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Abstract

The cumulative effects of pollution of intertidal clam populations should be investigated to ensure the sustainable perennity of our
resources. The purpose of this study was to examine the health status of intertidal clams and tissue levels of essential and non-essential
elements at sites under anthropogenic stress. Clams were collected at two anthropized sites, a St. Lawrence Estuary (SLE) beluga high-
residency area and reference site in the Saguenay–St. Lawrence Marine Park (Québec, Canada). Clam health status was determined
by the condition factor (CF: wet weight/shell length ratio), growth index (GI: shell length/age), air survival time and weight loss index
(WLI). Elemental analysis was also performed in soft tissues. The data revealed that clams from at least one of the harbor/marina sites
had reduced CF, GI and WLI. Air survival time was not affected at the anthropized sites but was significantly higher at the St. Lawrence
Estuary beluga high-residency area. The clams were contaminated by Ag, Al, Cd, Cu, Hg and V, with a decrease in essential cations (K,
Ca,Mg) suggesting altered osmoregulation. Although the individualmetals in tissues were not found at harmful concentrations based on
reported data, the combined effects of non-essential elements could not be excluded. More research will be needed to better understand
the cumulative effects of various stressors, such as low salinity, algal toxins and elemental composition, on clam health status.
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1. Introduction
Bivalves are marine invertebrates which are ecologically valuable
for coastal ecosystems and contributing to the fixation of atmo-
spheric CO2 for shell formation and growth [1, 2]. The soft-shell
clam Mya arenaria is an important member of the benthic com-
munity, forming an interphase between sediments and water col-
umn in marine environments [3]. The burrowing activity and their
predation (bird, fish, worms and marine mammals) contribute to
sediment oxygenation and other nutrient exchanges, ensuring the
functioning of the benthic community in intertidal mud flats. In-
deed, clams are found in both subtidal and intertidal surfaces in the
eastern/northern coast of North America, representing one of the
most prevalent species in this area [4]. In addition,Mya arenaria
clam harvesting has been a highly prized traditional food source
for coastal communities for over two centuries and constitutes a
potential pathway of food contamination for the human popula-
tion. In general, management of clam stocks includes monitoring
the renewal and occurrence of potential human pathogens such
as microorganism (coliform) and toxic phytoplankton (red tide)
outbreaks [5], but these assessments are not provided for all feral
clam sites. Clams, like other endobenthic mollusks, reproduce by
external fertilization during early summer in the months of June–
July [6]. Spawning usually follows increases in water temperature
(12–20 ◦C). Other factors include food availability and quality,
which can be compromised by the occurrence of pollutants and
toxins. A valuable parameter for stock assessment for fishery con-

servation is the maintenance of clam populations where at least
50% of the population attains sexual maturity [7, 8]. This usually
occurs when individuals attain shell lengths of >2.5 cm for this
species. These assessments involve non-destructive methods such
as the condition factor (clam total weight/shell length) and age
evaluation (major grooves on shells), which are sometimes fol-
lowed (but requires the sacrifice of animals) by the gonado-somatic
index to determine the relative gonad size before spawning. How-
ever, annual variations in the gonado-somatic index in M. are-
naria from the lower SLE in relation to the gonad development
(gametogenesis) showed some uncertainties [9]. For example, en-
docrine disruption in vitellogenesis could occur, leading to a higher
gonado-somatic index with a high lipid accumulation but with
fewer eggs [10].

Following two decades of ecotoxicology research with Mya are-
naria clams in the lower SLE and Saguenay Fjord area, three sim-
ple biomarkers were identified to assess water quality status [11].
These were based on the condition factor described above, the
growth index (GI: shell length/age) and air survival time. The air
survival time determines the capacity of bivalves to withstand air
emersion, which could be compromised when multiple stressors,
such as pollution, food quality/availability, pathogens and abiotic
factors, are at play (temperature, salinity, pH, anoxia, etc.) [12].
The so-called stress on stress (SOS) response is a biomarker that
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measures the capacity of organisms to survive in air emersion
and considers the initial physiological state (stress) of the organ-
isms. These three simple biomarkers were associated with various
molecular biomarkers of toxicity, such as oxidative stress/lipid
peroxidation, DNA strand breaks, metal uptake and induction of
heavy metal detoxication proteins or metallothioneins [11]. This
suggests that pollution and other stressors nominally influence
apical endpoints such as clam size, growth and reduced resilience
to air emersion.

The purpose of this studywas to examine the relationships between
essential and non-essential elements/metals and the health status
of intertidal clams in the Saguenay–St. Lawrence Marine Park.
Health status was examined by following changes in CF, GI and
air survival as proposed by Blaise et al. [11]. Elemental tissue
concentrations were also determined for essential (Ca, Co, Cu,
Fe, K, Mg, Mo, Ni and Zn) and non-essential elements/metals
as proxies of anthropogenic pollution. Changes in element/metal
tissue loadings were studied in relation to the clams’ health status.
Finally, considering that contaminants have been identified as a
threat to the recovery of the St. Lawrence Estuary beluga whale
population, an endangered marine mammal listed in Canada’s
Species at Risk Act, information on the presence of contaminants
in its prey and habitat is warranted.

2. Methods

2.1. Study sites and clam collection

AdultMya arenaria clams (>4 cm longitudinal shell length with a
mean age of 8± 0.12 years fromN = 80 individuals) were sampled
in the Saguenay–St. Lawrence Marine Park sites (Figure 1). The
reference site was Baie du Moulin Baude (BAU), sampled in areas
located 3–5 km upstream the outfall of Rivière duMoulin à Baude,
known to contain inputs of municipal effluent and agriculture
runoffs of the municipality of Sacré Coeur [13]. Based on previ-
ous surveys from the past 20 years, this site proved a suitable
reference site with no signs of direct inputs of contamination [11]
(Blaise et al., 2016). Two anthropized sites were selected at the
villages of Tadoussac (TAD) and Baie-Sainte-Catherine (BSC),
close to harbors supporting both recreational and commercial
boating activities (e.g., whale-watching excursions). The last site,
Bay Sainte-Marguerite (BSM), located in the Fjord-du-Saguenay
National Park and upstream of the Saguenay River, is an area
characterized by regular visits of beluga whales during summer.
Indeed, the BSM site has been identified as a beluga residency
area and is frequented by females and young feeding on various
food sources such as worms (Hediste diversicolor), crustaceans,
Mya arenaria clams and small fish [14, 15]. Although this site
does not support any harbors or marina, the site faces the Sague-
nay Fjord commercial seaway and the Sainte-Marguerite River,
a suspected source of unintended industrial and domestic waste
products [16, 17]. Between 40 and 60 clams were collected at each
of the 4 sites during low tide, in the morning, in the last week
of September 2020. The clams were transported back to a local
facility for processing. Clam wet weight and longitudinal length
were measured, and their age was determined by the number of
major grooves. A subset of 15 clams were randomly sampled for
air survival time evaluation and the remainder were stored at −85
◦C. Surface water samples (1 L) were collected to determine the
basic physico-chemical analysis following standard methods for
pH, conductivity, salinity and dissolved oxygen [18].

2.2. Elemental analysis

Elemental analysis of clam tissues was performed as previously de-
scribed [18]. Briefly, soft tissues from randomly picked individuals
(N = 6) were prepared and weighted for ion coupled plasma mass
spectrometry [19]. Soft tissues were added to a Quartz digestion
vessel in 4 mL 8 M of nitric acid and heated at 240 ◦C for 15 min
using amicrowave oven. After cooling, the sampleswere completed
to 50mLof 1%hydrochloric acid (HCl) solution. Elemental analysis
included the elements using the main isotope, and the data were
expressed as µg/g wet weight.

2.3. Clam health status evaluation

CF (whole mass/shell length), GI (shell length/age) and air sur-
vival time (lethal time in days) were determined as previously
described [20]. Clam age was estimated by the number of major
grooves on shells (annual growth rings). Air survival time was
determined by placing 15 live clams at each site in plastic plates
and incubating at 15 ◦C under 80% humidity. The weight was
determined on each day and measured each day until mortality
as determined by the absence of any shell reaction after handling
(shells remain open following death). The air survival data were
expressed as lethal time (days). The weight loss index (WLI) at the
time of death was also determined by measuring clam weight on
each day until death. The decrease in weight is thought to originate
fromdehydration/loss of water. TheWLIwas calculated as follows:
WLI (%) = 100 × (weightt0 − weighttdeath)/weightt0.

2.4. Data analysis

Clams (15 or 6 for biomarker and elemental analysis, respectively)
were collected at three polluted sites (TAD, BSC, BSM) and one
reference site (BAU) in the St. Lawrence Estuary and Saguenay
Fjord. Following normality and variance homogeneity confirma-
tion (Bartlett test), the data were subjected to an analysis of vari-
ance (ANOVA) followed by Tukey’s test, using the BAU site as the
reference site. In the case of any deviance from normality of het-
erogenous variance, the datawere log-transformed before analysis.
Correlation analysis of biomarker data (encompassing all treat-
ments) was also performed using the Pearson-moment procedure.
Principal component analysis was also performed to highlight the
most important exposure and effect biomarkers. Significance was
set at p< 0.05 and the SYSTAT software package was used (version
13, SanJose, CA, USA).

3. Results
The surface water properties were determined at the clam collec-
tion sites during low tide (Table 1). Water pH and conductivity
were relatively stable, at pH 8.1–8.3 and 26,204–28,363 µS cm−1,
respectively, across the sites. Salinity closely followed conductivity
and ranged between 23.68 and 28.96 PSU. Dissolved oxygen in
waterwas very stable at the sites, with amean concentration of 10.4
± 0.15 mg/l.

Health status was determined by following changes in
weight/length ratio (condition factor, CF), the growth index
(GI), air survival and the weight loss index (WLI) (Figure 2). The
CF was significantly lower at the anthropized sites BSC and TAD
(Figure 2A). The GI was significantly lower at BSC (Figure 2B).
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Figure 1 • Study area. The locations of the four Mya arenaria intertidal sampling sites: TAD (Baie de Tadoussac), a site subject to
wharf, marina and wastewater discharge pollution; BAU (Baie du Moulin Baude), a reference site with no known or apparent source of
pollution; BSC (Baie Sainte-Catherine), a site also subject to wastewater discharge and wharf pollution; BSM (Baie Sainte-Marguerite),
a St. Lawrence Estuary beluga whale high-residency area.

Table 1 • Surface water physico-chemical characteristics.

Parameters BAU TAD BSC BSM

pH 8.29 ± 0.1 8.1 ± 0.05 8.15 ± 0.1 8.23 ± 0.1

Conductivity (µScm−1) 28,362 ± 280 26,204± 240 27,510 ± 220 26,738 ± 250

Salinity (psu 1) 28.96 ± 1 23.68 ± 1 26.18 ± 3 25.12 ± 2

O2 (mg/l) 10.1 ± 0.1 10.9 ± 0.1 10.3 ± 0.2 10.7 ± 0.2
1 Practical salinity units: g/l; micro Siemens/cm: µScm−1.

Figure 2 • Cont.
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Figure 2 •Health status of collectedMya arenaria clams. Health status of feral clams were determined by the condition factor (CF) or
clam weight/shell length (A), the growth index (GI) (B), air survival or lethal time (C), the weight loss index (WLI) (D) and mean age
(E). The data represent the mean with the standard error. The star symbol * indicates significance (p < 0.05) from the reference BAU
site.

The capacity of clams to survive air emersion was not significantly
reduced across the sites (Figure 2C). A significantly higher air
survival time was observed in clams at the BSM site. The WLI of
clams at the time of death was significantly lower in clams from the
BSC, TAD and BSM sites (Figure 2D). There were no significant
changes in clam age between sites (Figure 2E). Correlation
analysis revealed that CF was significantly associated with the GI
(r = 0.30) and air survival time (r = 0.40). While the mean age
of sampled clams did not significantly vary, it was significantly
correlated with CF (r = −0.68), suggesting that CF was lower in
aged animals.

The levels of essential trace elements were examined in Mya are-
naria clams (Table 2). Only elements that significantly differed
between sites were reported. At the anthropized sites, there was
a general tendency of decreased essential elements (Ca, Co, Fe,
K, Mg, Mo, P and Ni) indicative of compromised osmoregulation
for the hard cations K, Ca and Mg. In other cases, the following
elements were increased at either the anthropized sites or the BSM
site: Cu, Fe, Ni and Zn. Correlation analyses revealed that the CF
was significantly correlated with Fe (r = −0.51), Mg (r = −0.56)
and Zn (r = 0.41) (Table 3). The GI was correlated with Co (r =

−0.46), Mo (r =−0.48) andNi (r =−0.48). LT was correlated with
Mg (r = −0.68) and total P (r = −0.44) tissue levels. The WLI was
correlated with K (r = 0.50).

The levels of non-essential trace elements were examined in Mya
arenaria clams (Table 4). The elements Ag, Cd, Cr, Hg, Se, Sn
and V were elevated in at least one the three sites (Table 4). The
elements Ag, Al, As, Ba, Be, Bi, Li, Mn, P and Sr were decreased in
at least one site compared to cthe reference site BAU. Correlation
analysis revealed that the CF was correlated with Al (r = −0.46),
As (r = −0.5), Cd (r = 0.51), Li (r = −0.48), Lu (r = −0.49), Sm (r
=−0.44), Sc (r =−0.54), Ag (r = 0.69) and Tb (r =−0.43). The GI
was significantly correlated with Al (r =−0.50), Be (r =−0.46), Ce
(r =−0.52), Cr (r =−0.47), Gd (r =−0.46), La (r =−0.45), Li (r =
−0.47) and Lu (r = −0.50). LT was correlated with Al (r = −0.51),
As (r = −0.59), Ba (r = −0.54), Cd (r = 0.63), Pb (r = −0.5), Li (r
= −0.55), Hg (r = 0.46), Pr (r = 0.50), Sc (r = −0.46) and Ag (r
= 0.73). The weight loss index (WLI) was significantly correlated
with Cd (r = −0.63), Pb (r = 0.55) and Ag (r = −0.46). Hence, the
following elements were the most significantly associated with the
effect biomarkers: Ag, Li, Cd and Al.

ACADEMIA BIOLOGY 2025, 3 4 of 11



https://www.academia.edu/journals/academia-biology/about https://doi.org/10.20935/AcadBiol7705

Table 2 • Change in essential elements in clam tissues.

Elements BAU BSC BSM TAD

Ca 961 ± 105 764 ± 18 *,b 598 ± 30 *,b 477 ± 22 *,b

Co 0.66 ± 0.03 0.78 ± 0.08 0.42 ± 0.005 *,b 0.23 ± 0.02 *,b

Cu 2.5 ± 0.7 2.3 ± 0.17 3.9 ± 0.37 5.7 ± 0.4 *,a

Fe 693 ± 30 881 ± 52 472 ± 30 *,b 1122± 271 *,a

K 1253 ± 102 990 ± 22 *,b 851 ± 10 *,b 1130 ± 33

Mg 725 ± 30 781 ± 13 408 ± 25 *,b 576 ± 43 *,b

Mo 3.2 ± 0.9 4.7 ± 0.8 1.64 ± 0.2 *,b 0.84 ± 0.02 *,b

P 986 ± 20 991 ± 23 700 ± 35 *,b 774 ± 47 *,b

Ni 16.2 ± 1.4 24 ± 4 *,a 7.6 ± 1.1 *,b 3.9 ± 0.13 *,b

Zn 10.7 ± 0.4 10.3 ± 0.36 13 ± 0.6 *,a 15 ± 0.5 *,a

The data are the mean with standard error expressed as µg/g. The star * symbol represents significance in comparison with the Bau reference site.
Increased levels are labeled as a and decreased levels are labeled as b.

Table 3 • Clam health status and elemental loadings in tissues.

Age Condition factor Growth index Lehtal time Weight loss Targets affected

Essential elements

Ca −0.18 −0.24 0.01 −0.25 0.37 0

Co 0.20 −0.33 −0.46 −0.31 0.13 1

Cu −0.03 0.13 0.20 −0.01 −0.10 0

Fe −0.25 −0.51 −0.18 −0.34 0.08 1

K −0.24 −0.15 0.14 −0.31 0.50 1

Mg −0.06 −0.56 −0.33 −0.68 0.33 2

Ni −0.10 −0.42 −0.23 −0.52 0.36 2

P −0.00 −0.34 −0.23 −0.44 0.39 1

Zn −0.01 0.41 0.28 0.33 −0.29 1

Non-essential elements

Al * 0.15 −0.46 −0.5 −0.51 0.18 3

As −0.03 −0.50 −0.32 −0.59 0.21 2

Ba 0.0 −0.38 −0.28 −0.54 0.30 1

Be 0.22 −0.31 −0.46 −0.41 0.11 2

Cd* 0.27 0.51 −0.03 0.63 −0.63 3

Ce 0.16 −0.38 −0.52 −0.20 0.03 1

Cr 0.23 −0.35 −0.47 −0.34 0.02 1

Gd 0.09 −0.35 −0.46 −0.19 0.06 1

Li* 0.14 −0.48 −0.47 −0.55 0.22 3
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Table 3 • Cont.

Age Condition factor Growth index Lehtal time Weight loss Targets affected

La 0.31 −0.08 −0.45 0.09 −0.19 1

Pb −0.29 −0.26 0.14 −0.50 0.55 2

Lu 0.05 −0.49 −0.52 −0.26 0.05 2

Mn 0.02 −0.27 −0.24 −0.28 0.28 0

Hg 0.35 0.35 −0.14 0.46 −0.37 1

Mo 0.23 −0.35 −0.48 −0.34 0.02 1

Pr 0.13 0.27 0.1 0.50 −0.27 1

Sm −0.02 −0.44 −0.39 −0.27 0.11 1

Sc −0.18 −0.54 −0.28 −0.46 0.23 2

Ag* 0.20 0.70 0.23 0.73 −0.46 3

Se −0.24 −0.49 −0.11 −0.66 0.15 2

Sr −0.06 −0.19 −0.10 −0.18 0.23 0

V −0.23 −0.36 −0.09 −0.15 0.06 0

Sn −0.41 −0.1 0.37 −0.09 0.05 1

Tb −0.028 −0.43 −0.38 −0.28 0.12 1

Y 0.01 −0.37 −0.37 −0.25 0.11 0

# of elements 1 13 11 15 4
Significant correlations are in bold (r > 0.4). The star symbol * indicates elements that were correlated with at least three biomarkers.

Table 4 • Change in non-essential elements in clam tissues.

Metals/metalloids BAU BSC BSM TAD

Al 264 ± 6 299 ± 32 172 ± 13 *,b 156 ± 9 *,b

As 1.1 ± 0.02 1.1 ± 0.04 0.8 ± 0.03 *,b 0.91 ± 0.03 *,b

Ba 1.7 ± 0.03 1.6 ± 0.1 0.9 ± 0.08 *,b 0.77 ± 0.02 *,b

Be 0.007 ± 0.001 0.008 ± 0.001 0.005 ± 0.0003 *,b 0.004 ± 0.001 *,b

Bi 0.002± 0.0004 0.002± 0.001 0.001 ± 0.0002 *,b 0.001± 0.0004 *,b

Cd 0.05 ± 0.002 0.06 ± 0.006 0.08 ± 0.005 *,a 0.07 ± 0.003 *,a

Cr 27 ± 2 40 ± 6 *,a 14 ± 2 *,b 8.2 ± 0.4 *,b

Pb 0.26 ± 0.008 0.17 ± 0.011 *,b 0.11 ± 0.01 *,b 0.25 ± 0.02 b

Li 0.3 ± 0.008 0.34 ± 0.03 0.18 ± 0.016 *,b 0.17 ± 0.004 *,b

Mn 55 ± 7 44 ± 3 *,b 23 ± 1 5 *,b 8 ± 1.2 *,b

Hg 0.015 ± 0.001 0.015 ± 0.001 0.026 ± 0.002 *,a 0.004 ± 0.0005 *,b

Ag 0.067 ± 0.003 0.05 ± 0.004 0.24 ± 0.03 *,a 0.075 ± 0.003 b

Se 0.28 ± 0.004 0.29 ± 0.015 0.2 ± 0.008 *,a 0.28 ± 0.01
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Table 4 • Cont.

Metals/metalloids BAU BSC BSM TAD

Sr 11.2± 0.9 10.2 ± 0.3 8.2 ± 0.4 *,b 6.6 ± 0.32 *,b

V 1.18 ± 0.04 1.48 ± 0.07 1 ± 0.08 2.45 ± 0.7 *,a

Sn 0.09 ± 0.04 0.07 ± 0.02 0.07 ± 0.01 0.24 ± 0.02 *,a

Rare earth elements

Ce 1.47 ± 0.02 1.9 ± 0.09 *,a 1.21± 0.1 *,b 0.81 ± 0.07 *,b

Gd 0.1 ± 0.002 0.12 ± 0.004 *,a 0.09 ± 0.01 0.06 ± 0.008 *,b

La 0.74 ± 0.007 0.97 ± 0.06 * 0.88 ± 0.08 *,a 0.41 ± 0.008 *,b

Lu 0.004 ± 0.001 0.006 ± 0.001 0.004 ± 0.001 0.003 ± 0.001 b

Pr 0.1 ± 0.01 0.1 ± 0.015 0.3 ± 0.07 *,a 0.06 ± 0.007 *,b

Sm 0.12 ± 0.003 0.15 ± 0.004 * 0.11 ± 0.01 0.07 ± 0.009 *,b

Sc 0.07 ± 0.004 0.08 ± 0.002 0.05 ± 0.003 *,b 0.05 0.007 *,b

Y 0.37 ± 0.01 0.45 ± 0.02 * 0.35 ± 0.04 0.24 ± 0.048 b

The data are the mean with standard error expressed as µg/g. The star * symbol represents significance in comparison with the Bau reference site.
Increased levels are labeled as a and decreased levels are labeled as b.

In the attempt to gain a more holistic view of the exposure and
effect biomarkers in clams, a principal component analysis was
performed (Figure 3). Based on the factorial scores (Figure 3A),
they were significantly higher for the anthropized sites, while they
were similar for BSM compared to the reference BAU. The analysis
revealed that 70%of the total variancewas explained by two factors
(Figure 3B). The effect biomarkers were associated with Ag, Cd,
Hg, Se and Zn. While the CF was closely related to toxic metals
(Ag, Cd), the GI and the WLI were associated with Zn and Se,
respectively.

4. Discussion
Elemental analysis revealed that Al, Cd, Li and Ag were signifi-
cantly related to the effect biomarkers (CF, LT, GI andWLI) based
on correlation analysis. Al levels ranged between 258 and 270 µg/g
at the reference site and reached 333µg/g at one of the anthropized
sites (BSC). Al levels were significantly decreased at the BSM and
TAD sites, at a concentration range of 150–170 µg/g, in respect to
the BAU reference site (260 µg/g). Al levels at the BAU reference
site were circa 20 times higher than those in laboratory-reared

Figure 3 • Principal component analysis of exposure and effect biomarker data. Principal component analysis was performed on the
exposure (tissue levels of metals/elements) and effect (age, CF, GI, LT, WLI) biomarker data. The factorial score (A) and principal
components (B) are shown. The total explained variance was 70% by 2 factors (x and y axes) and the major biomarkers are those with
factorial weights > 0.75. The star symbol * indicates significant from the reference BAU site.
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oysters Crassostrea gigas, which is normal for this organism since
it is less in contact with sediments [21]. The tissue levels of Al
reached 93–113 µg/g in oysters (control oysters were at 10 µg/g)
exposed to 300 µg/L Al for 84 days. At this tissue concentration,
phagocytosis activity was reduced to 40% of the control, and lipid
peroxidation and glycogen contents were significantly reduced.
In another study with Mytilus edulis, tissue levels of Al reached
309 µg/g dry weight following exposure to 530 µg/L for 13 weeks
in contaminated water compared to controls (39 µg/g) [22]. In
non-contaminated water, tissue Al concentration was 80 µg/g dry
weight compared to controls (39 µg/g). In contaminated water,
high Al in the digestive gland was associated with decreased fil-
tering activity from valve closure. This suggests that Al in tissues
(>80 µg/g) could inhibit both filtering and feeding activity and is
negatively associated with size and growth. A previous study with
clams (same size range) in the same area reported baseline values
of 75µg/g at the BAU reference site [20], whichwas 3.5 times lower
than the Al levels in the present study. This suggests that tissue Al
levels could vary in time, probably from the release of geochemical
Al (increased bauxitemobilization and leachates from rain events).
Bauxite is a sedimentary rock rich in alumine and prevails in this
area, and strategies are in place to exploit bauxite residues from Al
industries in this area [23]. This suggests that Al contamination in
this area rose at levels likely to affect health condition and growth.
The element V was shown to reach concentrations of 0.1 to 0.4
µg/g in the digestive gland in Mya arenaria clams exposed to
divalent (reduced) V [24]. At this tissue concentration, increased
peroxidase activity, glucose and heme degradation were observed.
Tissue concentrations of V were found at a baseline level of 1.1
µg/g and increased to 2.45 µg/g at one anthropized site (TAD) in
the present study, albeit V in tissues was not correlated with any
of the effect biomarkers. In a previous study with blue mussels
Mytilus sp., an increase of 0.2µg/gwwVdoubled the levels ofmet-
allothioneins, a protective mechanism against toxic metals [25].
In respect to Ag and Cd, their toxicity is much more understood
in aquatic organisms. For Cd, the combined tissue levels of Cd
(digestive gland and gonad) reached circa 1.25 µg/g ww, leading
to the induction of metallothioneins and lipid peroxidation at a
threshold tissue concentration of 0.34 µg/g in the burrowing clam
Scrobicularia plana [26]. In the present study, tissue levels of
Cd were circa 4 times below those found in the burrowing clam
study, suggesting that the Cd levels found in clams do not pose an
immediate danger to the population. In respect toAg, the combined
levels (digestive gland and gonad) reached circa 3.4 µg/g, leading
to the induction of metallothioneins and lipid peroxidation at a
tissue concentration of 1.025 µg/g Ag. In the present study, tissue
Ag levels reached 0.27 µg/g ww, which was also 4 times lower
than the tissue concentration able to produce an effect. In another
study, exposure to dissolved Ag led to a combined accumulation
of 6 ug/g ww [27], which was 22 times higher than the concen-
tration measured in feral clams in the present study. In respect
to Li, tissue levels in Venerupis corrugata clams reached 8 µg/g
following exposure to 800µg/L for 14 days [28]. At this tissue level,
mitochondria electron transport activity and lipid peroxidation
were significantly reduced, but protein carbonylation (a marker of
protein oxidative damage) was significantly increased. Li levels in
clamswere in the order of 0.17 to 0.37µg/g,which is alsowell below
the tissue levels in the former study. These studies suggest that
Ag, Cd and Li are unlikely to contribute to the observed changes
in CF, GI and LT in clams on their own. Al and V are present at
concentrations likely to produce effects in clams, but only tissue

Al levels were significantly correlated with the CF, GI and lethal
time to air emersion (Table 2). Although these studies applied
long exposure periods, they do not constitute the complete lifespan
of clams (12–15-year lifespan). Another possibility resides in the
combined effects of toxic elements such as Cu, Ag and Cd, giving a
total loading of 6 µg/g at the most contaminated sites compared to
2.1 µg/g at the reference site, which is sufficient to initiate toxicity.
However, this hypothesis should be further confirmed.

The essential cations K, Ca and Mg are tightly regulated in cells
and are in equilibriumwith Na for osmoregulation and themainte-
nance ofmembrane potential and functions. K ions aremaintained
in tissues by Na/K-ATPases by excluding Na outside cells and
maintaining K levels in cells. Clams from anthropized sites showed
reduced tissue levels of K, Ca andMg, suggesting altered osmoregu-
lation. This is consistent with the reducedWLI in the contaminated
sites, where clams lose less water (and K) at the time of death com-
pared to the reference site clams. These cations were previously
reduced in clams exposed to low salinity stress at 10 PSU [29], well
below the measured salinity at the sites investigated. Clams were
collected at sites with no direct input of incoming rivers, except for
the BSM site, where discharges from the Sainte-Marguerite River
diffusively enter the bay, but no changes in water pH, conductiv-
ity, salinity and dissolved oxygen were found (Table 1). Hypoxia
could have lowered K levels, since it was reported that low oxygen
levels (0.5–2 mg/L) decreased Na/K-ATPase gene expression in
Ruditapes philippinarum clams [30]. Decreased activity would
have resulted in lower tissue K levels. However, these values are
well below those measured at the study sites. Lower pH (from 8.2
to 7.7) than that in the ocean, however, was shown to increase
Na/K-ATPase activity and would have increased K levels in tissues.
Measured water pH values were between 8.1 and 8.29 at the study
sites. The average pH of the ocean surface has decreased from
8.1 to approximately 8.0, with projections indicating a further
decline of 0.3–0.5 units by the end of this century [31] . This
was also confirmed inMercenaria mercenaria clams treated with
low pH (7.8), which had increased Na/K-ATPase activity, which
would increase K levels in tissues [32]. This upregulation was most
important in biomineralizing cells, suggesting impacts on shell
growth and density. In another study, long-term pH acidification
to 7.7 led to transgenerational increases in Na/K-ATPase activity
in Ruditapes philippinarum clam populations [33]. However, no
effectswas observed for Ca/Mg-ATPase.Hence, based on the above
studies, acidification would result in increased K levels in clams,
which was not observed in the present study. The essential metal
Cu was shown to reduce the number of Na/K-ATPase sites (which
would decrease K levels in tissues) at tissue concentrations of 50
µg/g [34], which are circa 8 times higher than the measured levels
of Cu in tissues from clams at the anthropized TAD site. In fish,
gill and hepatic Na/K ATPase activity was inhibited by both Pb and
Zn [35]. However, tissue levels of Zn and Pb were not measured. In
another study, Na/K-ATPase activity in carp gills was significantly
inhibited at tissue concentrations of 12 µg/g and 8 µg/g for Cu
and Cd, respectively [36]. The Cu concentration was in the same
range of Cu in tissues in clams collected at the anthropized site
TAD, but Cd levels were not significantly different between the
sites in the present study. In a previous study with clams at the
same sampling sites, Cd levels reached values of 0.14 µg/g [20],
which was circa 57 times lower than the carp study. Interestingly,
nanoplastics were shown to reduce Na/K-ATPase activity in the
gills of the Mediterranean musselMytilus galloprovincialis [37].
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A recent study with clams in the present study area found plastic
nanoparticles in soft tissues [38]. Principal component analysis re-
vealed that As, Ca, Cu, Sn andVwere closely related to polystyrene-
like nanoparticles in tissues, suggesting that plastics could interfere
with metal bioavailability and perhaps osmoregulation.

Another potential culprit for altered osmoregulation could be the
occurrence of paralytic shellfish toxins from red tides which are
known to occur in the study area [5, 39]. In zebrafish gills, re-
duced Na/K-ATPase activity was observed following exposure to
aphantoxin, a toxin known to disrupt respiration and reduceNa/K-
ATPase and carbonic anhydrase activities [39]. However, studies
on the effects of algal toxins on osmoregulation in clams are lacking
at the present time. Aprevious study revealed the occurrence of 320
toxin-producing algae/L in surface water on the north and south
shore of the St. Lawrence Estuary and Saguenay Fjord, in the vicin-
ity of the BSM site [40]. The study revealed that toxin-producing
phytoplankton was positively correlated with human population
density (probably increasing nutrient levels) and negatively corre-
lated with total phytoplankton counts in water (suggesting a de-
creased abundance of non-toxic algae). The toxin-producing algae
identified were diatoms (Pseudo nitzschia delicatissima and seri-
atta) and dinoflagellates (Dinophysis sp. and Prorocentrum cor-
datum) in the digestive gland, albeit toxin measurements were not
provided. An increase in acetylcholinesterase activity in clams was
also significantly related to toxic phytoplankton counts in water,
suggesting neurological impacts consistent with paralytic shellfish
toxins (saxitoxins). Future research should examine the cumulative
effects of algal toxins and pollutants (metals) on osmoregulation in
tissues, especially in the nervous tissues of clams. It is noteworthy
that organic contamination could also be at play in this area. For
example, butyltins and trace metals (Cd, Co and Fe) were found
at higher levels in the water column, sediments and clams in this
area [41, 42]. Concentrations up to 793 ng Sn g−1 d.w were found
in zooplankton at the mouth of the Saguenay Fjord and estuary.
A poly- and perfluoroalkylated substance (PFAS) contamination
problem in the sediment and surface waters in the Baie des Ah!Ah!,
upstream the Saguenay Fjord, was recently reported [43]. The
PFAS contamination arose from the long-term activities of fire
control from military activities/training in Bagotville. However,
the extent of contamination, if any, of benthic organisms has yet
to be established.

In conclusion, clam health status was determined by following
changes at the morphological level showing that the CF, GI and
the WLI were reduced in at least one anthropized site (BSC).
Air survival time was not significantly affected at the anthropized
sites but was increased at the BSM site, although the WLI was
significantly reduced. These clams were generally larger in size but
were not devoid of contaminants, as evidenced by increased levels
of Hg, Ag and Se. For Cd, its sources could be of geological origin in
this sector [5, 39]. The following essential elements were reduced
at the anthropized sites and the BSM site: Ca, Co, Fe, K, Mg, Mo
andNi. Cu, Fe, Ni and Zn levels were increased at the TAD site, with
the exception of Ni, whichwas higher at the BSC site. The decreases
in K, Ca and Mg suggest changes in osmoregulation, which could
be explained by hypoxia, low salinity and toxin-producing algae,
but not by acidification. However, no evidence of hypoxic and
low-salinity conditions was observed in intertidal clams based on
the measured dissolved oxygen and salinity levels. However, the
combined/cumulative effects of thesemetals could not be excluded
as a potential cause for the observed effects. Based on elemental

analysis, more research will be needed to determine the combined 
effects of toxic elements such as Al, V, Cd, Cu and Ag in feral clam 
populations.

Acknowledgments
The authors thank Maxime Gauthier for the preparation of clams 
for effect biomarkers and soft tissues for elemental analysis. The 
authors wish to thank the numerous field technicians from Parks 
Canada at the Saguenay–St. Lawrence Marine Park for field clam 
collection over the years. The authors also wish to thank the SÉPAQ 
for their assistance in field sampling at the BSM site.

Funding
This work was financed by the St-Lawrence Action Plan of Envi-
ronment and Climate Change Canada.

Author contributions
Conceptualization, F.G. and N.M.; methodology, C.A. and S.T.; 
validation, F.G. and S.T.; formal analysis, C.A., F.G., S.T. and N.M.; 
investigation, F.G. and N.M.; resources, F.G., N.M. and E.L.; data 
curation, F.G. and C.A.; writing—original draft preparation, F.G. 
and E.L.; writing—review and editing, F.G., N.M., S.T., E.L. and 
C.A.; supervision, F.G. and S.T.; project administration, F.G. and 
S.T.; funding acquisition, F.G. and N.M. All authors have read and 
agreed to the published version of the manuscript.

Conflict of interest
The authors declare no conflict of interest.

Data availability statement
Data supporting these findings are available within the article, at 
https://doi.org/10.20935/AcadBiol7705, or upon request.

Institutional review board statement
Not applicable.

Informed consent statement
Not applicable.

Additional information
Received: 2025-02-21

Accepted: 2025-04-10

Published: 2025-05-30

Academia Biology papers should be cited as Academia Biology 
2025, ISSN 2837-4010, https://doi.org/10.20935/AcadBiol7705. 
The journal’s official abbreviation is Acad. Biol.

ACADEMIA BIOLOGY 2025, 3 9 of 11



https://www.academia.edu/journals/academia-biology/about https://doi.org/10.20935/AcadBiol7705

Publisher’s note
Academia.edu Journals stays neutral with regard to jurisdictional
claims in published maps and institutional affiliations. All claims
expressed in this article are solely those of the authors and do
not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright
© 2025 copyright by the authors. This article is an open access
article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.
org/licenses/by/4.0/).

References
1. He J, Tao Y, Shao S, Wei H, Yan G, Tang C, et al. The hidden
acceleration pump uncovers the role of shellfish in oceanic
carbon sequestration. Sci Total Environ. 2024;951:175699.
doi: 10.1016/j.scitotenv.2024.175699

2. SmaalAC, Ferreira JG,Grant J, Petersen JK, StrandØ.Goods
and services of marine bivalves. Berlin/Heidelberg: Springer
Nature; 2019. p. 591.

3. Schade H, Arneth N, Powilleit M, Forster S. Sand gapers’
breath: respiration ofMya arenaria (L. 1758) and its contri-
bution to total oxygen utilization in sediments. Mar Environ
Res. 2019;143:101–10. doi: 10.1016/j.marenvres.2018.11.010

4. Robert G, Smith DW. Surveys of soft-shell clam (Mya
arenaria) populations in some closed areas of Charlotte
County, New Brunswick. Halifax: Department of Fisheries
and Oceans, Resource Branch, Invertebrates and Marine
Plants Division; 1980.

5. Starr M, Lair S, Michaud S, Scarratt M, Quilliam M,
Lefaivre D, et al. Multispecies mass mortality of marine
fauna linked to a toxic dinoflagellate bloom. PLoS ONE.
2017;12(5):e0176299. doi: 10.1371/journal.pone.0176299

6. Brousseau DJ. Spawning cycle, fecundity, and recruitment
in a population of soft-shell clam,Mya arenaria, from Cape
Ann, Massachusetts. Fish Bull. 1978;76:155–66.

7. Roa R. Estimation of size at sexual maturity: an evalu-
ation of analytical and resampling procedures. Fish Bull.
1999;97:570–80.

8. Brulotte S, Giguère M. Reproduction et taille à la maturité
sexuelle de la mye commune (Mya arenaria) au Québec.
Mont-Joli: Direction Régionale des Sciences, Ministère des
Pêches et des Océans, Institut Maurice-Lamontagne; 2007.
121p.

9. Roseberry L. Étude de la croissance et de la reproduction
chez Mya arenaria (Bivalva: Mollusca) dans la zone inter-
tidale de l′estuaire du Saint-Laurent [Master’s thesis]. Ri-
mouski: Université du Québec; 1988. 16, 117p.

10. Hellou J, Yeats P, Gagné F. Chemical contaminants and
biological indicators of mussel health during gametogenesis.
Environ Toxicol Chem. 2003;22:2080–7. doi: 10.1897/02-3
96

11. Blaise C, Gagné F, Burgeot T. Three simple biomarkers useful
in conducting water quality assessments with bivalve mol-
lusks. Environ Sci Pollut Res. 2016;24:27662–9. doi: 10.100
7/s11356-016-6908-6

12. Eertman RHM, Wagenvoort AJ, Hummel H, Smaal AC. Sur-
vival in air of the blue musselMytilus edulis L. as a sensitive
response to pollution-induced environments stress. J Exp
Mar Biol Ecol. 1993;170:79–195. doi: 10.1016/0022-0981(93
)90151-D

13. Zone d’Intervention Prioritaire. Caractérisation de la
rivière du Moulin à Baude. Comité ZIP de la rive Nord de
l’estuaire. 90p. 2005 [cited 2024 March 10]. Available from:
https://zipnord.qc.ca/data/13-zipnord/ressources/docum
ents/sys_docs/caracterisation_2004_moulin_a_baude_fi
nal_14_juin_2005.pdf

14. Ménard N, Conversano M, Turgeon S. La protection des
habitats de la population de bélugas (Delphinapterus leucas)
du Saint-Laurent: bilan et considérations sur les besoins de
conservation. Nat Can. 2018;142:80–105. doi: 10.7202/1047
151ar

15. Lemieux Lefebvre S, Michaud R, Lesage V, Berteaux D. Iden-
tifying high residency areas of the threatened St. Lawrence
beluga whale from fine-scale movements of individuals
and coarse-scale movements of herds. Mar Ecol Prog Ser.
2012;450:243–57. doi: 10.3354/meps09570

16. Lemaire N. Évaluation des risques environnementaux dans
le parc marin du Saguenay-Saint Laurent (Québec, Canada)
[Doctoral thesis] [cited 2025 Febuary 15]. Rimouski:
Oceanography Department, University of Québec at
Rimouski; 2012. 153p.

17. Gagné F, André C, Turgeon S, Menard N. Spatial variation of
soft shell clam biochemical health status-impacts on age pig-
ments, glucose and melatonin Status. Intern J Biol Environ
Investig. 2022;2:1–13.

18. American Public Health Association. American water works
association, water environment federation. In: Lipps WC,
Braun-Howland EB, Baxter TE, editors. Standard methods
for the examination ofwater andwastewater. 24th ed..Wash-
ington (DC): APHA Press; 2023.

19. Environment and Climate Change Canada. Standard oper-
ating procedure for the analysis of total metals in wet and
dry biota and flora by microwave assisted acid digestion
and inductively coupled plasma quadrupole mass spectrom-
etry with collision/reaction cell capability (CRC-ICP-QMS).
NELAC Method 02-2704, version 1.2. 2019. p. 25.

20. André C, Gagné F, Turgeon S, Ménard N. Spatio-temporal
variation of elemental contamination and health of Mya
arenaria Clam in the Saguenay–St. Lawrence Marine Park.
Appl Sci. 2022;12:1106. doi: 10.3390/app12031106

ACADEMIA BIOLOGY 2025, 3 10 of 11



https://www.academia.edu/journals/academia-biology/about https://doi.org/10.20935/AcadBiol7705

21. Levallois A, Caplat C, BasuyauxO, Lebel J-M, Laisney A, Cos-
til K, et al. Effects of chronic exposure ofmetals released from
the dissolution of an aluminiumgalvanic anode on the Pacific
oyster Crassostrea gigas. Aquat Toxicol. 2022;249:106223.
doi: 10.1016/j.aquatox.2022.106223

22. Mao A, Mahaut M-L, Pineau S, Barillier D, Caplat C. Assess-
ment of sacrificial anode impact by aluminum accumulation
in mussel Mytilus edulis: a large-scale laboratory test. Mar
Poll Bull. 2011;62:2707–13. doi: 10.1016/j.marpolbul.2011.0
9.017

23. Harmaji A, Jafari R, Simard G. Valorization of residue from
aluminum industries: a review.Materials. 2024;17:5152. doi:
10.3390/ma17215152

24. Gagné F, André C, Auclair J, Turgeon S, Menard N. An
investigation of the toxicity of manganese and vanadium
to the marine clam Mya arenaria. Cur Top Biochem Res.
2022;23:83–93. doi: 10.2139/ssrn.5265055

25. Amiard J-C, Journel R, Bacheley H. Influence of field and
experimental exposure of mussels (Mytilus sp.) to nickel and
vanadium onmetallothionein concentration. Comp Biochem
Physiol C Toxicol Pharmacol. 2008;147:378–85. doi: 10.101
6/j.cbpc.2008.01.006

26. Herruzo-Rui AM, Trombini C, SendraM,Michán C,Moreno-
Garrido I, Alhama J, et al. Accumulation, biochemical re-
sponses and changes in the redox proteome promoted by Ag
and Cd in the burrowing bivalve Scrobicularia plana. Aquat
Toxicol. 2024;276:107123. doi: 10.1016/j.aquatox.2024.107
123

27. Aouini F, Trombini C, Sendra M, Blasco J. Biochemical
response of the clam Ruditapes philippinarum to silver
(AgD and AgNPs) exposure and application of an inte-
grated biomarker response approach. Mar Environ Res.
2019;152:104783. doi: 10.1016/j.marenvres.2019.104783

28. Barbosa H, Leite C, Pinto J, Soares AMVM, Pereira E, Freitas
R. Are lithium batteries so eco-friendly? Ecotoxicological
impacts of lithium in estuarine bivalves. Environ Toxicol
Pharmacol. 2023;101:104197. doi: 10.1016/j.etap.2023.1041
97

29. Liu T, Nie H, Ding J, Huo Z, Yan X. Physiological and tran-
scriptomic analysis provides new insights into osmoregula-
tion mechanism of Ruditapes philippinarum under low and
high salinity stress. Sci Total Environ. 2024;935:173215. doi:
10.1016/j.scitotenv.2024.173215

30. Jing H, Liu Z, Wu B, Tu K, Liu Z, Sun X, et al. Physiological
and molecular responses to hypoxia stress in Manila clam
Ruditapes philippinarum. Aquat Toxicol. 2023;257:106428.
doi: 10.1016/j.aquatox.2023.106428

31. Guinotte JM, Fabry VJ. Ocean acidification and its po-
tential effects on marine ecosystems. Ann N Y Acad Sci.
2008;1134:320–42. doi: 10.1196/annals.1439.013

32. Ivanina AV, Jarrett A, Bell T, Rimkevicius T, Beniash E,
Sokolova IM. Effects of seawater salinity and pH on cellular
metabolism and enzyme activities in biomineralizing tissues
of marine bivalves. Comp Biochem Physiol A Mol Integr
Physiol. 2020;248:110748. doi: 10.1016/j.cbpa.2020.110748

33. Zhao L, Lu Y, Yang F, Liang J, Deng Y. Transgenera-
tional biochemical effects of seawater acidification on the
Manila clam (Ruditapes philippinarum). Sci Total Environ.
2020;710:136420. doi: 10.1016/j.scitotenv.2019.136420

34. Le TTY, Nachev M, Grabner D, Garcia MR, Balsa-Canto E,
Hendriks AJ, et al. Modelling chronic toxicokinetics and
toxicodynamics of copper in mussels considering ionoreg-
ulatory homeostasis and oxidative stress. Environ Pollut.
2021;287:117645. doi: 10.1016/j.envpol.2021.117645

35. Apiamu A, Osawaru SU, Asagba SO, Evuen UF, Achuba FI.
Exposure of African catfish (Clarias gariepinus) to lead and
zinc modulates membrane-bound transport protein: a plau-
sible effect on Na+/K+-ATPase activity. Biol Trace Elem Res.
2022;200:4160–70. doi: 10.1007/s12011-021-03005-5

36. Castaldo G, Delahaut V, Slootmaekers B, Bervoets L, Town
RM, Blust R, et al. A comparative study on the effects of
three different metals (Cu, Zn and Cd) at similar toxicity
levels in common carp, Cyprinus carpio. J Appl Toxicol.
2021;41:1400–13. doi: 10.1002/jat.4131

37. Wang X, Shao S, Zhang T, Zhang Q, Yang D, Zhao J. Effects
of exposure to nanoplastics on the gill of mussels Mytilus
galloprovincialis: an integrated perspective from multiple
biomarkers. Mar Environ Res. 2023;191:106174. doi: 10.101
6/j.marenvres.2023.106174

38. Gagné F, André C, Turgeon S, Menard N. Evidence of
polystyrene nanoplastic contamination and potential im-
pacts in Mya arenaria clams in the Saint-Lawrence estuary
(Canada). Comp Biochem Physiol. 2023;266C:109563. doi:
10.1016/j.cbpc.2023.109563

39. Zhang D, Liu S, Zhang J, Zhang JK, Hu C, Liu Y. In vivo
effects of Aphanizomenon flos-aquae DC-1 aphantoxins on
gas exchange and ion equilibrium in the zebrafish gill. Aquat
Toxicol. 2016;177:484–93. doi: 10.1016/j.aquatox.2016.06.
024

40. Gagné F, Gélinas M, Starr M, Fournier M. Changes in hemo-
cyte and biochemical parameters in the soft-shell clamsMya
arenaria from the St. Lawrence estuary. Curr Top Toxicol.
2018;14:73–87.

41. Michaud MH, Pelletier E. Sources and fate of butyltins
in the St. Lawrence Estuary ecosystem. Chemosphere.
2006;64:1074–82. doi: 10.1016/j.chemosphere.2005.12.002

42. Yeats PA, Bewer JM. Tracemetals in the waters of the Sague-
nay fjord. Can J Earth Sci. 1976;13:1319–27. doi: 10.1139/e7
6-133

43. National defence. Government of Canada commits
funding to address the presence of PFAS at CFB
Bagotville. [cited 2024 March 10]. Available from:
https://www.canada.ca/en/department-national-defen
ce/news/2023/11/government-of-canada-commits-funding
-to-address-the-presence-of-pfas-at-cfb-bagotville.html

ACADEMIA BIOLOGY 2025, 3 11 of 11


	Introduction 
	Methods 
	Study sites and clam collection 
	Elemental analysis 
	Clam health status evaluation 
	Data analysis 

	Results 
	Discussion 

