§.2.1. Clam metal burdens and sediment metal contamination In June 1989, sediment
was sampled from each of sites 1 - 5 and 7 - 11 (Fig. 1.2) and analyzed for extractable Al, Cd,
Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn; total As, Hg, and Se; and organic content (Sec. A.2).
At the same time, 9 - 10 L. radiata between 60 and 100 mm in length were collected by
divers or oyster tongs from each site. Clams were rinsed with river water, wiped dry,
wrapped in aluminum foil and plastic bags and frozen on dry ice without allowing depuration.
(Because clams remained closed, foil and soft tissue were not in contact.) After return from
the field, clams were thawed and shucked. For each site, the tissues of 5 specimens were
pooled into a composite sample for analysis; the remaining 4 or S were analyzed individually.
Composite samples were homogenized in a stainless steel blender, and subsampled.

Individual and composited tissues were then “ »eze dried, and ground to a homogeneous

powder with stainless steel blades. Sample digestion and analyses for the above metals
(except Pb, for which there were interference problems) were performed by the National
Laboratory for Environmental Testing (NLET, Environment Canada, Burlington, Ontario)
using standard methods, including quality assurance and quality control procedures (NLET
1994). All elements except As, Se and Hg were analyzed by atomic absorption spectroscopy
(AAS). Inductively coupled plasma - atomic emission spectroscopy (ICP-AES) was used for
As and Se. Mercury was analyzed by flameless AAS.
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Sediment and clam tissue metal concentrations were statistically analyzed by both
univaniate and multivariate methods. Pearson correlations were calculated between sediment
and compcesited tissue metal concentration for each metal (excluding Co, which was largely
below detection in tissues, and the toxicologically less important Al, Fe and Mn). Tessier and
Campbe!i (1987) noted that the prediction of metal levels in benthic organisms is often
improved when extracted metal concentrations in sediment are normalized for iron and
organic content of sediments. Therefore, sediment metal concentrations were each regressed
against Fe level and organic content (as percent loss on ignition). Correlations between the
residuals from these regressions and clam metal levels were then calculated.

Metal burdens in clams and concentrations in sediments were also compared by collapsing
the number of variables in each data set using principal components analysis (PCA), and
plotting the main components against each other. The metals-in-sediment PCA is described
in Sec. A.2. For the metals-in-clams PCA, the individual-clam data for 11 metals (Co was
mostly below detection and therefore omitted) from sites 2, 3, 8,9, 10 and 11 were used. A
covariance based PCA was performed on in - transformed concentrations. The first two
components (PCs) from this analysis were then plotted against PC1 from the sediment PCA.

5.2.2. Shell growth and metal levels in clams and sediment Concurrent with the
collections of sediments and clams for metals analyses, an additional 52 - 56 clams were
sampled from each of sites 2 - S and 8 - 11. Shell growth patterns were described by fitting
von Bertalanffy growth models to annual external ring lengths using the Walford Plot method
(Sec. 2). Means of estimated growth parameters for clams from each site were then
compared to clam metal burdens and sediment metal levels. Correlations were calculated
. -veen site means of Walford Plot regression intercept a and slope & /Table 2.1), with (i)

apowied metal burdens from clams (used as estimates of site mean burdens) and (ii) metal
concentrations in sediments (from Sec. 5.2.1.). To detect multivariate relations, mean growth
parameters were pic ‘ed against PC1 and PC2 from the metals-in-clams PCA, and PC1 from
the metz!s-in-sediments PCA.




o8

5.2.3. Shell growth and allozyme genotypes Variation in shell growth among previously
collected individuals from metal - contaminated sites was examined to test for relationships
to individual GPI and PGM genotypes. Between 42 and 50 clams from each of sites 2, 8 and
10 were analyzed for both shell growth (in Sec. 2) and allozyme genotype for GPl and PGM
(in Sec. 4). A multivanate analysis of variance (MANOVA) was performed with Walford
Plot growth parameters a and b as response vanables, and site (sites 2, 8, 10), GPI genotype
(AB, AC, BB, BC, CC) and PGM genctype (AB, BB, BC, CC) as predictors Responses
were weighted by the degrees of freedom of the regressions from which g and b were
estimated.

5.3. Results

5.3.1. Metal burdenr in clams and metal contamination in sediment Based on single
metal correlations between clam tissue concentrations and sediment concentrations (Table
5.1), few of the metals appear bioaccumulated (ie. taken up in proportion to environmental
concentrations) in spite of the fact that all correlations were positive. Highest correlations
between tissue and unadjusted sediment metal levels were for Ni and Cr (£ <0.01), followed
by Zn and Fe (P <0.05). Concentrations in clams and sediments from site 8 ( the most heavily
polluted), strongly influenced the values obtained. Normalizing sediment metal levels for Fe
and org.aic content improved correlations for five of the nine metals, although for Se the sign
of the correlation was reversed and the significance levels for Ni and Cr decreased

As estimates of mean metal burdens for each group of clams, the composite samples
appear reliable. Agreement between composite samples and mean values from individually
analysed clams from each site was good for Al, Cd, Cr, Fe, Mn, Ni and Zn (corr~lations
between the estimates ranged from 0.806 to 0.999). Similarly, the trend among sites in
sediment metal levels for 1989 matched that for 1990 samples (App. A).

Results from the PCA on tissue metal concentrations (Fig 5.1) showed that clams from
site 8 are distinct from all others along the first axis, mainly due to comparatively high levels
of Cr and Fe, and low levels of Cd. Scoies from the second axis further separate the sites,
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Table S 1 Correlations between concentrations of metals in composited soft tissues of L.
rudiata and concentrations of metals in sediments (unadjusted and adjusted for Fe levels and
organic content) N = 10 sites.

Correlation®
Metal Sediment [M] Sediment [M]
unadjusted adjusted
As N.442 0.662
Cd 0.254 0313
Cr 0.809 0.741
Cu 0.518 0.273
Hg 0.345 0.561
Ni 0.872 0.753
Se -0.161 0.197
Zn 0.687 0.708

* Cntical values for r = 0.602 (¢=0.05) and 0.765 (¢=0.01)
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but indicate that clams from downstream of industria! discharges (sites 2 and 10) tend to have
lower metal burdens than clams from their corresponding upstream sites (sites 3 and 11) A
lack of a clear positive relationship between clam burdens and sediment contamination is also
evident in Fig. 5.2. in which PC1 scores from the metals-in-clams PCA are plotted against
PC1 scores from the sediment ordination. Metal levels in clam tissue are elevated only in
those from the most polluted site. No trend is evident in the relationship between metals-in-
clam PC2 and metals-in-sediment PC1.

5.3.2. Shell growth and metal levels in clams and sediment Shell growth patterns, as
measured by intercept and slope from Walford Plot (WP) regressions of annual shell lengths,
bear virtually no relationships to single metali levels in either clam soft tissues or sediments
(Table 5.2). Correlations between sediment Cd concentration and intercept (P <0.01) and
slope (P <001), and clam Mn level and intercept (P <0.01), were the only significant
relationships out of 50 calculations. It is not unlikely that these correlations occurred by
chance. Multivariate comparisons suggest a similar conclusion. No trends are evident in
plots of intercept and slopes against PC1 and PC2 for metals-in-clams (Fig. 5.3), nor are there
in plots of intercept and slope against the metals-in-sediments PC1 (Fig. 5.4).

5.3.3. Shell growth and allozyme genotypes After accounting for effects of site, variation
in shell growth pattern among individual clams fror: sites contaminated by metals was not
related to differences in allozyme genotypes (P ranged from 0.493 to 0.984 for effects of GPI
and PGM in the MANOVA, Table 5.3). Fitted shell growth parameters from the MANOVA
show no meaningful differences among any allozyme genotypes (Fig. 5.5).

5.4, Discussion

Levels of trace metal contaminants in soft tissues of L. radiata were not proportional to
metal levels in sediments. Only in the most polluted site was there evidence for increased
tissue burdens. These results suggest that in most of the study sites metals are either not

bioavailable, or if they are taken up, they are regulated. Although measurements of metal
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Table 5.2. Correlations between metal concentrations (in composited soft tissues of L. radiata
and in sediments) and shell growth patterns (mean Walford Plot regression intercept and
slope). N = 8 sites.

Correlation®
Metal WP Intercept WP Slope
Clams
Al -0.385 0.545
As -0.427 0.133
Cd -0.229 -0.061
Cr -0.089 0.092
Cu -0.442 0.339
Fe -0.126 0.095
Hg -0.616 0.459
Mn -0.804 0.533
Ni 0.230 -0.260
Se 0.442 -0.460
Zn -0.542 0344
Sediment

Al -0.537 0.420
As -0.059 -0.148
Cd -0911 0.761
Co -0.152 0.060
Cr 0.063 -0.074
Cu -0.035 -0.037
Fe -0.002 -0.114
Hg -0.250 0.152
Mn -0.199 -0.011
Ni 0.007 -0.051
Pb -0.192 0.122
Se -0.281 0.245
Zn -0.292 0.193

* Catical values for » = 0.666 («=0.05) and 0.798 («=0.01)
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Table 5.3. Effects of GPI and PGM genotypes on shell growth patterns of /.. radiata from

metal - contaminated sites 2, 8 and 11.

ANOVA
Source df SS MS F P

Dependernt variable: Walford Plot regression intercept (a)
Site 2 968.2 484.1 447 0.013
GPI 4 3429 85.7 0.14 0.532
PGM 3 46.5 15.5 0.14 0.934
Error 129 13961.9 10%.2
Dependent variable: Walford Plot regression slope ()
Site 2 0.3618 0.1809 6.69 0.002
GPI 7 0.0925 0.0231 0.85 0.493
PGM 3 0.0044 0.0015 0.05 0.984
Error 129 3.4898 0.0271

MANOVA for GPI

Test df

Cniterion Statistic F (num., den.) P

Wilk's Lambda 0.96843 0.517 4,256 0.843
Lawley-Hotelling Trace 0.03245 0.515 4,254 0.845
Pillai's Trace 0.03172 0.520 4 258 0.841

MANOVA for PGM

Test df

Criterion Statistic F (num., den.) P

Wilk's Lambda 0.97616 0.518 4,256 0.795
Lawley-Hotelling Trace 0.02440 0.516 4,254 0.796
Pillai's Trace 0.02386 0.519 4,258 0.794
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uptake rates were not made, if clams do regulate internal metal levels, it should be at an
energetic cost and leave less energy available for other processes such as growth (Bayne
1989). Shell growth rates though, were poorly related to metal levels in the sediments.

Growth patterns were also not related to tissue metal concentrations when compared
across six sites. However, if site 11 is neglected, which may be warrented because the
unusually slower shell growth shown by its clams appears due to alkalinity and dissolved
calcium levels (Sec. 2), an inversely proportional relationship with WP regression slope and
PC2 from the clam burden PCA is apparent (Fig. 5.3). The slope parameter is the fraction
of growth to maximum length remaining after the first year. For clams that grow the same
amount in the first year (i.e., WP intercepts equal), a lower slope results in a smaller maximum
size. Thus for sites 3, 8, 9 and 10, higher levels of metals ir tissues (i.e., greater PC2 scores)
correspond with smaller maximum lengths. This interpretation is tenuous because of the small
number of sites and because both slope values and PC2 scores are site means, but suggests
an area of further research.

In several studies involving marine and freshwater invertebrates and fishes, individuals
with specific genotypes of GPI and PGM exhibited superior fitness in poliuted environments
based on their higher frequencies of occurence in contaminated versus uncontaminated sites
(Nevo et al. 1984, Gillespie and Guttman 1989; Benton ¢nd Guttman 1990; Patarnello et al.
1991, Heagler et al. 1993; Nevo 1993; Montero et al. 1994). In addition, differential survival
and physiological impairment in laboratory metal toxicity experiments were observed among
GPI and PGM genotypes (Nevo et al. 1984, Chagnon and Guttman 1989; Gillespie and
Guttman 1989, Diamond et al. 1989; Benton and Guttman 1990, 1992; Kramer et al. 1992,
Heagler et al. 1993; Montero et al. 1994). No such phenomena are evident in L. radiata from
the metal - contaminated study sites. The lack of differences in shell growth rates among
individuals of different GPI and PGM genntypes is evidence against t*2se allozymes being
important in mediating affects of metal contaminants on L. radiata.
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6. TOXICITY OF ZINC TO GLOCHIDIA LARVAE AND THE INFLUENCE
OF MATERNAL HABITAT AND ALLOZYME GENOTYPE

6.1. Introduction

The presence of clam beds in heavily contaminated sites in the St. Lawrence River
suggests the possible development of trace metal tolerance (i.e., the ability to live indefinitely
in conditions eventually lethal to nontolerant individuals). Responses to environmental stress
can be genetically basei (Koehn and Bayne 1989; Kramer et al. 1992; Soares et al. 1992),
leading to the evolution of tolerant populations. In studies comparing the toxicological
responses of organisms from different field populations, often (but not always) those from
metal - contaminated sites siiow greater tolerance of the contaminants in laboratory tests than
those from unpolluted sites (Mulvey and Diamond 1991).

Evidencs for metal - mediated selection on populations has been obtained from
examinations of allozyme genotype variation among organisms in polluted and unpolluted
sites (Sec. 4). Two allozyme systems in particular, glucose-phosphate isomerase (GPI) and
phosphoglucomutase (PGM), have exhibited distributions of alleles and genotypes relatec to
the degree of field contamination (Mulvey and Diamond 1991, Hummel and Patarnello 1994).
In some cases individuals with the allozyme predominant in the polluted sites werz more
tolerant of metals in laboratory exposures than individuals of different allozymes. Specific
vaniants of GPI or PGI, or some other allozyme whose locus is linked to that of GPI or PGM,
confered differential fitness under stressful inetal conditions.

The purpose of this experiment was to determine if L. radiata differs in its toxicological
response to an important metal contaminant, zinc, based on (a) the source of the clams (a
polluted and an unpolluted site), and (b) their GPI and PGM genotypes. The collection sites
are upstream and downstream of a major discharger of zinc - contaminated effluents in the
St. Lawrence River. If metals such as zinc are important selective forces in natural

populations, clams from downstream of this discharge should be more resistant (i.e., able to

survive longer) than upstream clams to zinc treatments in toxicity tests. Differential resistance
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may be shown among different allozymes of GPI or PGM if these enzymes are prone to
selection as has been demonstrated in other taxa and habitats

Laboratory assessments of the toxicity of contaminants using adult clams are difficult and
of guestionable relevarice to field environments. Adult clams can shut their valves for several
days, and so avoid exposure to short-term doses of contaminants (Doherty et al. 1987). This
phenomenon, coupled with a relatively slow growth rate makes adults generally less sensitive
to contaminants than immature clams (Elder and Collins 1991). Immature stages of bivalves
are therefore frequently used to study effects of contaminants (Harrison et al. 1984, McKim
(1984), Cherr et al. 1990, Keller and Zam 1991, Jacobson et al. 1993, Warren et al 1995).
Recently, Huebner and Pynnonen (1992) exposed the glochidia larvae of two species of
Anodonta to low pH and several metals in acute toxicity tests. Glochidia larvae were
therefore used here to measure the response of L. radiata to dissolved zinc. As in other
unionids, these larvae are obligate parasites on fish. After developing from fertilized eggs in
the marsupium (modified parts of the gills of females), glochidia are expeiled into the water
column and sediments to be taken up by their host (Sec. 1.5). If taken up within several days,
the glochidia can encyst into the host's tissue, develop to the juvenile stage, and drop back to
the sediment. Thus, in the period between leaving the mother and encysting in the host,
glochidia are expused to potential contaminants (Silverman et al. 1987, Huebner and
Pynnénen 1992). This period - lasting several days at most (Mackie 1984) - and possibly
during the juvenile stage, are the times when effects due to contaminant stress should be

greatest.
6.2. Methods

6.2.1. Collection and maintenance of clams On 13 September 1993, >50 L. radiata were
collected from each of study sites 13 and 15 in the north channel of the St. Lawrence River
at Comwall (Fig. 1.2). Site 15 is several hundred metres downstream of the discharge from
an organic chemical manufacturer that was highly enriched with zinc, mercury and lead (OME
1992). Sediment samples from site 1S contained 143.3, 0.98 and 30.8 mg/kg dry weight of
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total Zn, Hg and Pb, respectively in 1991 (Richman 1994). For Zn and Hg, these
concentrations were several times higher in sediments from a site within 100 m of the
discharge. Site 13 is several ki’ -:netres upstream of this discharge. For comparison,
sediments sampled from there in 1990 for the present study had concentrations of total Zn,
Hg and Pb equal to 49 .4, 0.03 and 3.54 mg/kg dry weight, respectively.

Following collection and return from the field, clams were placed into two aerated aquaria
(74 and 88 L) containing tap water (hardness = 100 mg CaCOyL, conductivity = 280 uS) and
fine gravel (5 - 10 cm depth). Within a few days, gravid female clams began to display their
modified mantle flaps in the manner characteristic of the Lampsilini, which serves to attract
potential fish hosts (Sec. 1.5). No non-experimental mortality occurred.

6.2.2. Experimental design The main purpose of the experiment was to assess whether
glochidia differ in their toxicological response to dissolved zinc based on (a) the mother clam
from which they came, (b) the site in which their mother was collected, and (c) the allozyme
genotype of their mother. This was achieved by measuring viability (see below) of 3 groups
of glochidia from each of 30 clams (15 per site) at 4 nominal concentrations of zinc (0, 1, §,
25 mg/L) after 24 and 48 hr. The overall design is a nested factorial experiment (rig. 6.1).
Glochidia groups, which were tested in individual vials, are nested within clam, which in turn
is nested within site. Because of limitations in setting up treatments, collecting glochidia, and
measuring viability, the experiment was conducted in 6 trials, which complicated the datz
analyses (described below). Genetic influences on resistance to zinc were examined by
comparing viability of glochidia in treatments to genotypes of GPI and PGM obtained from

electrophoretic analyses of foot tissue from the mother clams.

6.2.3. Exposure of glochidia to treatments Glochidia were exposed to 20 mL of static test
solutions in 23 mL - glass vials at room temperature. Treatments were prepared using
reagent grade ZnCl, (in a stock solution of distilled, deionized water acidilied to pH 2) and
water filtered (1.2 pm pore) and mixed from both aquaria that contained clams. For each
trial, three senial dilutions of 25, S and 1 mg/L zinc solutions were made up in nine 400 mL -
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beakers, which together with four control solutions were then added to vials systematically
arrayed such thai glochidia from each of the clams tested were exposed to each of the twelve
test solutions. Conductivity, monitored periodically, ranged from 280 - 410 uS Minimum
pH, in the highest Zn treatment, was > 7.0.

After toxicologic measurements in each trial, wat r was sampled from twelve vials, one
for each prepared test solution, and preserved with nitric acid for analysis of Zn
concentration. Samples were analysed by flame-absorbance atomic absorption spectroscopy
calibrated with certified zinc standard solution. The lower detection limit was 0.06 mg/L
Concentrations of Zn in vials were siightly lower than targetted, but agreement among trials
and treatment replicates was good (Fig. 6.2).

Glochidia were dissected from clams immediately before placement into treatment vials
Marsupial gills were removed from active gravid female clams, cut open and stripped of
glochidial packets. These were then dispersed in 100 mL of filtered aquarium water and
rinsed three times by decanting off water after glochidia settled. Several hundred glochidia
were transferred by pipette to each of 12 test vials (4 Zn treatment x 3 replicates) for each

clam.

6.2.4. Assessment of viability Viability of glochidia in experimental treatments was
assesseu by testing their ability to close their valves in response to a noxious stimulus, 2 5 M
KClI, using the methods of Huebner and Pynnonen (1992). Glochidia unable to close their
valves cannot attach to a fish host and complete their development into juvenile clams
Response to a negative stimulus was used as a substitue for a positive stimulus such as fish
plasma or tactile arousal, which indicated similar degrees of viability Anodonta (Lefevre and
Curtis 1910; Huebner and Pynnonen 1992).

Using Pasteur pipettes, samples of glochidia (in approx. 1 mL of solution) were
transferred from treatment vials io 2 mL - plastic wells. Numbers averaged 63 indivicuals,
and ranged from 21 to 151. Under a dissecting microscope, the numbers of glochidia upen
and closed in each well were counted. A drop (= 0 04 mL) of 2.5 M KCl was then applied

to each well, and the numbers open and closed recounted. The difference between ' .
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numbers closed before and after KCl application was the number capable of responding to a
stimulus, and thus viable. Individuals either closed before or open after KCl addition were
considered either moribund or dead.

Before the transfer of freshly collected glochidia in the rinsing beaker to the vials
containing test solutions, the proportion of individuals viable was estimated from each of
three samples. For all clams, the proportion viable was 95 - 100% Viability of a sample of
glochidia from each experimental vial was assessed 24 and 48 hr after introduction to the
treatments. Samples were discarded after counting glochidia.

Tests on glochidia from the 30 experimental clams were conducted in 6 trials on separate

dates. Equal numbers of clams from sites 13 and 15 were used in each trial.

6.2.5. Genetic procedures Immediately after dissection of gills for glochidia, several grams
of foot tissue was cut from each mother clam and frozen and stored in cryovials at -80°C
These samples were later homogenized and analysed bv allozyme electrophoresis for GPI ang
PGM using the methods described in Sec. 4.2.3 and 4.2 4.

6.2.6. Statistical analyses Counts of the number of viable individuals in samples of
glochidia were converted to proportions of the total number counted. To improve
homogeneity of variance among groups and normality of the distribution for statistical

analyses, these values were transformed into logit units by
logit V = In(V/(1 - V))

where V = proportion viable. (For V=0 and 1, 0.01 and 0.9¢ were substituted )

Nested factorial analysis of variance (ANOVA) models were used to test for the effects
of the following factors. trial, site, clam (nested within site), zinc treatment and time at which
viability was assessed. Response variability among groups of glochidia in vials (nested with
clams and sites) represented experimental error. Initially, a full model that included all factors

was computed, but due to unequal allocation of clams among trials a single analysis on the
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whole data set was difficult. Therefore, ANOVAs were performed for each trial using the
model

LOGIT V = SITE|[CLAM(SITE)|ZINC|TIME VIAL(SITE CLAM)

where LOGIT V = fogit transfc med proportion viable, SITE = source of parent clams (site
13, site 15), CLAM = parent clams of glochidia (n = 1 - 4, depending on trial), ZINC = Zn
treatments (0, 1, 5, 25 mg added/L), TIME = time of viability assessment (24, 48 hr), and
VIAL = groups of glochidia from the same parent subjected to the same treatment (n = 3).
The response variable was weighted by the number of glochidia counted for each viability
measurement. Factors CLAM(SITE) and VIAL(SITE CLAM) were considered as random
effects. Mean squares were calculated with sequential (Type I) sums of squares. Error terms
used for /- - tests (given in Table 6.1) were generally not the error mean square. In trial 5,
only one clam per site was tested, which left SITE and CLAM(SITE) confounded. For the
ANOVA these terms were combined into a single factor and the results interpreted with
recognition of this problem.

The effect of trial on viability was examined by comparing fitted values for LOGIT V
from each of the separate ANOVAs. A one-way ANOVA was performed on the pooled data,
with trial as a the single factor. Variance in the fitted values due to trial was not significant
(P = 0.221), so the data were then pooled across trials and re-analysed using the same
ANOVA model to increase treatment replication and improve the power of tests.

Differences in viability related to allozyme genotypes were assessed by comparing fitted
responses from the ANOVA models among GPI and PGM genotypes. Lack of sufficient
balance across factor combinations in the numbers of genotypes precluded statistical tests, so

comparisons were made graphically.
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Table 6.1. Analyses of viability of glochidia of L. radiata: ANOV As on data separated by
experimental trials. The response variable is logit - transformed proportion viable

No. Source df MS Error F r
term
Trial 1
1 Site [S] 1 1134 2 4.13 0112
2  Clam(Site) [C(S)] 4 2747 12 258 0 091
3  Zinc treatment [Z] 3 14712 7 145 72 <0 001
4 Time|[T] 1 3405 7 8 73.90 0 00l
5 S*Z 3 185.1 7 183 0.195
6 S*T 1 2355 8 511 0.087
7 Z* C(S) 12 101.0 12 0.95 0535
8 T * C(S) 46.1 12 043 0.782
9 Z*T 3 5773 11 12.1 0 001
10 S*Z*T 426 11 0.89 0473
11 Z*T*C(S) 12 477 12 0.45 0910
12 Vial(Site Clam) 12 106.3 13 1.95 0039
13  Error 84 54.5
Tnal 2
1 Site 1 873.9 2 225 0273
2 Clam(Site) 2 389.2 12 12.89 0.003
3  Zinc treatment 3 117533 7 23391 <0.001
4 Time 1 8495 8 40.14 0.024
S S*Z 3 2115 7 4.21 0 064
6 S*T 1 70.6 8 334 0209
7 Z*C(S) 6 50.3 12 1.66 0247
8 T*C(S) 2 21.2 12 0.70 0.524
9 Z*T 3 461.1 11 12.91 0.005
10 S*Z*T 3 42 B 0.12 0.947
11 Z*T*C(S) 6 357 12 1.18 0.402
12 Vial(Site Clam) 8 241.6 i3 1.39 0223
13 Error 56 218




Table 6 | continued .

No. Source df MS Error F P
term
Tnal 3
1 Site 1 9773 2 1.90 0.240
2  Clam(dite) 4 514.6 12 17.88 <0.001
3 Zinc treatment 3 16918.0 7 224 81 <0.001
4 Time I 1058.0 8 10.48 0.032
5 S*2Z 3 737 7 0.98 0.435
6 S*T 1 29.2 8 0.29 0.619
7 Z*(C(S) 12 753 12 2.61 0.055
8 T*C(S) 4 101.0 12 3.51 0.041
9 Z*T 3 431.4 il 8.56 0.003
10 S*Z2*T 3 52.1 11 1.03 0412
1M Z*T*C(S) 12 504 12 1.75 0.173
12 Vial(Site Clam) 12 28.8 13 1.32 0.225
13 Error 84 219
Trial 4

1 Site 1 0.4 2 <0.01 0.987
2 Clam(Site) 2 13522 12 29.95 <0.001
3 Zinc treatment 3 12794.5 7 78.84 <0.001
4 Time 1 1673.4 8 25.22 0.037
5 S*2 3 582 7 0.36 0.786
6 S*T ! 0.8 8 0.01 0.923
7 Z*C(S) 6 162.3 12 3.59 0.050
8 T*C(S) 2 66.4 12 1.47 0.286
9 Z*T 3 3753 11 48 45 <0.001
H S*Z*T 3 79.0 11 10.20 0.009
1t Z*T*C(S) 6 78 12 0.17 0.977
12 Vial(Site Clam) 8 45.1 13 1.62 0.142
13 Error 54 279
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No. Source df MS Error F P
term
Trial §
2 Clam(Site) 1 4876 12 i1 58 0027
3 Zinc treatment 3 6478 7 58 07 0 004
4 Time 1 1389 8 26.35 0122
7 Z*C(S) 3 1116 12 265 0.185
8 T * C(S) l 52.7 12 1.25 0326
9 Z*T 3 1788 11 1.69 0338
It Z*T*C(S) 3 105.7 12 2.51 0198
12 Vial(Site Clam) 4 422 13 0.85 0.503
13 Error 28 49 4
Tral 6
1 Site 1 4303 2 0.56 0484
2 Clam(Site) 6 775 1 12 17.04 <0 001
3 Zinc treatment 3 34019.7 7 158.63 <0.001
4 Time 1 2053.1 8 46.18 <0.001
5 S§S*Z 3 48 4 7 023 0877
6 S*T 1 235 8 0.53 0494
7 Z*C(S) 18 2145 12 471 0.002
g T*C(S) 6 445 12 098 0.472
9 Z*T 5318 i1 16 77 <0 001
10 S*Z*T 3 211 11 0.66 0.585
11 Z*T*C(S) 18 317 12 0.70 0.771
12 Vial(Site Clam) 16 455 13 2.06 0015
13  Error 112 22.1




90

6.3. Results

Separate analyses of glochidia viability in each trial gave generally consistent levels of
significance for the effects tested (Table 6.1). Poorest agreement between analyses was for
the ZINC*CLAM(SITE) interaction, which was highly significant (P = 0.002) in trial 6, but
borderline or nonsignificant (£ > 0.05) in the other trials. Results from the ANOVA of the
combined data (Table 6.2) were congruent with those from the separate ANOVAs and
provide a description of the overall effects shown in the toxicity trials.

The greatest effect by far on glochidia viability was due to zinc treatment (P < 0.001, Fig.
6.3A). Viability was approximately 90% in control, close to 0% in the highest zinc treatment,
and monotonically decreasing between the two. The difference in viability at 24 and 48 hr
represented the second greatest effect (P < 0.001, Fig. 6.3B). Not surprisingly, viability was
lower after 48 hr than after only 24 hr. The source from which parent clams were collected
had no effect on the viability of glochidia (P = 0.519 from pooled ANOVA, and ranged from
0.112 to 0.987 from separate ANOVAs). This was due to significant variability observed
among clams (/” < 0.001 from pooled ANOVA, Fig. 6.3C). Some clams thus showed greater
resistance to zinc than others, but these individuals were not more prevalent in the groups
from site 13 than from the group from site 15.

Two second order interactions were alsc significant. Overall, vanability among clams in
viability of glochidia was not constant across zinc treatments (P < 0.001 for
ZINC*CLAM(SITE), Table 6.2). The response of clams was more heterogeneous in the 1
and 5 mg Zn/L treatments, than in the control and 25 mg Zn/L ones (Fig. 6.4A). Similarly,
mean resistance differed more between 24 and 48 hr in intermediate concentrations of zinc
than in the control and 25 mg Znw/L conditions (ZINC*TIME P < 0.001, Fig. 6.4B).

Homozygotes for the most common alleles of both GPI and PGM predominated in the
clams from both sites 13 and 15 (Table 6.3). When back - transformed fitted viability was
averaged for all zinc treatment - genotype combinations, there was little indication of
differential resistance aniong maternal genotypes. For GPI, glochidia from the clam having
the GPI-CC homozygote showed higher median viability than that of genotypes with the
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Table 6.2. Analyses of viability of glochidia of /.. radiara. ANOV A on data pooled across
experimental trials. The response variable is logit - transformed proportion viable

No. Source df MS Error ¥ P
term
1 Site [S] 1 2734 2 043 0.519
2 Clam(Site) [C(S)] 28 640.7 12 12.32 <0 001
3 Zinc treatment [Z] 3 94096.1 7 468 98 <0 001
4 Time [T] i 95422 8 124.57 <0.001
5 S*Z 3 850 7 042 0.736
6 S*T 1 128.2 8 1.67 0.206
7 Z*C(S) 84 200.6 12 386 <0.001
8 T*C(S) 28 76.6 12 1.47 0 105
9 Z*T 3 2293.1 11 525 <0.001
10 S*Z*T 3 14.4 i1 0.33 0.804
11 Z*T*C(S) 84 43.7 12 084 0.772
12 Vial(Site Clam) 60 520 13 1.67 0.002
13  Error 418 31.1
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Table 6 3 Genotype frequencies of GPI and PGM for gravid Lampsilis radiata used in the
zinc toxicity trials.

GP1 PGM
Site AB BB BC CC BB BC
13 0 14 1 0 1 4
15 1 12 1 1 11




Qs

GPI-B allele in three of the zinc treatments (Fig. 6 5) Additional data are required to
determine the significance of these differences. For PGM, mean viability was approximately

equal for the two genotypes in all treatments (Fig. 6 6).

6.4. Discussion

6.4.1. Effect of zinc Viability of glochidia in the experimental treatments was strongly
related to zinc concentrations. Although EC s (effective concentrations that reduce viability
to 50%) were not formally determined, interpolations from Fig. 6 4B suggest approximate
values of S - 7 mg Zn/L for 24 hr and 1 - 2 mg/L for 48 hr. Inability of glochidia to close in
response to stimulation likely has the same effect on fitness as death. Thus ECs can be
considered equivalent to LCs. Glochidia of L. radiata glochidia were less sensitive to zinc
than other immature unionids. Huebner and Pynnonen (1992) estimated 24- and 48-hr EC,,s
for glochidia of Anodonta cygnea to be 0.1979 and 0.0691 mg Zn/L. Juvenile A. imbecilis
displayed 48-hr LC,s of 0.355 - 0 588 mg Zn/L, depending on water hardness (Keller and
Zam 1991). In contrast, Millington and Walker (1983) reported a 14-d LC,, for adult
Velesunio ambiguus as 66 mg Zn/L, and Rodgers et al. (1980) determined 96-hr LC, for
Corbicula sp. to be 6.04 mg Zn/L in a static system.

Although field measurements of dissolved zinc concentrations were not made in this
study, observations by Tessier et al. (1989) from the oxic sediments of 40 lakes exposed to
metals from atmospheric deposition and mining activities suggest that the experimental
treatments were not unrealistic. In lakes of pH > 7, up to 2.6 mg Zn/L. was measured in the
overlying 5 cm of water; concentrations of Zn in interstitial waters were even higher
Sediment Zn levels ranged from 0.13 - 436 ug/g. The authors also noted that in natural
waters Zn is not strongly complexed with ligands (i.e., Zn*' is the primary species in the
dissolved phase). Thus, glochidia settled on and in the sediments near site 15 could be
exposed to conditions similar to those in the toxicity treatments.

6.4.2. Variability in resistance to zinc Substantial variability in resistance to zinc was

observed among glochidia. In addition to the effect of assessment time, much of this was
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accounted for by differences among the parent clams. Glochidia from the same parents
showed similar resistance to zinc toxicity. Over time such differential resistance in
contaminated sites could result in selection for enhanced tolerance of zinc. However, there
was no overall difference between glochidia of clams from site 13 compared to site 15, and
thus no evidence of differences in zinc tolerance between clams from upstream and
downstream of the contaminant discharge.

The similanity between sites in the response of glochidia to zinc suggests that the degree
of selection due to zinc contaminants is the same in both sites. Possibly, glochidia that
successfully attach to their host are taken up immediately after expulsion from parent, thereby
avoiding exposure to high zinc levels. In Lampsilis, modified edges of the mantle in gravid
females, as well as the conglutinates (packets) of glochidia that are ejected from the gills, are
modified to resemble host prey items such as small fish, leeches and flatworms, adaptations
which serve to attract hosts and increase the probability of parasitization (Kat 1984).

Alternatively, migration of individuals between sites may be sufficient to disperse enough
metal - tolerant individuals selected in contaminanted sites to counter the evolution of clam
beds that different in mean tolerance. The high degree of similarity in allozyme frequencies
observed across eight sites separated by up to several hundred kilometres (Sec. 4), indicates

that gene flow among clam beds is likely not restricted.

6.4.3. Lack of GPI and PGM gentotype effects Whereas 50% of a parent's alleles are
shared by its offspring, the relationships for specific genotypes are more complex. Genotypic
frequencies for GPI and PGM of glochidia depend on the proportions of alleles contributed
from each parent. Alleles contributed from the mothers were determined by allozyme
analyses (Table 6.3). If the frequencies of alleles in the fertilizing sperm from the water

column reflect those in the adult males of the population, genotypic frequencies in the
glochidia can be caiculated. Based on analyses of clams from the same study area (Cornwall,
north channel: sites 2 and 3; Fig. 1.2), proportions of GPI alleles were roughly 3% A, 85%
B. and 12% C (Sec.4. Table 4.1). With random fertilizations, expected frequencies for the
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offspring of each female are shown ia Fig. 6.7. These genotypic frequencies differ according
to the maternal genotype.

If responses of the glochidia to zinc treatments were related to their GPI genotype, mean
viability (adjusted for the model and based on roughly 1500 glochidia per clam) should
depend on maternal genotype. In fact, they show little diffences among the four genotypes
(Fig. 6.5), except for those glochidia from the GPI-CC clam Due to the low numbers of rare
genotypes, it is difficult to suppose any allozyme effect on resistance. The difference between
glochidia from PGM-BB and PGM-BC mothers is completely nonsignificant (Fig 6 6)

Allozyme - dependent responses to metal toxicity has been observed in several freshwater
and marine invertebrates and fishes (Nevo et al. 1984; Chagnon and Guttman 1989, Gillespie
and Guttman 1989; Diamond et al. 1989, Benton and Guttman 1990, 1992; Kramer et al
1992, Heagler et al. 1993; Montero et al. 1994). Although not directly comparable, results
based on GPI and PGM from the present study suggest a lack of such a response in /.
radiata.



Mother: GPI-AB Mother: GPI-BB

Mother: GPI-BC Mother: GPI-CC

Expected Glochidia Genotypes
B AA LJaB [1ac BB [BC [lcc

Fig. 6.7. Expected proportions of GPI genotypes in
glochidia from mothers of known genotype, assuming that
frequencies of alleles among fertilizing sperm are equivalent
to those in adult males.
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7. SUMMARY AND CONCLUSIONS

7.1. Summary of results

Lampsilis radiata from 13 locations in the St. Lawrence River were examined for

evidence of physiological and ecological disiurbance due to industnal discharges The main

findings are:

A. Growth patterns of shells differed among groups of aduit clams sampled from
upstream and downstream of four areas receiving discharges. Growth rates of clams from
three of the four sites below discharges were depressed relative to clams from

corresponding sites above discharges.

B. However, shell growth over a year was not less in adult clams transplanted into sites
below discharges compared to that of clams transplanted into sites above discharges.
Genetic factors, or possibly irreversible physiological acclimatization, appear to control

growth more than enviromental contaminant levels.

C. There was no evidence of selection favoring individuals with specific genotypes of GPI
or PGM in contaminated sites, as has been reported in other studies with these allozyme
systems. Frequencies of GPI and PGM genotypes were nearly identical in clams from
eight sites, suggesting either selective neutrality among allozymes, or sufficient gene flow

among sites to counter selective pressure.

D. Accumulation of trace metals in clam tissues was not generally related to sediment
metal levels. Only in the most contaminated site were tissue burdens concomitantly
higher. Variation in shell growth patterns among sites was not related to metal levels in
sediments or clam tissues. Shell growth patterns in individuals show no relationship to

specific allozyme genotypes.
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E Resistance of glochidia larvae to toxic effects of zinc was highly dependent upon the
mother clam, but not on whether the mother was from above or below a discharge, or on
the GPI and PGM genotype of the mother. The oifspring of clams from below a zinc -

enriched discharge were not more tolerant of zinc than glochidia of clams from upstream.

Overall, there was little indication that clam beds located downstream of discharges in the
study areas were deleteriously affected. This is in spite of the fact that (i) loadings of trace
metals contained in several of the discharges rank them as major sources of contaminants
(Environnement Canada 1985, OME 1991, 1992; Metcalfe-Smith 1994), (ii) sediments
collected from within clams beds also rank as substantially contaminated relative to other
rivers (Leland et al. 1978), (iii) trace metals are toxic to a variety of benthic organsims
(Luoma and Carter 1991), and (iv) unionids should be vulnerable to the uptake discharged
metals (Sec. 1 6.1).

7.2. Lack of disturbance from industrial discharges Several explanations are possible for
the apparent non-response to contaminants shown by L. radiata. It is possible that the
discharged contaminants are not in fact bioavailable at toxic levels. The limited amount of
information on metal accumulation from the present study suggests that burdens in L. radiata
from the study sites are lower and less indicative of environmental levels than some other
unionids (Elder and Collins 1991). If discharges are episodic in their duration, the clams may
be able to avoid exposure by closing their valves until after the plume has swept by (Doherty
et al. 1987). Metals in the sediments may be in geochemical phases that are not taken up.
Regulation by L. radidata may be highly efficient. Alternatively, metal concentrations in the
sediments may not be toxic even if they were easily taken up. Havlik and Marking (1987)
note that despite numerous studies on contaminant dynamics in unionids, little information
exists on toxicity

Much of the variance observed in the "responses" examined - shell growth, allozyme

frequencies, metal burdens, toxicity of zinc to glochidia - was unrelated to environmental
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contaminant levels. Geaetic factors (although not GPl and PGM gunntypes) and natural

environmental conditions, such as water alkalinity and hardness, were more important

7.3. Suitability of L. radiata as a biomonitor Although many bivalves species have been
useful in assessing effects of environmental disturbances (Bayne 1989; Green et al 1989,
Elder and Collins 1991; Johnson et al. 1993; Metcalfe-Stith 1994), the use of .. radiata to
determine effects of industrial discharges in the St. Lawrence River remains questionable
Lampsilis radiata has many characteristics of the ideal indicator organism (Johnson et al
1993): easy taxonomic identification, widespread distribution, numerical abundance, large
body size, limited mobility, long life history, and wcll understood ecology. However, the
clams examined in this study lacked the required criterion of a relatively narrow range of
tolerance for the environmental conditions of interest. Their effectiveness as sentinal
indicators (organisms whose bioaccumulation of contaminants is indicative of environmental
pollutant levels) may require further study to assess. The species does not appear to be as
sensitive of contaminant levels as Elliptio complanata, another unionid sympatric with /..
radiara throughout the study area (Metcalfe-Smith 1994, Metcalfe-Smith et al. 1995)



104

APPENDIX A: PHYSICOCHEMICAL CHARACTERIZATION OF STUDY
SITES, WITH SPECIAL REFERENCE TO CONTAMINANTS

A.l., Water

Between 1980 and 1989, water samples were collected by the Water Quality Branch,
Environment Canada, from 25 stations in the St. Lawrence River between Cornwall, Ontario,
and Sorel, Quebec, (Fig. A.1) that correspond to sites sampled in the present study (M.
Charette, Water Quality Branch, Environment Canada, Ottawa, pers. comm.). Samples from
the upper water column were analysed for up to 35 physical and chemical water quality
parameters, with sample sizes ranging from 1 to 60. To assess among - area variability of
parameters that roughly indicate general physicochemical conditions of the water column,
data were plotted by station for specific conductance, alkalinity, calcium concentration, and
turbidity (Fig. A.2). Specific conductance, a coarse measure of the concentration of dissolved
ions, was about 300 uS/cm, except for stations at the St. Regis River (9207) and Ottawa
River (9002) inflows, or near the north shoreline (¥008, 9011, 9016, 9018, 9052). Calcium
concentration and alkalinity show similar trends. For most stations, Ca concentration was
about 35 mg/L, and alkalinity averaged 80-90 mg CaCO,/L. Turbidity showed low variability
both among and within sites in the Cornwall area. Further downstream, turbidity was
generally higher but also more variable. These data suggest that clam beds in all sites sampled
for the present study, except Site 11 at near the infow of the Ottawa River (Fig. 1.2), would
have been exposed to similar water column conditions. Concentrations of dissolved Cd, Co,
Cr, Cu, Hg, Ni, Pb and Zn were frequently near or below detection limits (generally 1 ug/L,
0.02 ug/L for Hg).

In another study by Anderson and Biberhofer (1991), analyses were conducted for 19
metals on water samples from seven monthly surveys of 15 stations in the Cornwall area
during 1988. In general, concentrations were either near or below detection limits (As, Be,
Cd. Co, Cr, Hg, Se, V), homogeneous across stations (Ba, Li, Mo, Sr), or more variable

among surveys than among stations (Cu, Ni, Pb, Zn). Exceptions were Al, Fe and Mn, which
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Fig. A.1. Stations in the St. Lawrence River study areas sampled by the
Water Quality Branch, Environment Canada, 1980 - 1989. Industrial
outfalls are indicated by W . Grouped station numbers represent a
transect across the river.
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(Source: M. Charette, Water Quality Branch, Environment Canada, pers.
comm.)
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were often elevated in the navigational canal and at the mouths of the Raquette and St Regis
Rivers. None of the metals were in concentrations exceeding Provincial Water Quality

Objectives for Ontario, except for Fe in the navigational canal.
A.2. Sediment

Surficial sediments were sampled from the study sites (Fig. 1.2) to roughly quantify the
degree of pollution, identify the most important contaminants, and to allow comparisions of
relative levels of exposure to metals between sites. Sites | - 5 and 7 - 11 were sampled in
June 1989. Sediment was collected in S00-mL glass jars from the top 5-10 cm thick layer by
hand with SCUBA at all sites except 7 and 8 in 1989, at which sediment was taken from an
Ekman grab sample. Samples were kept cool with water ice and dry ice in the field (2-8
days), then stored in a freezer (-20°C) until laboratory analyses.

Sediments were assayed for total As, Hg, and Se; total and extractable Al, Cd, Co, Cr,
Cu, Fe, Mn, Ni, Pb, and Zn, particle size distribution; and organic content (loss on ignition).
Metals were analysed by the National Laboratory for f.nvironmental Testing (NLET,
Environment Canada, Burlington, Ontario) using standard methods, including quality
assurance and quality control procedures (NLET 1994). All elements except As, Se and Hg
were analyzed by atomic absorption spectroscopy (AAS). Inductively coupled plasma -
atomic emission spectroscopy (ICP-AES) was used for As and Se. Mercury was analysed
by flameless AAS. The extracting solution for the determination of the extractable or non-
residual (ie. not part of the silicate matrix of the rock) fraction of metals was 5% HCI
solution. Minimum detection limits (mg/kg) for total concentrations were: Al - 10, As - 0.2,
Cd-10,C0-20,Cr-10,Cu-10,Fe-50,Hg-001,Mn-10,Ni-30,Pb-50, Se-
0.2, Zn - 1.0; and for extractable concentrations were: Al -2.0,Cd-02,Co-04,Cr-02,
Cu-02,Fe-1.0,Mn-02,Ni-0.6,Pb-1.0,Zn-0.2. Sediment particle size distributions
and loss on ignition were determined by the Sedimentology Laboratory (NWRI, Burlington)
using the methods of Duncan and LaHaie (1979), and provided estimates of gravel, sand, silt
and clay percentages, and percentage organic content.
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Concentrations of metals in sediments for each site are shown in Fig. A.3 (total) and Fig.
A 4 (extractable). Among the sites upstream of outfalls (1,3,5,9,11), concentrations did not
tend to increase with distance downstream, which suggests that contaminants are not
deposited in reference sites for areas further downstream. The significance of metal
contamination in the putative impacted sites (2,4,7,8,10) was assessed by comparing each
with the upper 95% confidence limit for the concentrations of the S sites upstream of the
contaminant sources. Sites with concentrations greater than the upper 95% C.L. would be
considered chemically impacted. Thus, based mainly on extractable metal concentrations,
which are more toxicologically relevant (Luoma 1989), site 2 (Comwall, N. Channel
downstream) is contaminated with Hg; site 4 (Comwall, S. Channel downstream) is
uncontaminated (by any of the measured metals), site 7 (at Grass R. inflow) is contaminated
with Cd, Cu, Mn, Ni, Se and Zn; site 8 (Sorel downstream) is contaminated with Co, Cr, Cu,
Fe, Ni, Pb and Zn; and site 10 (Montreal dcwistream) is contaminated with Hg, Mn and Zn.
In all of the cases in which a metal was identified as elevated by the above criterion, total
concentrations of the metal exceeded Provincial Sediment Quality Guidelines (Fig. A.3;
Persaud et al. 1992).

In 1990, sediments were collected again from sites 3, 4, 7, 8 and 9, and site 13. Analyses
were for the same metals and by the same methods as those in 1989. Agreement of
extractable metal estimates between years was assessed by regressing the 1990 concentrations
on those for 1989 for the five resampled sites. The r* for 1990 vs 1989 estimates ranged from
0.80 to 0.9, except for Zn (> = 0.63). Slope was <1 for all metals except Cd, and ranged
from 0.522 to 1.03. Therefore, 1990 estimates are, in general, lower than those of 1989, but
the relative concentrations in the sediments among sites appears consistent between years for
all metals assessed, except Zn, and at site 4.

Particle sizes of sediments differed somewhat among sites. Sites of the Cornwall, N.
Channel pair (2 & 3) were both predominantly sand, and both sites at Montreal were
characterized as 'sandy mud'. Sites at Comnwall, S. Channel (4,5), and those at Sorel (8,9)

were not as similar within pairs ('muddy sand' vs 'sand’, and 'sandy 1..ud' vs ‘gravelly sand',
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respectively). The 1990 sediment samples gave the same characterizations for sites 7.8 & 9,
but site 3 had more gravel, and site 4 more silt and clay than the 1989 samples.

Organic content of sediments, as loss on ignition, was less than 5% for all sites in 1989.
The range was from 0.57% (site 9) to 4.3% (site 2). For the S sites resampled in 1990, the
correlation of estimates between years was very high (0.94), although 1990 values were
almost double those 1989.

No strong correlation was found between the concentration in sediments of any metal and
sedimen* oparticle size frequency or organic content.

Overall degree of trace metal contamination in the primary study sites is shown in Fig. A 5
(total metals) and Fig. A.6 (extractable metals). Concentrations are converted to mmol/’kg
and grouped by site, with the toxicologically less important Al, Fe and Mn omitted. The
Sorel downstream site (8) shows the greatest difference in sediment metal concentrations
compared to its upstream reference. It is, by far, the most heavily contaminated of the
primary study sites. The downstream sites in the Cornwall, N. Channel and the Montreal
areas (2 and 10) appear only slightly more contaminanted that their upstream references Site
4, in the Cornwall, S. Channel, shows no elevated metals in sediments. Mercury
concentrations, though higher by far in sites 2 and 10 than in other sites (Fig. A 4), are not
well represented here because of their comparatively low molar concentrations.

Muiti-metal contaminant levels were also examined using a principal components analysis
(PCA) on In - transformed metal concentrations for the eight primary sites and sites | and 7
(extractable concentrations for all except As, Hg and Se). PC1 accounted for 78.6 % of the
total variation and was negatively related to a general increase in all metals, especially Hg, Pb,
Zn and Cu. PC2 accounted for 11.5 % of the total variation and was related to a decrease
in Hg and increases in Cr and Co. Although only one sample per site was analyzed (and
therefore samples and sites are confounded), a plot of PC2 vs PC1 scores (Fig. A.7) suggests
that the downstream site-samples are generally more contaminated than the reference
upstream ones, except for the Cornwall, S. Channel. This is in agreement with the previous
assessment based on Fig. A.5 and A6.
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APPENDIX B. ESTIMATION AND ANALYSIS OF SHELL
GROWTH PATTERNS IN LAMPSILIS RADIATA

B.1. Introduction

Growth rates of unionid bivalves such as Lampsilis radiata vary seasonally, usually
resulting in distinct "disturbance” marks on the shell that correspond to the annual reduction
of growth during winter (Tevesz and Carter 1980). These marks are visible in cross sections
of the shell as lines running through the nacre and prismatic layers, apparently the result of
interrupted calcium carbonate deposition (Lutz and Rhoads 1980). Often, where the
prismatic layer marks meet the periostracum, theyv are visible as concentric rings on the
exterior surface of the shell. If the external rings are sufficiently distinct and found to match
with the internal lines, and if the annularity of these marks can be established by some sort of
dating analysis or mark-recapture experiment, the rings can be interpreted as yearly records
of the shell size. In L. radiata, external rings are distinct (McCuaig and Green 1983, Day
1984; Podemski 1992), except for the earliest ring or two (which are usually eroded) and the
later rings of old clams (which are often closely spaced and poorly defined).

Growth in length of several unionid species has been fitted by the von Bertalanffy model
(Seed 1980, McCuaig and Green 1983)

%)) L=L(1-¢%

which describes growth in length, L,, over time, 4, to an asymptotic final size /.., at the initial
instantaneous rate of k. With a series of annual shell ring lengths, rate of growth over the
lifetime and expected maximum size of individual clams can be estimated.

To estimate L_ and k of a shell, McCuaig and Green (1983) used the Walford Plot
method. It involves the measurements of multiple (> 3) pairs of consecutive ring lengths, /.,

and L,,,, from a shell, and the computat-on of the linear regression
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(2) L., =a+bl,

which relates length in the year t+1, L,,,, to length in the previous year ¢, .. The intercept,
a, represents shell length at the first winter's growth ring, and slope, b, the fraction of growth
remaining after the first winter ring. The Walford Plot regression parameters allow

calculation of parameters L. and & of the von Bertalanfly model by

3) L.=a/(l-b) and

@) =-Inb

which can be used to reconstruct each shell's growth pattern.

In the present study, a modification of the Walford Plot method as applied by McCuaig
and Green (1983) was used to estimate the shell growth pattern for each of 421 clams
collected from eight study sites. Methods of annual ring length measurements, computations
of Walford Plot regressions and growth pattern reconstructions, and potential sources of bias

and imprecision of estimates are described below.

B.2. Identitification and Measurement of Annual Growth Rings

Shells were cleaned of soft tissue, and attached debris and examined with reflected and
transmitted incandescent light. Ages were estimated by counting from the umbo outward the
number of dark, usually raised, macroscopic (Day 1984) rings on the periostracum. In L.
radiata, the first year's growth ring tends to be 10 - 20 mm in length (McCuaig and Green
1983, Day 1984, this study). Therefore, for shells in which a growth ring less than 20 mm
in length was not visible due to erosion of the umbo region, the shortest visible ring (in all
cases > 25 mm) was assumed to be the second year's annulus.

In several shells, the identification of annuli by external examination was evaluated by
preparing mounted cross-sections to view internal growth lines, which are considered more
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reliable records of annual growth interruptions (Neves and Moyer 1988). For each clam, the
valve with the lesser amount of erosion was cut from the umbo to the posterior margin with
a slow speed diamond blade saw. Cut surfaces were bonded to glass microscope slides using
clear epoxy glue. A second cut was made of the mounted shell to leave a 0.2 - 0.4 mm thick

section, which was polished with lapidary papers if excessively rough. After rinsing and

drying, the section surfaces were coated with clear nail polish to enhance transparency.

Internal growth lines were identified and counted by the following procedure. Using a
dissecting microscope (magnification = 35X) and reflected light, the locations where
macroscopic growth lines intersect the periostracum were marked on the mounted section
slide. Under a compound microscope (mag. = 40X), the section was examined again for
further identification and counting of prismatic layer lines. Marks on the slide were then
compared with the valve from which the section was made to confirm that the locations of
internal line - periostracum junctions match with those of the the external rings. Lastly, the
number of missing prismatic layer lines was noted. These lines are those which should exist
based on the external ring pattern, but are not visible due to shell erosion. The age (in years)
of the shell was estimated by the number of prismatic layer lines plus the number of missing
lines.

For each shell, the lengths (Fig. B.1) of as many external rings as possible (up to 10) were
measured with digital or dial calipers (instrument precision = 0.01 mm). Because at least
three consecutive ring pairs are required for the regression, a minimum of four rings, all
consecutive, must be measureable (L,,, of one pair can be assigned as "L," with /.,,, as "/,.,"
in the next pair). Out of a total of 443 clams collected from the eight major study sites (Sec
2.), 421 had at least three measureable ring pairs.

B.3. Walford Plot Regression and Growth Pattern Derivation
For each clam, Walford Plot regressions (eq. 2) were fitted to the annual ring lengths.

Instead of using the ordinary least squares (OLS) method of estimating the regression line,

which assumes negligible error in the observations of the X variable, the geometric mean



Fig. B.1. Length of a pair ofconsecutive external growth rings on a
unionid shell. Measurements are made along the axis of maximum size.
L,and L,,, are lengths at years t and t+1.
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(reduced major axis) method was used to compensate for the condition of error in x values
being approximately equal to error in y values (McArdle 1988). Rather than minimizing the
sum of the squares of the deviations of observed y values from the regression line, as in the
OLS method, the geometric mean (GM) method minimizes the sum of the areas of the
triangles formed by the data point, the point on the line corresponding to the x value, and the

point on the line corresponding to the y value (McArdle 1988). Geometric Mean slope, b,;,,.
was estimated by

(5) bou=s,/s. (Jolicoeur 1975)

where s, = standard deviation of L,,,, and s, = standard deviation of L, from a clam. Intercept
was calculated by substituting b, mean {,, and mean,. in eq. 2. Von Bertalanffy
parameters, L. and k,were obtained from substitutions of the Walford Plot parameter
estimates into eqs. 3 and 4. Thus, an individual von Bertalanffy model was produced for each
clam, which was then used to derive a growth curve for ages 0 - 12 years.

B.4. Goodness of Fit of Derived Growth Patterns

To assess how well von Bertalanffy models describe actual growth patterns, total lengths
of shells were compared to lengths predicted by the fitted model for the clam at its age of
capture. For each shell, total length was measured using digital calipers. Predicted length
was calculated with eq. 1, the clam's age, and the estimates of L_ and k. Predicted length at
time ¢ was then regressed against observed length at time ¢, and the strength of the
relationship evaluated in terms of slope and /.

The relationships between predicted length and observed total length of the shells
collected from each of the eight study sites are shown in Fig. B.2. Slopes ranged from 0.80
to 1.1 (except for site 10, which had slope equal to 0.69), indicating that total lengths were
generally underestimated by the models. Sites 4, S and 11 showed the strongest predicted -
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to - observed length relationships ("= 81 - 88%), and sites 8 and 10 showed the weakest (r'=
56 and 67%, respectively).

Out of the 421 shells that were old enough for growth analysis, five gave ‘invalid' results
(estimated b > 1 for Walturd Plot regression, which implies an ever increasing rate of
growth), and eight gave ‘unrealistic’ estimates (L. > 200 mm, which greatly exceeds observed
maximurm sizes of L. 7. radiata (105 mm) and L. 7. siliquoidea (140 mm) according to Clarke
1981)). Estimated and observed lengths were in agreement for 6 out of the 8 sites, based on
slope and . Among groups, differences in mean predicted and mean observed length ranged
from 0.14 mm (site 2) to 3.98 mm (site 10), which are comparatively small in relation to the

range of mean estimated maximum lengths for site groups (74.7 to 133 mm).

B.S. Sources of Bias and Imprecision

Individuals showing poorest agreement between predicted and observed length at capture
usually had few ring pairs available for estimation of Walford Plot parameters. Groups from
sites 8 and 10, which had the lowest mean proportion of measured-to-total rings, were the
worst for predicting shell length at capture (Fig. B.2). Thus, the more ring pairs from a shell
measured for growth pattern analysis, the lower the bias for individual estimates and the
greater the precision for group mean estimates.

In some applications of the Walford Plot method to fit growth models to a population,
only one pair of measurements are made on each individual. A single regression is then
calculated for the population, which assumes common L, and & for all individuals. Sainsbury
(1980) noted several problems of using this approach with eq. 1 and 2, chief among them
being bias in estimates of L_ and k. Because the method used in the present study estimates
model parameters for each clam (thus avoiding the assumption of common parameters for the
populations), such bias should not be important.

Serial correlation of esrors resulting from the reuse of rings (L,., in one pair used as L, in
the next pair) is another potential source of error. Its importance should be proportional to
the degree that ring lengths deviate from the growth model.
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