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MANAGEMENT PERSPECTIVE

Marine bivalves have long been used as sentinel organisms in "mussel watch" programs around
the world. The goals of these programs are to assess the levels of contamination in coastal areas
and warn of potentially hazardous conditions, and to support environmental regulation and
enforcement processes. The success of these programs can largely be attributed to the amount
of effort expended on developing sound sampling and analytical protocols. Freshwater mussels
have similar potential for monitoring in freshwater systems, but to date they have been under-
utilized and there are no standard protocols available for their use.

Studies on marine mussels have shown that biological factors can significantly influence the
bioaccumulation of contaminants by these organisms, and must be standardized or accounted for
in the design of mussel monitoring programs. Otherwise, spatial or temporal trends in pollution
may be masked by biological variability. Similar studies on freshwater mussels are virtually
absent. The present study investigated the effects of species and sex on metal residues in E.
complanata and L. r. radiata (Bivalvia: Unionidae) from the St. Lawrence River. The impetus
behind the study was the requirement for biomonitoring techniques identified in the St. Lawrence
Action Plan and the Cornwall, Ontario and Massena, New York Remedial Action Plans for the
St. Lawrence River Area of Concern. Under these Plans, industries throughout the river have
been targeted for reductions in their discharge of toxic effluents, and hazardous waste sites are
scheduled for cleanup. Mussel biomonitoring may be an effective means of demonstrating the
success of remedial activities and tracking improvements in the river over time.

Mussels were collected in 1989 and 1990 from sites representing a wide range of types and
degrees of metal pollution. In 1989, composite samples of five specimens (normally three males
and two females combined)/species/site were analyzed for residues of 12 metals in their soft
tissues to determine the effects of species on metal accumulation. In 1990, males and females
were analyzed separately to determine the importance of sex as a source of variability in the
data. Interspecific differences in bioaccumulation were observed for most metals, however,
concentrations were frequently correlated between species and the differences could therefore
be quantified. E. complanata demonstrated a broader response range to the same exposures than
L. r. radiata for most metals, suggesting that it may be more sensitive to changes in pollution
status. Differences in metal uptake between the sexes were less pronounced than differences
between species, and male specimens displayed less variability than females. Consideration of
these factors in mussel biomonitoring programs should greatly improve precision and sensitivity.



Abstract - The implementation of freshwater mussel watch programs has been hindered by a
lack of information on biological factors affecting the levels of contaminants accumulated by
these organisms. This study investigated the influence of species and sex on metal residues in
Elliptio complanata and Lampsilis radiata radiata (F. Unionidae) from the St. Lawrence River.
Mussels were collected from sites representing a wide range of types and degrees of metal
pollution. Composite samples of five specimens (males and females combined)/species/site and
five specimens/sex/species/site were analyzed for residues of 12 metals in the soft tissues to
determine the effects of species and sex, respectively, on variability in the data. Interspecific
differences in bioaccumulation were observed for most metals, however, concentrations were
frequently correlated between species and the differences could therefore be quantified. E.
complanata demonstrated a broader response range to the same exposures than L. r. radiata for
most metals, suggesting that it may be more sensitive to changes in pollution status. Differences
in metal uptake between the sexes were less pronounced than differences between species, and
male specimens displayed less variability than females. Consideration of these factors in mussel
biomonitoring programs should greatly improve sensitivity and precision.
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INTRODUCTION

Marine bivalves have long been used as sentinel organisms for monitoring contaminant levels
in coastal areas around the world. In the United States, for example, "mussel watch" programs
at the national level [1,2] and in the state of California [3] have been in place since the mid-
1970s using mussels and oysters. Similar programs are under development in Australia {4] and
South Africa [5], and have also been proposed for Canada [6]. All mussel watch programs share
two common objectives, namely, to assess the level of contamination in coastal areas and to
support environmental regulation and enforcement processes [3]. The success of these programs
can largely be attributed to the development of sound sampling and analytical protocols.

The main advantages of using marine bivalves as monitoring organisms include the following:
wide distributions of closely related species maximize data comparability; sedentary habits ensure
site-specific information; large, stable populations permit repeated sampling; specimens are
readily sampled, handled and identified; tolerances to many contaminants are high compared
with other aquatic organisms, bioconcentration factors are high and bivalves provide a measure
of contaminant bioavailability near the entry level of the food chain [1,2]. As these
characteristics also apply to freshwater bivalves [7], similar mussel watch programs might be
developed for freshwater systems. In fact, zebra mussels have recently been used to monitor
inland waterways in Europe [8] and the exotic Asiatic clam, Corbicula sp., has been
recommended for large-scale monitoring in the thirty-three American states in which it now
occurs [9].

Most freshwater bivalves belong to the family Unionidae. Unionids are widely distributed in
all types of freshwater systems, particularly large rivers, and have been used with increasing
frequency as contaminant biomonitors [7]. Unfortunately, there have been few systematic
attempts to develop standardized protocols for their use. '

The accumulation of metals by mussels is highly dependent on the physico-chemical factors
which affect exposure, and also on biological factors which determine the organisms’ response
to exposure. Variability due to biological factors can mask spatial or temporal patterns in metal
pollution, and must therefore be eliminated or accounted for in the design of biomonitoring
programs. The purpose of this study was to compare metal accumulation by the two dominant
species of unionids in the St. Lawrence River, and to investigate the importance of sex as a
source of intraspecific variability in metal residues. The impetus behind the study was the
requirement for biomonitoring techniques identified in the St. Lawrence Action Plan [10], and
the Cornwall, Ontario and Massena, New York Remedial Action Plans for the St. Lawrence
River Area of Concern [11,12]. Under these Plans, industries throughout the river have been
targeted for reductions in their discharge of toxic effluents, and hazardous waste sites are
scheduled for cleanup. Mussel biomonitoring may be an effective means of demonstrating the
success of remedial activities and tracking improvements in the river over time.



METHODS
Study sites

In 1989, 11 sites in four stretches of the St. Lawrence River were selected for study (sites 1-5
and 7-12, Fig.1). In 1990, five of these sites were revisited (sites 3, 4, 7, 8 and 9) and a new
site (13) was added. Study sites were chosen to represent a variety of types and degrees of
metal pollution, such that inter- and intraspecific differences in metal accumulation by mussels
could be determined over a wide range of exposures. With the exception of sites 1 and 11,
which represented the background influence of Lake Ontario and the Ottawa River, respectively,
all sites were located immediately above or below point sources of metal pollution. These point
sources are identified by industrial sector in Fig. 1. All of the industries would be classified as
major polluters. Industry P is a sulphate (kraft) paper mill with the second highest daily flow
of process effluent (126,000 m*/d) among Ontario’s 27 pulp and paper mills [13]; industry O
was recently identified as the most significant discharger in Ontario’s organic chemical
manufacturing sector, with loadings of Zn, Hg and Pb greatly exceeding provincial water quality
objectives [14]; industries A1, A2 and A3 are scheduled for cleanup under USEPA Superfund
administrative orders [12]; industries E1, E2, F1, F2 and I are among 50 industries in the
Québec portion of the river that have been targeted for effluent reductions [10]. The latter three
industries alone account for nearly half of the total metal loadings to the St. Lawrence River
between Cornwall and Sorel, especially Pb (97%), Ni (80%), Fe (67%), Cr (61%), Zn (55%)
and Cu (34%) [15].

Study organisms

Elliptio complanata (Subf. Ambleminae) and Lampsilis radiata radiata (Subf. Lampsilinae)
co-occurred in roughly equal proportions at most of the sites sampled in 1989, accounting for
97% of all mussels encountered. Therefore, the study focused on these two dominant species.
All unionids are filter-feeders. Tessier et al. [16] determined that E. complanata feeds on
particles < 70 um in size, but no information is available for L. r. radiata. Both species are
long-lived, with maximum life-spans of 14 to 19 years reported for E. complanata [17-20] and
11 to 16 years for L. radiata [17,21]. According to Clarke [22], L. r. radiata prefers gravel
and sand substrates whereas E. complanata may be found on gravel, sand, clay or mud. In the
present study, divers observed greater densities of L. r. radiata in zones of higher velocity and
larger proportions of E. complanata further inshore (L.C. Grapentine, personal observation).

L. r. radiata is dioecious and sexually dimorphic [22]. Sexual allocation in E. complanata
is more complicated, with dioecious, hermaphroditic and sequentially hermaphroditic organisms
co-existing at ratios that may vary among populations [23]. Downing et al. [23] determined that
94% of specimens in Lac de I’Achigan, 60 km north of Montréal, were either true males or
females (20%) or functional males or females (defined as having < 10% or > 90% female
tissue in their gonads, respectively). As females of both species are gravid in late spring or
early summer [22,24], and as sampling was conducted during the third week of June in both
years of this study, it was relatively easy to separate the sexes. Fully gravid specimens of E.
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complanata were considered to be females, whereas non-gravid specimens were designated as
males. All specimens of L. r. radiata with a female shell shape were found to be gravid.

Collection of mussels and preparation of samples for metals analysis

Mussels were collected by SCUBA divers from all sites except 7 and 8 in 1989, where oyster
tongs were used due to poor visibility. In 1989, attempts were made to obtain 10 specimens of
each species from each of the 11 study sites. The only basis for selection in the field was that
very small (< 6.0 cm shell length) and very large (> 10.0 cm) individuals were not taken.
Mussels were rinsed clean of sediment using river water, wiped dry with Kimwipes®, wrapped
in pre-fired (550°C) and hexane-rinsed aluminum foil, placed in plastic food storage bags and
immediately frozen on dry ice. This procedure was used because samples were destined for
analysis of both organic and inorganic contaminants. As mussels remained tightly closed, there
was no contact between soft tissues and foil. In the laboratory, mussels were thawed for 30
min, then opened, sexed and shucked individually into acid-washed glass jars and weighed. Five
specimens were pooled for analysis, which is the minimum number recommended for
determining trace metal trends in the U.S. Mussel Watch Program [25]. Two females and three
males/species/site were composited, with the following exceptions: only four specimens of E.
complanata were available from site 2 and two from site 12, and all were males; no female L.
r. radiata were available from sites 10 and 11 and only one was available from site 8, whereas
only two males of this species were available from sites 7 and 12. Composite samples were
homogenized for 3 to 5 min using a stainless steel blender, and subsamples of 20 to 25 g were
freeze-dried.

In 1990, five male and five female L. r. radiata and 15 E. complanata (the latter could not
be sexed in the field) were collected from each of the six study sites, and samples consisting of
five specimens/sex/species/site were composited for analysis. For E. complanata, the first five
males and females shucked were taken. Sample handling and preparation followed the methods
described above except that specimens were combined after freeze-drying rather than before, and
composites were ground for 1 min in a Bel-Art Micro-Mill® with stainless steel blades and
grinding chamber.

In both years, mussels were frozen immediately after collection without permitting them to
clear their digestive tracts. In most studies which consider whole-body burdens of metals,
organisms are depurated before analysis in order to eliminate any bias due to the presence of
metals in the gut contents. This may be particularly important for small animals such as insects,
where the gut contents represent a significant proportion of the body weight [26,27]. Tessier
et al. [16] estimated that the intestinal tract and its contents accounted for about 10% of the total
body weight in E. complanata. If this were a major contributor to whole-body burdens, one
would expect concentrations in the viscera to be high relative to other organs. In fact,
concentrations of metals in the viscera of undepurated freshwater mussels from both clean and
contaminated sites are consistently lower than those in all other organs [28-31]. Two studies that
directly compared body burdens in depurated vs. non-depurated mussels found that
concentrations of Cd, Cu, Ni and Zn in Mytilus edulis and Cd in E. complanata did not change
after 2d of gut-clearing [32,33]. This suggests that undigested material in the gut contains a
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negligible portion of the whole body content of metals, and that gut purging may not be
necessary for these organisms. Several studies have shown that depuration may itself be a
source of error due to the partial elimination of some biologically-incorporated metals during the
depuration period. Metals with short biological half-lives, such as Cu, may be quickly excreted
from tissues [34]. Losses of Mn from the mantle/gonad complex of M. edulis from a relatively
clean site [32] and Cd from the gills and kidneys of E. complanata from an experimentally-dosed
lake [33] were demonstrated after only 2d of depuration.

Analytical methods

Mussel samples were analyzed for metal residues by Environment Canada’s National
Laboratory for Environmental Testing (NLET), Burlington, Ontario, using standard procedures
described in their Analytical Methods Manual [35]. Briefly, the analytical methods and
associated detections limits (DLs) on a ug/g dry weight basis for the tested elements were: Hg -

cold vapour atomic absorption (AA) spectroscopy, DL = 0.03; As and Se - atomic emission
spectroscopy using an inductively coupled argon plasma system, DL = 0.50 for both elements;
remaining metals - direct aspiration AA spectroscopy, DLs = 0.20 (Cd), 0.50 (Ni), 1.0 (Pb),
2.0 (Cr, Cu, Zn), 10.0 (Fe, Mn) and 50.0 (Al).

Lead was not detected in the 1989 samples using the above analytical method, due to
interference from high concentrations of Fe and Mn in mussel tissues (Jacques Carrier, NLET,
personal communication). Therefore, samples were reanalyzed using graphite furnace AA
spectroscopy, which is appropriate for both Cd and Pb (DLs = 0.01 and 0.20, respectively).
Three of the 22 samples could not be reanalyzed due to insufficient material. Lead was detected
in all other samples. Using a paired-difference test to compare concentrations of Cd determined
by both methods, no significant difference was observed (t = 2.08, df = 18, p < 0.05). Thus,
Cd values obtained using the original method were reported as they were available for all 22
samples. The graphite furnace technique was subsequently applied to the 1990 samples for
analysis of both Cd and Pb.

Samples were analyzed in accordance with the routine quality assurance (QA) procedures of
the NLET, which include duplicate analyses to determine sample homogeneity, analysis of three
reference materials to determine accuracy, spike-recovery tests to assess interference, and
analysis of blanks to determine contamination due to laboratory procedures. Samples which do
not meet the QA objectives are reanalyzed, and those which still do not meet the standards are
rejected. No samples from this study had to be rejected. However, results for As were less
than optimum in terms of accuracy and interference, and should therefore be interpreted with
less confidence. Complete QA reports are available from the author.

Statistical analyses

Concentrations of 12 metals in composite samples of E. complanata and L. r. radiata (sexes
combined) collected from 11 sites on the St. Lawrence River in 1989 were examined to
determine: 1) whether there were interspecific differences in the tissue concentrations of any
metals, 2) whether concentrations accumulated by the two species were correlated, regardless
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of any differences in actual levels, thus indicating the same site-to-site trends in metal
bioavailability and 3) whether both species demonstrated the same range of responses to the
tested exposures, thus offering similar capacities for site discrimination. Interspecific differences
were determined using a paired-difference test, where concentrations of a given metal in both
species from the same site constituted a pair; the test statistic was t = d - 0/(SD =+ | n), where
d = mean difference in concentrations among n study sites. Significance of correlation in metal
concentrations between species was determined using a t-test; the test statistic was t = r | (n-2)
/ | (1-1), where r = correlation coefficient. Where correlations were significant, the slopes (8)
of the regression lines relating concentrations of metals in L. r. radiata (y) to those in E.
complanata (x) were used to indicate relative capacities for site discrimination as follows: where
B8 = 1.0, the magnitude of the difference between species remained constant over all exposures,
therefore both species demonstrated the same range of responses; where 8 < 1.0, the response
of L. r. radiata was proportionately lower than that of E. complanata; where 8§ > 1.0, the
response of E. complanata was proportionately lower than that of L. r. radiata.

Concentrations of 12 metals in composite samples of male and female E. complanata and L.
r. radiata (sexes separate) collected from 6 sites on the St. Lawrence River in 1990 were
examined to determine the importance of sex as a source of variability in tissue metal
concentrations. A paired-difference test was again used to determine differences in metal
concentrations between species for each sex and between sexes for each species, while a t-test
was used to determine the significance of correlation in metal concentrations between species
and sexes.

RESULTS
Interspecific comparisons of metal concentrations in mussels - 1989

E. complanata accumulated significantly higher concentrations of Al, Cr, Fe, Hg and Ni than
L. r. radiata, while L. r. radiata accumulated significantly higher concentrations of As, Cu, Mn
and Zn (Table 1). Differences were highly significant (p < 0.01) for all metals except As.
Concentrations were higher in the more contaminated species by average factors ranging from
1.2 to 2.5 X, depending on the metal. There were no significant differences between species
for Cd, Se and Pb.

Correlations between concentrations in E. complanata and L. r. radiata were highly significant
for Al, Cd, Cu, Fe and Pb, significant for Cr, Hg and Ni (p < 0.05) and not significant for As,
Mn, Se and Zn (Table 2). If the information from Tables 1 and 2 is combined, four possible
relationships with implications for biomonitoring programs emerge. These relationships are
described below and illustrated with examples in Fig. 2, where study sites are arranged in
descending order of contamination based on concentrations of metals in E. complanata:

1). Concentrations do not differ between species and are significantly correlated (Cd, Pb).
In this situation, mussels of either species could be used interchangeably to monitor trends in
metal bioavailability. The slopes of the regression lines relating concentrations in the two
species should be approximately 1.0, and this was true for Cd (Fig. 2a). However,
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concentrations of Pb were substantially lower in L. r. radiata at one of the eight sites tested, and
this resulted in a B of 0.53 for this metal.

2). Concentrations differ between species and are significantly correlated (Al, Cr, Cu, Fe,
Hg, Ni). In this case, a regression equation could be used to convert concentrations in one
species to those in the other. For Cu, 8 was approximately 1.0, indicating that the difference
between species remained fairly constant over all exposures (Fig. 2b). For the remaining
metals, E. complanata demonstrated a broader range of responses than L. r. radiata. The
difference in response ranges was least pronounced for Fe (8 = 0.74) and most pronounced for
Hg (8 = 0.24, Fig. 2¢).

3). Concentrations do not differ between species and are not correlated (Se, Fig. 2d). This
situation could occur if interspecific differences in bioaccumulation capacity for Se were minor
and exposure levels were similar at all sites, or if Se were regulated to similar levels by both
species over a range of exposures.

4). Concentrations differ between species and are not correlated (As, Mn, Zn). In this case,
the two species appear to provide conflicting information on the bioavailability of these elements
among the study sites. Concentrations of As (Fig. 2¢) and Mn were higher in L. r. radiata at
most sites, but by varying amounts. For Zn (Fig. 2f), L. r. radiata clearly displayed a broader
range of responses than E. complanata; the lack of correlation between species was likely due
to the nearly constant response of the latter species at all sites.

Sex as a source of variability in metal concentrations in mussels - 1990

Interspecific differences in tissue metal concentrations observed in 1989 without standardizing
for sex were generally confirmed in 1990 when the sexes were tested separately (Table 3). Due
to the smaller number of sites sampled in 1990 (6 vs. 11), a greater mean difference between
species was required to achieve statistical significance in the second year. Nevertheless,
differences between species were significant for Hg, Ni and Zn and not significant for Pb in both
years, including both sexes in 1990. Significant differences observed for Al, As, Cr, Cu, Fe
and Mn in 1989 were again observed for at least one sex in 1990, with the exception of Cu.
In 1990, concentrations of Cd and Se were significantly higher in L. r. radiata vs. E.
complanata males and in E. complanata vs. L. r. radiata females, respectively, whereas
differences between species were not significant for either metal in 1989. For E. complanata,
differences in metal concentrations between the sexes were not significant, with the exception
of higher concentrations of Cu in females (Table 3). For L. r. radiata, however, concentrations
of Cd, Fe, Se and Zn were significantly higher in male specimens.

Correlations between species were significant for Cd, Fe and Pb and not significant for As
and Mn in both sexes (Table 4), confirming the findings from the previous year. Concentrations
of Al, Cr and Ni were significantly correlated between species in 1989 and also in 1990 for
males, but not females. Significant correlations observed for Cu and Hg in 1989 were not
observed in either sex in 1990. No correlations between species were observed for Se or Zn
in 1989; in contrast, correlations were significant for Se in males and for Zn in both sexes in



7

1990. Correlations between sexes were significant for Cd, Fe, Pb and Zn in both species and
also for Al, Cr, Cu and Ni in E. complanata and for Hg and Mn in L. r. radiata (Table 4).

If Tables 3 and 4 are considered together, the implications of these findings for biomonitoring
programs become more evident. The various relationships are illustrated with examples in Fig.
3. To facilitate comparisons among the four species/sex combinations, sites are arranged
throughout in descending order of contamination based on concentrations of metals in male E.
complanata. Concentrations of Cd, Fe, Pb and Zn were significantly correlated between species
for each sex and between sexes for each species, therefore all mussels indicated the same site-to-
site trends in bioavailability for these metals. As there were no significant differences in actual
concentrations for Pb, mussels of either species or sex could be used interchangeably as
biomonitors for this metal. Concentrations of Cd, Zn and Fe were significantly higher in male
than female L. 7. radiata, but did not differ between the sexes for E. complanata. Therefore,
regression equations would be needed to convert concentrations in one sex to those in the other
for L. r. radiata, whereas male and female E. complanata could be interchanged.
Concentrations of Cd (Fig. 3a) and Zn were significantly higher in males of L. r. radiata than
E. complanata and Zn was also higher in females. Concentrations of Fe (Fig. 3b) were higher
in females of E. complanata than L. r. radiata. In these cases, regression equations would be
needed to convert concentrations in one species to those in the other.

Concentrations of Al (Fig. 3c), Cr and Ni were significantly correlated between species for
males, but not females. Actual levels did not differ between the sexes for either species, but
were significantly correlated for E. complanata only. Thus, males of both species and female
E. complanata indicated the same trends among sites, while female L. r. radiata deviated. As
concentrations of these metals were significantly higher in male E. complanata than male L. r.
radiata, regression equations would be required for conversion. Concentrations of Se (Fig. 3d)
did not differ between species and were highly correlated when males were compared. No other
correlations were observed, therefore male mussels of either species could be used
interchangeably to monitor Se bioavailability among sites, but females deviated from each other
and from males of the same species.

Mercury concentrations were higher in E. complanata than L. r. radiata of both sexes,
whereas Mn levels (Fig. 3e) were higher in L. r. radiata. Otherwise, the two metals showed
similar relationships: concentrations were not correlated between species for either sex, did not
differ between the sexes for either species and were correlated between the sexes for L. r.
radiata only. Thus, only male and female L. r. radiata indicated the same site to site trends.
Conversely, the only correlation observed for Cu was between male and female E. complanata,
with the latter accumulating higher concentrations. Arsenic concentrations were higher in male
L. r. radiata than male E. complanata (Fig. 3f). No correlations and no other differences
occurred, therefore each species and sex described a different trend for As.



DISCUSSION

The two dominant species of unionids in the St. Lawrence River, E. complanata and L. r.
radiata, differed in their bioaccumulation capacities for most metals. Concentrations of Al, Cr,
Fe, Hg and Ni were significantly higher in E. complanata collected from 11 sites along the river
in 1989, whereas concentrations of As, Cu, Mn and Zn were significantly higher in L. r. radiata
and no differences were observed for Cd, Pb or Se. After standardizing for sex in a subsequent
interspecific comparison at six sites in 1990, differences were again significant for Hg, Ni and
Zn and not significant for Pb in both sexes. Trends observed for Al, As, Cr, Fe and Mn in
1989 were also observed in 1990, although differences were not significant in both sexes. Lack
of statistical significance could be partly due to the smaller number of sites sampled in 1990.
For Cd and Se, however, differences between species were apparent only when the sexes were
tested separately. In an earlier study on the Ottawa River, which is a major tributary to the St.
Lawrence River, Metcalfe-Smith et al. [36] also reported significantly higher concentrations of
Cr and Ni in E. complanata, As, Cu and Zn in L. radiata, and no differences between the
species for Cd. Mercury and Se residues appeared to be higher in E. complanata, but only at
one site, and Al, Fe, Mn and Pb were not analyzed. Only two other studies have directly
compared metal accumulation by these two species [37,38], and both were conducted in less
contaminated systems. Their findings were in agreement for Cd, Cr and Zn. However, Friant
[37] observed opposite trends for both Cu and Hg, and Heit et al. [38] found that concentrations
of most metals did not differ between species.

In the Ottawa River study [36], concentrations of As, Cr, Cu, Ni and Zn varied between
species by factors ranging from 1.5 to 2.5 X. Similar factors of 1.2 to 2.5 X were determined
for these metals in the present study. Maximum factors of 2 to 3 X are most often observed by
investigators comparing metal uptake among various other freshwater mussel species, although
differences of one to two orders of magnitude have occasionally been reported [36]. Factors of
1.2 to 2.5 X may not seem large, however, they are quite significant when compared with the
magnitude of site-to-site differences in tissue residues. For most metals, concentrations in
mussels of a given species varied over the study sites by factors ranging from only 2 to 10 X
(Table 5). The ability to distinguish differences in bioavailability among sites would therefore
be diminished if interspecific differences in accumulation were not accounted for in a
biomonitoring program. To indicate the environmental conditions over which these conclusions
are valid, the range of total metal concentrations in sediment are also presented in Table 5.
Relationships between concentrations of metals in sediment and mussels are extremely complex
[7,16], and will be the topic of a later paper. :

Lobel et al. [39] collected two closely-related species of marine mussels, M. edulis and
Mytilus trossulus, from a lagoon in Newfoundland and analyzed approximately 20 similar-sized
individuals of each for residues of 25 elements. Concentrations of all elements except Mn were
higher in M. trossulus by a factor of about 1.5 X. Because virtually all differences were in the
same direction and of a similar magnitude, they were believed to be due to age and growth rate
differences (M. trossulus are slower-growing and the specimens analyzed were older) rather than
to any species-specific differences in metabolic capabilities. Using the same argument,
differences in metal uptake between E. complanata and L. r. radiata in the present study could
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be attributed to metabolic factors because the species having the higher concentration varied
from metal to metal and the magnitude of the difference also varied among metals.
Furthermore, E. complanata displayed a broader range of responses over the 11 study sites for
Al, Cr, Fe, Ni, Pb and especially Hg, where concentrations ranged from 0.07 to 0.33 ug/g vs.
only 0.05 to 0.13 pg/g in L. r. radiata (Table 5). The latter species displayed a broader
response range for only two metals, Mn and particularly Zn, where concentrations ranged from
190 to 511 pg/g vs. only 130 to 280 pg/g in E. complanata. These results suggest that in
general L. 7. radiata may be more capable of regulating metals than E. complanata. If so, it
would be less suitable as an indicator of the availability of metals in the environment [40]. Life
history factors could stiil contribute to the interspecific differences observed, however, little
comparative information is available for these two species. Magnin et Stanczykowska [17]
reported that E. complanata from Lac des Deux Montagnes, a riverine lake at the confluence
of the Ottawa and St. Lawrence Rivers, grew more slowly and were somewhat longer-lived than
co-occurring L. radiata. Perhaps residues of some metals are lower in L. r. radiata due to the
effects of growth dilution. Alternatively, E. complanata’s preference for quieter waters suggests
that it may feed on smaller, possibly more contaminated, food particles. More information is
needed to identify the mechanisms responsible for interspecific differences in metal uptake.

Mussels collected from the St. Lawrence River during this study were in immediate pre-spawn
condition. At this time of year, concentrations of Cu were higher in female than male E.
complanata and concentrations of Cd, Fe, Se and Zn were higher in male than female L. r.
radiata. No other differences were observed. In the only other study on a freshwater mussel,
Jones and Walker [30] reported no differences in the accumulation of Cd, Fe, Mn or Zn by male
vs. female Velesunio ambiguus from the River Murray in South Australia. Studies on a variety
of filter-feeding marine bivalves have shown that concentrations of metals in both male and
female specimens are highest immediately prior to spawning, but that differences between the
sexes are at a minimum during this period. For example, Simpson [41] found that levels of Pb
and Zn in M. edulis were highest before spawning and decreased over the summer. Lobel and
Wright [42] also observed peak concentrations of Zn in this species just prior to spawning and
attributed this to their poor nutritional status after overwintering. Orren et al. [43] reported that
concentrations of Cu, Fe, Pb and Zn in both sexes, Mn in males and Cd in females of the black
mussel, Choromytilus meridionalis, were higher prior to spawning than six months later. Levels
of Cu, Fe, Mn and Zn in females were twice those in males at the latter date, but no differences
were observed for any metal before spawning. Similarly, of eight metals analyzed in pre-spawn
specimens of the hairy mussel, Trichomya hirsuta, only Cu was higher in one sex (female) than
the other [4]. Lobel et al. [44] analyzed residues of 25 elements in post-spawn specimens of M.
edulis from Bellevue, Newfoundland, and found that the majority had some association with sex.
Of interest to the present study, concentrations of As, Cu, Mn, Se and Zn were higher in
females, Pb was higher in males, and Al and Cd did not differ between species. In a subsequent
study [45], Lobel et al. determined the relative effects of several biological factors on
concentrations of 24 elements in M. edulis, and found that sex was a significant predictor for
over half. They concluded that the sexes should be analyzed separately in mussel watch
programs, and that it would be best to sample prior to spawning when element concentrations
will be uniformly high and before dilution effects of the growing season lead to erratic values.
Although these findings cannot be directly applied to freshwater mussel watch programs, they
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suggest that the sampling time chosen for the St. Lawrence River study may have been optimal
in terms of maximizing response while minimizing individual variability.

Interspecific differences in the bioaccumulation capacities of mussels for metals do not
necessarily preclude the use of more than one species in a monitoring program. Having a choice
of several organisms would be advantageous in terms of broadening the geographic range of a
program or ensuring better coverage of the available habitats. Actual concentrations
accumulated by different species are less important than relative concentrations, i.e. provided
that differences between species can be quantified over the range of conditions to be monitored,
intercomparability can be achieved using conversion factors or regression equations. For
example, in the U.S. Mussel Watch program [1] transplant experiments were used to calibrate
the response -of the east coast blue mussel, M. edulis, against that of the west coast California
mussel, Myrilus californianus, thus permitting pollution trends to be evaluated at the national
level.

In the present study, there were significant differences in the actual concentrations
accumulated by E. complanata vs. L. r. radiata (sexes combined) for the majority of metals.
However, concentrations were significantly correlated between species over the 11 study sites
in most cases. It was determined that the two species could be used interchangeably to monitor
site-to-site trends in the bioavailability of Cd and Pb, and after conversion by means of
regression equations to monitor Al, Cr, Cu, Fe, Hg and Ni. Where a lack of correlation was
observed (As, Mn, Se, Zn), further investigation would be required before the more appropriate
species for biomonitoring could be chosen.

In a subsequent study at six St. Lawrence River sites, standardizing for sex was shown to have
significant consequences for biomonitoring applications even during the pre-spawn period.
Differences between species were more pronounced (i.e. higher level of significance, or
significant vs. non-significant) when male specimens were compared for six of the tested metals
and when female specimens were compared for only three. Paradoxically, correlations between
species were significant for eight metals in males vs. only four in females. These findings imply
that male mussels exhibit less individual variability in their body burdens of metals than female
mussels, thus allowing the true differences between species and among sites to be more readily
observed. There was evidence that most of the variability in the data for female mussels could
be attributed to female L. r. radiata. 1f male specimens were considered, E. complanata and
L. r. radiata could be used interchangeably to monitor site-to-site trends in bioavailability for
Fe, Pb and Se, and with the application of appropriate conversion factors for monitoring Al, Cd,
Cr, Ni and Zn. As female E. complanata could be directly exchanged with their male
counterparts for all of these metals except Se, all three species/sex combinations would indicate
the same trends. However, female L. r. radiata were significantly correlated with their male
counterparts for only four of the metals, Cd, Fe, Pb and Zn, and could be directly substituted
solely for Pb.

In general, results in terms of both interspecific differences in metal residues and correlations
between species were similar in both years of this study. If sex were an important source of
variability in the data, standardization for this factor might have been expected to improve
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statistical significance. Unfortunately, this effect would have been partly offset by the smaller
number of sites sampled. Findings were more consistent between 1989 composites and 1990
males than females, and it should be noted that the 1989 composites were in fact dominated by
male specimens. Of the 22 samples analyzed, 15 consisted of three males and two females, one
included four males and one female, four contained males only, and just two consisted of more
females (3) than males (2).

Agencies responsible for monitoring and assessment in this system would undoubtedly find
it useful to be able to rank sites according to their relative contamination with metals. Relative
ranks for the 1989 study sites based on residues of metals in E. complanata, L. r. radiata and
sediment are presented in Table 6. As some sites were miore contaminated with certain metals
than others, it is acknowledged that considerable data reduction was used to generate overall
rankings for each site. Nevertheless, there was good agreement between the two species. In
contrast, ranks based on sediment contamination were very different from those for mussels.
The bioavailability of metals to aquatic organisms depends on their partitioning and chemical
forms in water and sediment and on the primary route of exposure (direct contact, respiration,
ingestion), such that strong correlations between concentrations in organisms and sediment
seldom occur. This illustrates the importance of analyzing living organisms rather than, or in
conjunction with, abiotic components of the environment in order to determine biologically
significant trends in metal pollution.
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Table 1. Differences in metal concentrations between E. complanata and L. r. radiata

Metal
Cr
Ni
Fe
Hg
Al
Se
Pb
Zn
Cu
Mn
As
Cd

collected from the St. Lawrence River in 1989.

Species with higher Frequency

concentration

N N MR BT R SRS

e

complanata
complanata
complanata
complanata
complanata
complanata
complanata
r. radiata
radiata
radiata
radiata
radiata

(# sites)
11
10
11
11
9
8
5
11
9
10
8
7

t value
5.73%*
5.55%*
4.,36**
4-00**
3.24%*
2.01
1.21
4.57**
4.39%*
3.55%*
2.47*
1.10

Average
conversion factor!
2.5X

2.1X

1.6X

2.0X

1.3X

2.0X
1.2X
1.7X
1.3X

# study sites = 11 for all metals except Pb, where # study sites = 8.
*concentrations significantly higher at p < 0.05; t.;, = 2.228 (10 df), 2.365 (7 df).
**concentrations significantly higher at p < 0.01; t.; = 3.169 (10 df), 3.499 (7 df).
Ifactor converts concentration in less contaminated species to concentration in more
contaminated species.



Table 2. Significance of correlation between metal concentrations in E. complanata and
L. r. radiata collected from the St. Lawrence River in 1989, and regression equations
predicting concentrations in L. r. radiata (y) from those in E. complanata (x).

Metal
Fe
Pb
Cd
Al
Cu
Hg
Cr
Ni
Zn
Mn
Se
As

Correlation
coefficient (r)
0.98

0.97

0.95

0.84

0.80

0.71

0.68

0.64

0.49

0.47

0.40

0.15

t value
14.77**
9.77**
9.13**
4.64**
4.00**
2.98*
2.79*%
2.50*
1.69
1.60
1.31
0.46

Regression equation
y = -205.16 + 0.74x
y = 0.61 + 0.53x
-0.10 + 1.13x
1.00 + 0.53x
35 + 1.14x
.04 + 0.24x
21 + 0.44x
.45 + 0.39x

b/
b/
b/
b/
y
y

|y | B |

9
0
0
0
0

# study sites = 11 for all metals except Pb, where # study sites = 8.
*correlation significant at p < 0.05; t.;, = 2.262 (9 df), 2.447 (6 df).
**correlation significant at p < 0.01; t, = 3.250 (9 df), 3.707 (6 df).
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Table 6. Relative ranks of the 1989 study sites in terms of overall metal contamination
based on residues in E. complanata vs. L. r. radiata vs. sediment.

Sites ranked from most to least contaminated!

E. complanata L. r. radiata Sediment
1 11 8
11 1 } 7
8 10 10
7 8 11
10 3 2
3 7] 5
9 9 1
4 2 9
5 4 4
2 5 3

'overall ranks obtained from cumulative ranks for all metals except Pb (no data
available for E. complanata from 3 sites) and all sites except 12 (no data
available for metals in sediment); sites having the same ranks are connected by
a bracket.
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FIGURE LEGENDS

Fig. 1. Locations of the study sites (®) and point sources of metal pollution (a). Point sources
by industrial sector are: A = aluminum smelter, E = electroplating, F = foundry, I =
inorganic chemical, O = organic chemical, P = pulp and paper, S = sewage treatment
plant.

Fig. 2. Concentrations of selected metals in composite samples of E. complanata vs. L. r.
radiata (sexes combined) collected from 11 sites on the St. Lawrence River in 1989.
Sites arranged in descending order of contamination based on residues in E. complanata.

Fig. 3. Concentrations of selected metals in composite samples of male (m) and female (f) E.
complanata (E.c.) vs. male and female L. r. radiata (L.1.1.) collected from six sites on
the St. Lawrence River in 1990. Sites arranged in descending order of contamination
based on residues in male E. complanata.
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