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Abstract: The freshwater pearl mussel (FWPM) Margaritifera margaritifera (L.1758) is critically
endangered in Europe and ecotoxicological studies on the species are scares. Here, 96 h acute toxicity
tests were conducted at 16 ◦C with sodium chloride (NaCl), nitrates (NO3

−), ortho-phosphates
(PO4

3−), cadmium (Cd), aluminum (Al) and arsenic (As) on 13- to 28-month-old post-parasitic
juveniles. The experimental protocol was developed according to conditions described in a standard
guide and was modified in order to assess toxicity thresholds for the Dronne River. Results showed
that juveniles were tolerant to concentrations of Al, Cd, As, PO4

3−, NO3
− and NaCl, largely higher

than those found in the Dronne river, since 96 h EC50s (effective concentrations) were >954 µg/L for
Al; >110 µg/L for Cd; >127 µg/L for As; >5.01 mg/L for PO4

3−; between 1000 and 1500 mg/L for NO3
−

and were 1.19 and 1.33 g/L for NaCl. Moreover, the use of a substrate in experiments was found
not to affect juvenile responses and younger juveniles seemed more sensitive than older individuals.
This study thus provides new data about the tolerance of FWPM to environmental pollution and
suggests that pollutant concentrations in the river are significantly lower than levels affecting them.

Keywords: juvenile freshwater pearl mussel; nutrients; metals; sensitivity; acute toxicity test

1. Introduction

Margaritifera margaritifera (L.1758) is among the most endangered freshwater species in Europe [1].
The population of this freshwater pearl mussel (FWPM) has been declining since the 20th century due to
pearl fishing, an alteration in water quality, habitat degradation, decline of host fish and pollution [2–8].
In Europe, several programs have been set up in order to preserve this species by restoring habitats
and by the application of captive breeding techniques for the reintroduction of M. margaritifera into its
natural habitats [9]. But the knowledge of the best ecological and ecotoxicological requirements for
the survival of this species in the field is still mostly lacking. Margaritifera margaritifera (L.1758) is a
long-lived species presenting a complex life cycle that includes a compulsory parasitic stage during
which the larvae (also called glochidium) must attach to the gills of a suitable fish host in order to allow
glochidium metamorphosis into juvenile stage [10,11]. The juvenile stage starts when metamorphosed
glochidia fall from the gills of the fish to settle on the river bottom, until they reach sexual maturity
after 10 to 15 years [3]. Otherwise, post-parasitic juveniles (also called freshly excysted juveniles) are
suggested to be the most critical stage of the FWPM [12,13]. Since the first developmental stages of
freshwater mussels are often more vulnerable than the adult stage [14–16], extensive investigation
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into assessing the sensitivity of the early life stages of the FWPM is, therefore, highly relevant for
ecotoxicological study and in helping to find the best conservation strategies for this endangered
species [5,15,17].

Research on some ecological requirements of the FWPM are well documented, including reports
on its feeding requirements, laboratory holding conditions and species ontogeny [18–22]. With its
general tendency to cause habitat degradation or alteration in water quality, pollution appears to be an
important factor in the declining population of the FWPM [1,23,24]. Nutrient input to rivers from various
anthropogenic sources, such as municipal and industrial sewage effluents and agricultural runoff,
contributes to increased nutrient concentrations in freshwater ecosystems [24–26]. Elevated nutrient
concentrations leading to the eutrophication process can adversely affect organisms [26,27] and notably
the FWPM since this species inhabits oligotrophic rivers [28]. Thus, it is necessary to directly assess
the effects of such contaminants on the FWPM. Field observations have allowed the estimation
of water-quality thresholds in terms of population size, recruitment and distribution within rivers,
with very low values especially for nutrients involved in water eutrophication such as nitrate (NO3

−) and
ortho-phosphate (PO4

3−) [23,29,30]. An Irish study first estimated minimal Margaritifera water-quality
standards for those two nutrients: 7.5 mg/L for NO3

− and 0.06 mg/L for PO4
3− [29]. Subsequently in

2006, the same author [30] assessed median river levels at which Margaritifera is capable of reproduction
and estimated lower values of 0.553 mg NO3

−/L and 0.005 mg PO4
3−/L for nitrate and ortho-phosphate,

respectively. This finding thus addresses the need to study the toxicity effect of both nutrients on the
FWPM since these values are considerably lower than concentrations found in the field. Moreover,
these values are also lower than the European drinking-water threshold standard for nitrate: 50 mg
NO3

−/L and lower than 1 mg PO4
3−/L for ortho-phosphates, which represent the threshold values

between net and significant water pollution in terms of water quality [31].
As filtering and sediment living organisms, the FWPM is inevitably exposed to the potential

presence of contaminants, since surface water and sediments are important routes of exposure for
these bivalves [32]. Metal trace elements (MTE) that enter into aquatic ecosystems are absorbed by
suspended particles that subsequently accumulated in the sediment. MTE are known to exert harmful
effects on freshwater bivalves by causing mortality, alterations in weight, changes in enzyme activity,
filtration rate and behavioral modifications [14,33–38]. In particular, cadmium (Cd) is well known to
impact on bivalve mollusks, notably M. margaritifera from the Dronne river in the Dordogne region of
France [39,40]. Moreover, arsenic (As) and aluminum (Al) were found to be present in the upper part of
this river, especially in the sediment, from to studies developed in the European Financial Instrument
for the Environment (LIFE) Project (LIFE 13 NAT/FR/000506) which aims to preserve the largest French
population of M. margaritifera contained in the Dronne river. This project also allowed the development
of a rearing facility in 2016 in Firbeix (France), in order to produce the FWPM, a subpopulation of
which is reintroduced in the Dronne river after one or two years of culture, while the remainder are
used for ecotoxicological studies. Currently, the total population of M. margaritifera in France has been
estimated at 100,000 individuals dispersed in 82 different rivers [41], with the Dronne river accounting
for 15% of this population, making ecotoxicological studies on this river of major interest in preserving
this species.

The aim of this study was first to develop a suitable experimental protocol for testing FWPM
juveniles in toxicology studies focused on the toxicity threshold determination for the Dronne river.
Indeed, experimental conditions were selected in order to get closer to the conditions found in this
river, by using a substrate sand, the Dronne river water as dilution water and juveniles aged more
than one year old (corresponding to the age of juveniles that are reintroduced in the Dronne river),
in our experiments. The objective was then to assess toxicity thresholds for sodium chloride (NaCl),
nitrates (NO3

−), ortho-phosphates (PO4
3−), Cd, As and Al on artificially reared juveniles of the FWPM

and to compare, when possible, their sensitivity according to age, in experiments conducted on animals
from the same cohort at different times during the year. The contaminants As and Al were chosen
according to their concentrations found in the Dronne river study site, whereas Cd was employed
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for a comparative assessment of its effects on juvenile versus adult M. margaritifera. The selected
nutrients were studied to provide new data and add to the current literature on the general effects
of nutrients on freshwater bivalves. Our results are expected to assess contaminant levels that could
affect FWPM juveniles and, therefore, improve our knowledge about the pollutant sensitivity of this
endangered species.

2. Materials and Methods

2.1. Test Organisms and Laboratory Culture Conditions

Juvenile mussels (M. margaritifera) were produced in vivo using the brown trout (Salmo trutta) as
the fish host at the Firbeix captive rearing facility situated near the Dronne river (France). After juvenile
mussels were excysted from their fish hosts, they were housed at the rearing facility in a flow-through
system using 160 L tanks containing silicate sand as a substrate. The animals were kept in the farm
facility for one to two years before reintroduction into the natural environment or are used for research
experiments. For our experiments, organisms were transported to the laboratory of the marine station
of Arcachon (France) about 250 km away from the facility farm, in a cool box with frozen gel packs
ensuring a temperature of about 12 ◦C. They were then transferred to a 300 mL plastic box without
substrate and filled with aerated Dronne river water. The viability of juveniles was checked before
and after the shipment. Once in the laboratory, the plastic boxes containing juveniles were placed in a
16 ◦C water bath in order to raise the temperature and ensure organism acclimatization. After that,
the juveniles were kept in a closed recirculating system consisting of 50 L glass aquaria placed in a 16 ◦C
water bath and filled with Dronne river water. The aquaria water was continuously filtered through a
pump and inflow to the aquaria was via a spray bar allowing water aeration. Within these aquaria,
individuals were placed in 100 mL experimental units (width 120 mm, height 30 mm) filled with a
silicate sand substrate (diam. 0.8–1.4 mm obtained from Sibelco, Mios, France). Juveniles were fed daily
with a mixture of living freshwater algae (Scenedesmus subspicatus, Chlorella vulgaris and Stichococcus
bacillaris) cultivated in the laboratory. Half of the culture water volume was renewed twice monthly.
Water physico-chemistry was based on averages from October 2017 to January 2018: Temperature
16.5 ◦C (range 16.3–16.7); dissolved oxygen 8.50 mg/L (range 7.24–9.60); pH 7.48 (range 7.10–7.80);
conductivity 84.25 µS/cm (range 72.8–93.8). This culture system was tested over 4 months to ensure
organisms viability at the laboratory. Dronne river water, used for dilution purposes in experiments
and culture water for maintaining the mussels, was collected at the rearing facility and stored at 4 ◦C
at the laboratory. All organisms used in these experiments originated from the same cohort produced
in 2016. FWPM larvae, also called glochidia, were collected from the Dronne river in August 2016
allowing juveniles production in December 2016. In this study, the age of juveniles is expressed as the
number of months after the point of dropping from the gills of the host fish.

2.2. Acute Toxicity Testing

Initial experiments were conducted in order to assess the effective concentrations (EC50) and
(EC10) corresponding respectively to the concentration of contaminant that affected 50% and 10% of
the population studied, respectively. We conducted 96 h acute toxicity tests according to the standard
guide for conducting laboratory toxicity testing with freshwater mussels (American Society for Testing
Material E2455 2006) [42], but with some modifications. Each test comprised four replicates for each of
five exposure concentrations, along with a control condition. Tests were conducted in 300 mL glass
beakers containing 150 mL of test solution. Unlike the recommendation of ASTM E2455 2006 [42],
silicate sand was used as the substrate in order to allow mussels to burrow during the test period
which we considered to more relevant for sediment dwelling species and Dronne river water was
used for dilution water in experiments. We employed the same artificial substrate (diam. 0.8–1.4 mm
obtained from Sibelco, Mios, France) used for M. margaritifera’s production at the Firbeix farm facility
since the typical substrate preference for the FWPM are small sand patches stabilized amongst large
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stones or boulders [28]. Each experimental unit contained about 1 cm thickness of substrate. Before the
start of a given test, juvenile viability was verified under a binocular microscope by observing foot
movement during a 5 min trial. Individuals showing no movement within this period were recorded
as impacted juveniles and were discarded. Live mussels were randomly placed in each beaker to a
number of 5 (corresponding to 20 juveniles per exposure condition). The experimental units were
continuously aerated and placed in a water bath at 16 ◦C, corresponding to the holding temperature at
the rearing facility, which was closed to the mean temperature (14 ◦C) of the Dronne river throughout
2016. Water physico-chemistry (T ◦C, pH, conductivity and dissolved oxygen) was measured at the
beginning (0 h) and at the end (96 h) of each experimental test with control, low-, medium- and
high-contaminant concentrations. The viability of juveniles was again assessed at 48 and 96 h. In order
to validate our method of exposure and to validate the use of a substrate, experiments with or without
the use of substrate were conducted following the same experimental protocol as described above
with NaCl as a reference toxicant [43,44] and Cd. Given that the juveniles in this study came from the
same cohort, experiments were conducted at different times between 2017 and 2018, allowing data
comparisons to be made between animal groups of the same cohort in function of juveniles age.
Organisms used for toxicity tests ranged in age from 13 to 28 months post-parasitic stage and toxicity
tests were not conducted on newly transformed juveniles since new pearl mussel were produced the
next year. However, in the context of the Dronne river, studies on older juveniles were more relevant
since juveniles are reintroduced in the natural field after one or two years of culture at the rearing
facility. Tests were carried out with static water without renewal and the animals were unfed for the
duration of experiments. The test acceptability criterion was control survival >90% according to the
ASTM E2455 2006 [42].

2.3. Water Physico-Chemistry and Chemical Analysis

Toxicants used were as follows: reagent-grade salts dissolved in de-ionized water for sodium
chloride (NaCl, reagent grade; USB Corporation, Cleveland, OH, USA), nitrate (NO3

−) as sodium
nitrate (NaNO3, 99.5% purity; Prolabo, Paris, France) and ortho-phosphates (PO4

3−) as sodium
phosphate dibasic (Na2HPO4, 99% purity; Sigma Aldrich, St. Louis, MO, USA). Metal solutions
were obtained from Merck with cadmium as CdCl2, arsenic as As2O5 and aluminum as AlCl3 all in
H2O. For metal concentration determinations, water samples were acidified at 10% with 65% nitric
acid (HNO3, Merck, Kenilworth, NJ, USA) directly after each sample collection. Cadmium and
arsenic exposure concentrations were measured by Atomic Adsorption Spectrometry (SAA 240Z
Agilent, Santa Clara County, CA, USA) and aluminum exposure concentrations were measured by
inductively coupled plasma optical spectrometry (ICP-OES, 700 series, Agilent). The detection limits
were 0.075 µg/L and 0.5 µg/L for cadmium and arsenic, respectively. Because of its high adsorption
properties, cadmium concentration was measured in the testing solutions after 24 h during the acute
96 h toxicity tests and readjusted as necessary. Nutrients as nitrates and phosphates, were measured by
gas-segmented continuous flow analysers (SFA) for the determination of dissolved nutrients (AA3-HR,
SEAL ANALYTICAL) for phosphates and QuAAtro (QuAAtro, SEAL ANALYTICAL) for nitrates.
The quantification limits were 0.21 µM/L (0.013 mg/L) and 0.005 µM/L (0.002 mg/L) for nitrates and
phosphates, respectively. Water physico-chemistry was checked as recommended by ASTM E2455
2006 [42], at the beginning and at the end of each test using measuring cells (WTW, Germany): Profiline
Oxi 3205 for dissolved oxygen, Profiline pH 3110 for pH and Profiline Cond 3110 for temperature
and conductivity. Nominal concentrations tested were as follows: 0, 5, 15, 30, 60 and 120 µg/L for As
and Cd; 0, 120, 250, 500, 750 and 1000 µg/L for Al; 0, 0.2, 0.6, 1.6, 3, 6 mg/L for PO4

3−; 0, 128, 256, 512,
1024 and 2048 mg/L for NO3

− and 0, 0.2, 0.4, 0.8, 1.2 and 1.6 g/L for NaCl. As and Al concentrations
were chosen according to their maximum concentrations found in the Dronne river, which were about
35 µg As/L in 2015 and 120 µg Al/L in 2018. Concentrations tested for As and Cd were the same in
order to compare the effect of both metals, although the Cd concentration measured in the Dronne
river was under the detection limit in 2015 and 2018 (<0.61 µg/L). Nitrates concentrations were first
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chosen according to thresholds found in the literature [30], with the highest concentration tested being
8 mg NO3

−/L. However, at the end of the testing under such NO3
− conditions, viability was found

to be 100%. Therefore, in order to assess the median effective concentration, the experiment was
conducted again with higher concentrations that were chosen according to nitrates median effective
concentrations found in the literature for other species of freshwater mussels from the Unionidae
family [25].

2.4. Data Analysis

Statistical analyses were performed using RStudio version 1.1.442. Normality and homoscedasticity
were checked using the Levene test. Differences in age-related sensitivity or between the presence or
absence of a substrate, were assessed by parametric testing with a two-way analysis of variance (ANOVA)
with post-hoc Tukey analysis, or when necessary, by a non-parametric test using Kruskall–Wallis with
a post hoc Dunn test. Values were first converted from percentages to arcsin functions for survival data.
Effective concentrations (EC50) and (EC10) values were calculated from nominal concentrations for
sodium chloride and from measured concentrations for all other toxicants. These toxicity thresholds
were assessed with a three parameters log-logistic model allowing us to obtain where possible, the EC50
and the EC10 with corresponding to 95% confidence intervals [45].

3. Results

3.1. Validation of the Protocol

Acute toxicity tests were carried out in order to assess median effective concentrations of NaCl,
NO3

−, PO4
3−, Cd, As and Al for several month-old juveniles of M. margaritifera. The tests were

conducted according to ASTM E2455 2006 guidelines [42], but with some modifications. Whereas
this standard recommendation is based on water-only exposure, in the present study, silicate sand
was employed to provide a substrate that more closely resembles the natural environment of the
burrowing FWPM. In order to validate the use of a silicate sand substrate, acute toxicity tests in the
substrate’s presence or absence were conducted simultaneously on 22-month-old juveniles under NaCl
and Cd exposure. Survival control was 100% at the end of the 96 h acute toxicity test for all conditions
(Supplementary data, Table S3). The EC50s for NaCl in tests conducted with and without the sand
substrate were 1.33 ± 0.09 g NaCl/L and 1.19 ± 0.08 g NaCl/L respectively (Figure 1). Statistical analyses
showed no differences in the percentage of juvenile viability at each exposure concentrations of NaCl
in tests conducted with or without a substrate (p > 0.05).
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Figure 1. Viability (% ± standard deviation (SD)) of 22-month-old M. margaritifera juveniles exposed to
sodium chloride in 96 h acute toxicity tests conducted with substrate (dashed line) or without (solid line)
a sand substrate at 16 ◦C.
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Under exposure to Cd, viability was 100% for all concentrations and both substrate (with or
without) conditions at the end of the 96 h experiments. The high variability found in cadmium
measured concentration measurements is due to the adjustment after 48 h of exposure by the
compensated additions method, allowing mean cadmium concentrations to be maintained constant
throughout each experiment (Supplementary data, Table S3). Nevertheless, comparison of Cd exposure
concentrations showed no differences between the two tests for each exposure concentration (p > 0.05)
(Supplementary data, Table S3). Measured physico-chemical parameters (temperature, pH, dissolved
oxygen and conductivity) during Cd and NaCl acute toxicity tests were remained very similar in the
two substrate conditions (Supplementary data, Table S2).

3.2. Toxicity Thresholds

Table 1 summarizes the median effective concentrations (EC50) obtained in 96 h acute toxicity
tests for NaCl, Al, As, Cd, NO3

− and PO4
3−. The values obtained with or without the use of a

substrate in these experiments and the total number of organisms used for each test are also presented.
Overall, in the acute toxicity tests conducted, only a few EC50s could be established. Indeed, a 50%
population effect rate was not reached for the highest exposure concentrations tested for Al, As, Cd
and PO4

3−. The 96 h acute toxicity thresholds were higher than 954 µg/L for aluminum; over 110,
112 and 147 µg/L for cadmium toxicity tests; higher than 127 µg/L for arsenic, and over 5.01 mg/L
for phosphates. Moreover, in the nitrate exposure test, we were unable to assess the exact median
effective concentration because the dilution factor between two exposure concentrations was too high.
In fact, the percentage viability at the end of the test to medium-high concentration exposure was
80%, whereas all organisms died in the highest exposure condition. However, the data allowed us
to determine a range of toxicity threshold values between 1000 to 1500 mg NO3

−/L, which is not
representative of the natural environmental conditions. EC10s were assessed for the two NaCl toxicity
tests and for the cadmium acute toxicity test conducted on 16-month-old juveniles. These values
were as follow with corresponding confident intervals: 0.64 (0.53–0.77) g NaCl/L for the 96 h toxicity
test conducted without substrate; 0.91 (0.75–1.08) g NaCl/L for the 96 h toxicity test conducted with
substrate, and 75 (55–95) µg Cd/L. The EC10 for nitrate could not be established for the same reason
as our inability to determine the exact EC50. Similarly, the EC10s could not be calculated for all the
other contaminants since survival was 100% at the end of the trials for the highest concentrations
tested. Mean measured values of water-quality parameters (pH, conductivity, dissolved oxygen and
temperature) for all acute toxicity tests presented in Table 1 were measured at the beginning and at the
end of the test (See Supplementary data, Table S2). Nominal and mean measured concentration of
toxicants, and juveniles’ viability at the end of the tests are presented as Supplementary data, Table S3.
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Table 1. Median effective concentrations (EC50s) in 96 h acute toxicity tests with sodium chloride, nitrates, phosphates, cadmium and arsenic for M. margaritifera
juveniles. (T ◦C = 16 ◦C) (n = 4).

Toxicants or Nutrients Age of Organisms
(Months) Substrate Total Number of

Organisms EC50 (48 h) EC50 (96 h) Units

NaCl Sodium Chloride 22 No 120 >1.6 1 1.19 (1.11–1.28) g/L
NaCl Sodium Chloride 22 Yes 120 1.5 (1.35–1.66) 1.33 (1.24–1.42) g/L
NO3

− Nitrates 13 Yes 120 >2290 1 1000–1500 2 mg/L
PO4

3− Phosphates 13 Yes 120 >5.01 1 >5.01 1 mg/L
CdCl2 Cadmium 16 Yes 120 >112 1 >112 1 µg/L
CdCl2 Cadmium 22 No 120 >147 1 >147 1 µg/L
CdCl2 Cadmium 22 Yes 120 >110 1 >110 1 µg/L
As2O5 Arsenic 17 Yes 96 >127 1 >127 1 µg/L
AlCl3 Aluminum 28 Yes 120 >954 1 >954 1 µg/L

Numbers in parentheses denote 95% confidence intervals; 1 Insufficient effect on mobility for assessing EC50; 2 Range values of EC50 where the dilution factor between exposure
concentrations was too high.
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3.3. Age-Related Sensitivity

Table 2 shows the mean survival of juveniles in 96 h acute toxicity tests to Cd for 16- and 22-month
old juveniles. The viability of 16-month-old juveniles was affected at 120 µg Cd/L with 80% survival
occurring, while the viability of 22-month-old juveniles was not affected even at the highest exposure
concentration. For NaCl exposure conducted with sediment, the 48-h EC50 assessed for 22-month-old
juveniles was 1.5 g NaCl/L with a 95% confidence interval of between 1.35 and 1.66. A previous
experiment conducted on 10-month-old juveniles allowed to assess 48-h EC50 of 0.96 g NaCl/L with a
95% confidence interval of between 0.88 and 1.05 (Supplementary data, Figure S1, Table S1). However,
missing data of this experiment such as water-quality parameters at the end of the experiment or
measured NaCl concentrations, and the short duration of the acute toxicity test (48 h) did not allow
us to confirm the robustness of these results but provided interesting information concerning the
sensitivity of the youngest juveniles studied in this present study. Indeed, the EC50 seems to be 0.5-fold
lower than for 22-month-old juveniles (1.5 (1.35–1.66) g NaCl/L). Moreover, in terms of mean survival,
the viability of 10-month-old juveniles was affected at 1 g NaCl/L with 45% of organisms remaining
alive (Supplementary data, Figure S1), whereas 70% of 22-month-old juveniles were still alive after
1.2 g NaCl/L exposure (Supplementary data, Table S3).

Table 2. Mean survival (%) and median effective concentrations for cadmium (µg Cd/L) in acute toxicity
tests with a substrate for 16- and 22-month-old M. margaritifera juveniles, T ◦C = 16 ◦C.

Cd (µg/L) 1 Organisms Age

16 Months 22 Months

Control 100 100
5 100 100
15 100 100
30 100 100
60 95 100

120 80 100

96 h EC50 2 >112 >110
1 Expressed as nominal concentrations; 2 Expressed as measured concentrations.

4. Discussion

4.1. Experimental Procedure

The lack of knowledge about the endangered FWPM’s sensitivity to pollutants and the scarcity of
laboratory testing on this species, due mostly to its complex life cycle, provided the initial impetus to
develop suitable experimental protocols for investigating this organism’s ecotoxicology. Although the
protocols we employed complied mostly with ASTM E2455 2006 [42] guidelines, some important
modifications were introduced such as a substrate, the use of Dronne river water as the dilution water,
and the use of juveniles aged of more than one year. Our results showed that the presence of silicate
sand as a substrate in 96 h acute toxicity tests did not impact either on water quality parameters
or toxicant concentrations, and did not affect the juveniles’ sensitivity, since EC50s in NaCl toxicity
tests conducted with a substrate and without any, were similar with overlapping confidence interval
(1.33 (1.24–1.42) g NaCl/L and 1.19 (1.11–1.28) g NaCl/L, respectively), thus validating our method of
exposure. However, these results also showed that in acute toxicity tests, the presence of a substrate is
not necessary, as recommended by the ASTM E2455 2006 [42], but with respect to this present study
objectives, the use of a substrate in our experiments met conditions that corresponded more closely
to this burrowing mussel’s natural environment, notably in the Dronne river. A previous study on
the unionid mussel (Lampsilis siliquoidea) in 28-day chronic toxicity tests to ammonia, conducted with
soil substrate ranging in size of 300 to 500 µm and conducted without any, similarly found that
the presence of a substrate did not influence the toxicant sensitivity of this freshwater mussel [46].
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However, the same author conducted more recently another study based on the same experimental
test on chronic toxicity to NaCl and potassium chloride (KCl) with silica sand (particle size of 100 to
400 µm) used as substrate and reported that EC20, based on biomass endpoint, in substrate presence,
was twofold lower than without substrate [47]. This indicates that the mussel responses in the presence
or absence of substrate might be dependent on the exposure duration and might differ according to
the endpoint studied. Nevertheless, in this present study, acute toxicity tests were conducted for 96 h
and the endpoint was juvenile’s immobility. In order to further validate the experimental protocol
developed in the present study, acute toxicity tests were conducted using NaCl as a reference toxicant,
which is amongst those toxicants used to assess the health and sensitivity of organisms generally,
thereby allowing a comparison over time to be made between organisms of different species [43,44].
FWPM juveniles displayed a dose-dependent sensitivity to sodium chloride: the median effective
concentration for 22-month-old juveniles in 96 h acute toxicity tests were 1.33 (1.24–1.42) g NaCl/L and
1.19 (1.11–1.28) g NaCl/L in the presence or absence of substrate, respectively. Moreover, the EC10s
were 0.64 (0.53–0.77) g NaCl/L and 0.91 (0.75–1.08) g NaCl/L in 96 h tests conducted with and without a
substrate, respectively. An earlier study in which the 96 h median effective concentrations for chloride
(tested as sodium chloride) on 6- to 10-day-old post-parasitic juveniles of five other species of freshwater
mussels (four from the family Unionidae and one from the family Margaritiferidae) were established,
reported EC50s values ranging from 1.038 to 2.246 g Cl/L (1.711 to 3.703 g NaCl/L) [48]. However, it
has been shown that water chemistry as water hardness, was impacting sensitivity to NaCl toxicity for
mussels [49] and for other freshwater organisms [50–52], with increasing water hardness leading to
decreasing sensitivity to NaCl. In this present study, water hardness was not measured which makes it
difficult to compare the sensitivity of M. margaritifera juveniles to NaCl with mussel juveniles of the
previous study [48]. Although median effective concentrations obtained in our study were assessed
on 22-month-old juveniles, comparison of these values indicates that M. margaritifera appears to be
more sensitive to NaCl than other freshwater mussel species, since lower toxicity thresholds would be
expected in younger, especially recently excysted, juveniles.

4.2. Toxicity Thresholds

Little is known about the sensitivity of the FWPM to pollution threats. Many programs have been
set up for the reinforcement of the FWPM population in Europe [9], but research on this organism’s
pollutant sensitivity is scarce. This could be partially explained by its endangered species status since
M. margaritifera is protected by appendix III of the Bern Convention, by the European habitats Directive
annexes II and V and is included in the red list of the International Union for Conservation of Nature
as being critically endangered in Europe. This in turn leads to difficulty in using this organism for
laboratory testing, a problem that is further compounded by the long-life span and complex life cycle
of this species, which as a consequence, requires knowledge of potential threats affecting both the
FWPM’s different life stages as well as its host population [2,4,15]. However, several field studies have
provided estimates of low water-quality thresholds in rivers where recruitment has been observed [30],
and have allowed showing a positive correlation between increasing nitrate concentrations and adult
mortality [23]. Moreover, a recent French study conducted laboratory experiments to study the
effects of cadmium exposure on FWPM adults sampled from the Dronne river [39]. Organisms were
exposed to 2 and 5 µg Cd/L for 7 days and ecotoxicological biomarkers such as gonad histological
observations, metal bioaccumulation, metallothionein production, malondialdehyde concentrations
and quantitative relative expression analysis of genes were assessed. The results of this study, which was
the first to use various toxicological biomarkers to investigate the impact of cadmium exposure on
M. margaritifera adults, provided new knowledge about the sensitivity of the freshwater pearl mussel,
in particular highlighting the disruptive effect of this metal trace element on adult endocrine function.
However, despite the fact that early life stages are considered to be the critical survival period for this
species [14,15], to our knowledge, only one ecotoxicological study has hitherto been conducted on
M. margaritifera juveniles [53]. This previous study, in which the effects of pH, Al and iron (Fe) on
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the survival of early life stages of M. margaritifera were assessed at 17–18 ◦C, reported relatively low
effects of Al and Fe after 168 h exposure on the survival of newly transformed juveniles. Even at the
highest concentrations tested (1 mg Al/L and 2 mg Fe/L), survival rates were over 80%. In our study,
the 96 h median effective concentration (96 h EC50) for Al on 28-month-old juveniles was >0.954 mg/L.
Those findings showed that newly transformed or older juveniles (by several months) are more tolerant
to high concentrations of Al in a short-term exposure since, according to the FOREGS base data [54],
mean measured concentrations of Al found in European stream waters is 75.5 ± 180 µg Al/L. Similar
results were obtained for As and Cd, since the 96 h EC50 determined in the present study was greater
than 127 µg As/L for 17 month old juveniles and from 110 to 147 µg Cd/L for 16 to 22 month old
juveniles. Moreover, EC10 for cadmium was 75 µg/L, which underlies the high tolerance of juveniles
to acute cadmium exposure. In the Dronne river, measured Cd concentrations in 2015 and 2018 were
under the detection limit (<0.61 µg Cd/L), whereas the maximum measured concentrations of Al
and As were 120 µg Al/L and 35 µg As/L, respectively (unpublished data). Since drinking-water
threshold for As fixed by the World Health Organization (WHO) is 10 µg As/L, the relatively high
As concentration could be related to background levels in the studied site [55], perhaps leading to an
adaptation of the mussel to such high environmental As concentrations. Moreover, the high tolerance
of M. margaritifera juveniles aged from 16 to 22 months to high concentrations of Al, Cd and As could
be explained by the capacity of mussels to avoid contaminant exposure by temporarily closing their
valves during laboratory testing [16,32,56]. It is relevant in this context that another study showed
that toxicity thresholds were increased at least threefold when two-month-old Lampsilis siliquoidea
juveniles were transferred to clean water without contaminant for 24 h after a 96 h toxicity tests to
copper whereas for newly transformed juveniles, toxicity threshold was similar after the 24 h recovery
time. Moreover, for ammonia exposure, EC50s were found to be similar for newly transformed and
two-month-old juveniles of L. siliquoidea [16]. This finding led to the conclusion that depending on
the pollutant studied, older juveniles (months) were avoiding pollutant exposure by closing their
valves since survival was assessed by checking mussel foot movement. In the present study, juvenile
FWPM viability was also evaluated by checking foot movement within a 5 min assessment period.
Interestingly, most of the dead mussels remained open with their motionless foot projecting out of
the valves. Since mussels might have reduced the filtration process that would be the main mediator
for environmental pollutant intake, this potential capacity of avoiding toxicant exposure by FWMP
juveniles could lead to an underestimation of actual contaminant toxicity. However, since the current
study showed the high tolerance of FWPM juveniles to acute concentrations of metal trace elements
(Al, As and Cd) and nutrients (NO3

− and PO4
3−) in short-term exposure, further studies investigating

the sublethal effects of pollutants in long-term exposures are now needed to complete our knowledge
of survival responsiveness.

Water-quality degradation has been reported to be an important factor in imperiling FWPM
populations, especially arising from the presence of nutrients involved in the eutrophication
process [1,28,57]. An Irish field study reported estimates of median nutrient levels found in reproducing
Margaritifera containing rivers [30], with values being 0.005 mg PO4

3−/L for orthophosphates and
0.553 mg NO3

−/L for nitrate. Another study through field observations on 13 Bavarian rivers (Germany)
found that adult mortality was positively correlated with increasing water nitrate concentrations from
6.6 to 13.29 mg NO3

−/L, and that increased levels of phosphate, calcium and biological oxygen demand
were correlated with decreased survival and the establishment of juvenile mussel populations [23].
In our study, the 96 h median effective concentrations for nitrate and ortho-phosphate on 13-month old
juveniles were between 1000 and 1500 mg NO3

−/L and >5.01 mg PO4
3−/L, respectively. We also found

that 13-month-old juveniles are tolerant to very high concentrations of NO3
− and PO4

3− in short-term
and single contaminant exposures at 16 ◦C, which is in accordance with the high tolerance of other
species of freshwater mussels to nitrate exposure. Indeed, previous acute toxicity tests conducted
at 20 ◦C on newly transformed juveniles of U. crassus and A. anatina established 96 h median lethal
concentrations of 2233 and 1635 mg NO3

−/L, respectively [57]. Moreover, a recent study conducted
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acute toxicity tests to nitrate on different freshwater species including a freshwater mussel (L. siliquoidea)
and allowed the assessment of nitrate EC50s ranging from 837 mg NO3

−/L to over 3912 mg NO3
−/L

for larvae midge (Chironomus dilitus) and rainbow trout juveniles (Oncorhynchus mykiss), respectively,
with nitrate EC50 of 2946 mg NO3

−/L for the unionid mussel [58]. However, these threshold values are
significantly higher than the nitrate concentrations reported in the natural environment. In fact, in the
Dronne river, the maximum measured nitrate and ortho-phosphate concentrations were 9.4 mg NO3

−/L
and 0.22 mg PO4

3−/L according to the water information system of the “Adour-Garonne” web site.
This therefore suggests that these nutrients are in concentrations in the Dronne river that are significantly
lower than levels affecting M. margaritifera juvenile survival. Nevertheless, the little available data on
nitrate toxicity in freshwater mussels makes it difficult to determine whether these nutrients at high
levels have a direct effect on mussel populations or whether their impact is more indirect through
habitat impairment [57]. Moreover, nitrates and phosphates might not be found to be toxic when
studied separately in laboratory experimental conditions, but rather, their adverse effects may arise
from a concomitant interaction with other environmental factors such as dissolved oxygen, pH and
temperature [27,59].

However, it is important to emphasize that our experiments were based on the assessment of
juvenile viability, whereas at the same exposure concentrations, the physiology and metabolism of the
mussels could still be impacted and sublethal effects might be occurring. Moreover, median effective
concentration values from the current study were obtained from 96 h exposure testing. Further studies
into long-term exposure are now needed in order to assess the full impact of environmentally relevant
concentrations of contaminants, studied both independently and in combination, and in addition
to other environmental factors such as temperature or dissolved oxygen. Such a multifactorial
approach could allow investigation into the potential broader effects of climate change with increasing
temperatures [17,57].

4.3. Age-Related Sensitivity

Margaritifera margaritifera is a long-living species whose juvenile stage starts at the moment they
drop off from the host fish gills, then lasts for 10 to 15 years until sexual maturity is reached [28].
Consequently, the juvenile’s sensitivity to a particular contaminant may differ significantly according to
age [60]. In the present study, a comparison of the sensitivity of 10- and 22-month-old juveniles in 48-h
acute toxicity testing to sodium chloride and 16- and 22-month-old juveniles in 96 h acute exposures
to cadmium were made. The results showed a slightly enhanced sensitivity for younger juveniles in
both cases. Since the 96 h EC50s were greater than 110 and 112 µg Cd/L in both cadmium experiments,
a direct comparison of toxicity thresholds was not possible. However, the viability of 16-month old
juveniles was adversely affected by 110 µg Cd/L, with a viability percentage of 80%, whereas at the same
concentration, the viability of 22-month old juveniles remained 100%, thus indicative of a sensitivity
related to age. Moreover, 10-month-old juveniles were found to be more sensitive to NaCl than older
22-month-old juveniles with EC50s of 0.96 g/L and 1.5 g/L for 10-month-old and 22-month-old juveniles,
respectively. This is in accordance with the age-dependent sensitivity reported for other freshwater
mussel species. For example, although two-month-old juveniles from the Unionidae family display a
sensitivity to ammonia that is similar to that of newly transformed juveniles, the tolerance to copper
is lower than in the younger animals [16]. Moreover, acute sensitivity to the toxic effects of lead,
cadmium and zinc has been found to be higher in newly transformed Unionidae mussels than in
glochidia, and also compared to older 2- to 6-month-old Unionidae juveniles [61]. Those findings,
therefore, underline the importance of studying the most relevant life-stage and to take the age factor
into account when comparing juvenile contaminant sensitivities between different studies.

5. Conclusions

The present study provides new data on the toxicant sensitivity of Margaritifera margaritifera
juveniles in demonstrating that animals aged from 13 to 28 months were found to be tolerant to
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concentrations of Al, Cd, As, PO4
3−, NO3

− and NaCl, that are largely higher than those found in the
Dronne river, under 96 h experimental exposure conditions. These findings suggest that nutrients
and trace metals studied in this present study, are significantly lower in the Dronne river than levels
of toxicant affecting FWPM juveniles. Moreover, the tolerance of FWPM juveniles appears to be
dependent on age, with younger juveniles suggested as being more sensitive than older individuals,
a finding that emphasizes the importance of studying early life stages of this species and notably
freshly excysted juveniles. However, further studies on the sub-lethal effects (e.g., gene expression,
mussel physiology and behavior etc.) of those contaminants are now needed since this could enable
the detection of significant deleterious effects at lower contaminant concentrations and with long-term
exposure [17,57]. Moreover, since single-contaminant exposure might not alone affect juvenile viability,
studies on multiple-stress effects might be more relevant (e.g., chronic exposure to a mixture of nitrates
and phosphate at different temperatures). Nevertheless, this study has improved our knowledge about
this endangered species and has pointed to the ecological and ecotoxicological directions needed to
develop future conservation strategies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3298/7/6/48/s1,
Figure S1: Viability (% ± SD) of 10-month old M. margaritifera juveniles exposed to sodium chloride in 48-h acute
toxicity test conducted at 16 ◦C; Table S1: Mean values (± SD) measured at the beginning of the test, for water
parameters (pH, conductivity, dissolved oxygen and temperature) in 48-h acute toxicity tests; Table S2: Mean
measured values (± SD) for pH, temperature (◦C), conductivity (µs/cm) and dissolved oxygen (mg/L) at the
beginning and at the end of each acute toxicity tests conducted in this study in Control, low, medium and high
exposure conditions (n = 3); Table S3: Nominal concentrations, mean measured concentration values ± SD (n = 3)
and mean percentage viability ± SD (n = 4) at the end of the test (based on juveniles immobility) for each acute
toxicity tests.
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