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This study evaluated the vulnerability of early life stages of native oysters (Crassostrea

gigas) from the Arcachon Bay (SW, France) to pollutants at risk in the lagoon in particular

copper and S-metolachlor. Developmental abnormalities in wild and cultivated oyster

D-larvae were investigated during 2 breeding-seasons (2013 and 2014) at different

sampling sites and dates. In addition, copper, and metolachlor concentrations were

determined both in seawater and inmature oysters. Bioaccumulation of Cuwas observed

at higher levels in wild than in farmed specimens. Metolachlor was accumulated at much

lower levels. After 24 h exposure, significant increases of the percentage of abnormal

D-larvae were observed when exposed at 1µg L−1 of copper or 10 ng L−1 of metolachlor

in comparison with the controls whatever the date, the site, and rearing conditions of the

genitors. The current study demonstrates that environmental concentrations of copper

and metolachlor can induce a significant increase of developmental abnormalities in

farmed and wild populations of oysters. However, no significant differences of sensitivity

were observed according to temporal, spatial parameters, and lifestyle of genitors. In

addition, oyster larvae obtained from the hatchery displayed the same sensitivity to

pollutants as larvae from the field, demonstrating their suitability for toxicity assays and

water quality monitoring.

Keywords: metolachlor, copper, pacific oyster, developmental effects, bioaccumulation

INTRODUCTION

Bivalve mollusks such as oysters, mussels, and clams contribute significantly to world aquaculture
and the Pacific oyster Crassostrea gigas (Thunberg) is ranked number one in terms of world
aquaculture production with 555,913 tons estimated in 2013 (FAO, 2010). The Arcachon Bay is an
area of high ecological productivity, linked to various socio-economic activities (oyster-farming,
fishing, boating leisure, etc.). Regarding oyster farming, the total production of marketable oysters
reached 7,000 tons (6.9% of the French production) in 2012 (CNC, 2012). In this lagoon, oysters
are grown either by off-bottom farming i.e., breeding in bags on trestles held above the seafloor
(cultivated oysters) or by traditional on-bottom production from wild oyster reefs (wild oysters).
To date no study has been conducted to compare the sensitivity of wild and farmed populations
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while they both contribute to larval recruitment in the bay. Since
1998, several years have been particularly unfavorable for oyster
larval recruitment and several episodes of highmortality of oyster
spat have been recorded in the Arcachon Bay. In many countries
worldwide, the occurrence of significant mass mortalities in
both adult and juvenile C. gigas populations has been reported,
generally during the summer months (Mori, 1979; Perdue et al.,
1981; Watermann et al., 2008; Cotter et al., 2010; Pernet et al.,
2011). Although the mass mortality phenomenon encountered
in recent years is often associated with infectious agents, it is
also often related to environmental changes and highlights the
delicate balance that governs an ecosystem. Coastal ecosystems
such as Arcachon Bay, are under constant increase of anthropic
pressure. The quality of coastal waters has been particularly
deteriorated in recent years as the population and human
activities have increased (Newton et al., 2003). These areas have
become over the years the recipient of many contaminants
generated by human activities and are exposed to a wide variety
of natural and anthropogenic stressors (Adams, 2005). Exposure
to pollutants could at least partly account for the reduction
in early life stages and adult oyster survival. Among the large
variety of pollutants that can contribute to aquatic pollution,
pesticides have been widely recorded in waters and sediments
from various estuaries, coastal areas, and lakes and other surface
waters that support aquatic life (Gilliom, 2007). The pesticide
contamination in the Arcachon bay is widely dominated by S-
metolachlor at around 10 ng L−1 and its metabolites (Auby et al.,
2007; Budzinski et al., 2011). The Arcachon bay is indeed the
final recipient of several rivers draining a watershed of 4,138 km2

mainly dominated by agriculture and urban areas. Moreover,
copper (Cu) is among the most toxic metal for bivalve larvae (His
et al., 1999). Throughout the world, Cu is used in antifouling
paint (Turner, 2010). The Cu mean concentration in seawater
of the French Atlantic coast was 0.7 µg L−1 at the early 2000
(Geffard et al., 2002). The most recent data in the Arcachon bay
indicate concentration above 1 µg L−1 (Mai et al., 2012; Gamain
et al., 2016). Copper bioaccumulation has been monitored in
oysters from the Arcachon bay since 1983. Results show an
increase from around 100mg Kg−1 dry weight in 1983 to around
400mg Kg−1 dry weight in 2015 (ROCCH, 2015). We have
previously shown that D-larvae, obtained from hatchery oysters,
exposed to environmental doses of copper, or metolachlor have
abnormal development (Mai et al., 2012, 2013; Gamain et al.,
2016). Our objectives here were 2-fold (1) determine if the
temporal and spatial parameters or lifestyle of the broodstock
oyster of the Arcachon Bay affect the sensitivity of the D-larvae
to pollutants and (2) assess if offsprings from adult oysters from
the Arcachon Bay which have been living all their life in a Cu and
S-metolachlor contaminated area, were more tolerant or not than
those from hatchery.

MATERIALS AND METHODS

Chemicals and Seawater
Reference toxicants (CuSO4, 5 H2O, and S-metolachlor) and
formalin were purchased from Sigma–Aldrich Chemical (St.
Quentin Fallavier, France). For experiments with oysters from

hatchery, seawater was collected just outside the Arcachon
Bay (SW France) near the Banc d’Arguin. For experiments
with oysters from the Arcachon bay, water was collected at
Grand Banc in 2013 and Arguin in 2014 (Figure 1). Salinity
was measured at 33 u.s.i. in Grand Banc and Arguin using a
salinity probe (Wissenschaftlich Techische Werkstätten Multi
340i, sonde TetraCon 325). Immediately after sampling, seawater
was filtered using membrane filter of 0.45 µm and then 0.2 µm
(Xilab) to eliminate debris andmicroorganisms. Filtered seawater
(FSW) was stocked at 4◦C in the dark and was used within 3 days.
A few hours before experiment, FSW was filtered again at 0.2
µm. This reference water was chemically analyzed for pollutant
concentration determination.

Animals
Adult wild and cultivated oysters (C. gigas, Thunberg, 1793)
were collected during the natural reproduction period from four
different sites in the Arcachon Bay: Le Tès and Grand Banc in
summer 2013 (July 10, July 22, August 6), Comprian and Les
Jacquets in summer 2014 (June 23, July 8, July 15, July 29, August
11; Figure 1 and Table 1). Individuals of three-year-old were
sampled for cultivated oysters. For wild oysters, individuals of
equivalent size to cultivated oysters were collected (90.8 mm ±
14.1 of length; 48.4 mm ± 5.7 of width). Animals were brought
back to the laboratory in tanks filled with seawater from the
same site and were kept overnight in this water aerated by
air bubbling at a regulated temperature of 12◦C. Oysters from
hatchery came from a commercial hatchery specialized in the
year-round production of mature oysters (Guernsey Sea Farms,
UK). Oysters were kept at around 10◦C for transportation and
then acclimatized in FSW before the beginning of experiments.
All oysters were used immediately.

Preparation of Metal and Pesticide
Solutions
The range of experimental concentrations was chosen on the
basis of preliminary studies (Mai et al., 2012, 2014). The metal
and pesticide solutions were made up from analytical grade
copper sulfate (CuSO4, 5H2O) and S-metolachlor. Working
solutions were obtained diluting the stock solutions (100mg L−1

for copper and 250 mg.L−1 for metolachlor prepared in pure
Milli-Q-water) in FSW (collected at one site for each sampling
date). Environmental concentrations in the Arcachon bay were
selected for test concentrations of copper (1 µg L−1) and S-
metolachlor (10 ng L−1). Three concentrations of copper (1, 10,
and 50 µg L−1) and S-metolachlor (10, 100, and 1,000 ng L−1)
were selected for calculation of EC50.

Chemical Analysis
Reference Sea Water and Contamination Solutions
The working solutions were chemically analyzed for pollutant
concentration confirmation. For chemical analysis of metals,
three replicats of about 10 mL of each sample (stock solutions
and FSW) was acidified with 5% final of nitric acid (Nitric acid
65%, Fluka). Samples were then analyzed by Inductively-Coupled
Plasma Optic Emission Spectrometry (ICP-OES 720, Agilent
Technologies, Arcachon, France). The validity of the method was
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FIGURE 1 | Sampling site for mature oysters (stars) and water (ring) in the Arcachon Bay (SW France).

TABLE 1 | Number of couples used for each study condition.

Date Condition Number of couples

Summer 2013 Le Tès cultivated 4

Le Tès wild 2

Grand Banc cultivated 2

Summer 2014 Comprian wild 2

Les Jaquets wild 6

Comprian cultivated 5

Les Jaquets cultivated 1

Hatchery 4

periodically checked with Tort-2 and Dolt-4 certified materials
(lobster hepatopancreas and dogfish liver from NRCC-CNRC,
Ottawa, Canada) and values obtained were within the certified
ranges. Quantification limit was 0.3 µg L−1.

Metolachlor level was determined using a HPLC/MS/MS
system from Agilent Technologies company (HPLC 1290 system
coupled to 6460 mass spectrometer; mobile phase: water (5
mM ammonium acetate+ 0.1% acetic acid)/methanol (100/0%–
0/100% within 17 min at 0.5 mL/min); column: Kinetex
C18 100 mm (length), 2.1 mm (internal diameter), 1.7 mm
(porosity); ionization mode: ESI +). One microliter of each
individual solution was mixed with 50 µL of mixture of internal
standards (metolachlor d6) inmethanol (nominal concentrations
10 ng L−1) and were directly analyzed. Procedural blanks
(three blanks between each sample) were performed to ensure
the absence of laboratory-contamination. Moreover, it ensured
optimal cleaning of the chromatographic system between each
sample and allowed to achieve detection limits as low as

possible while avoiding cross-contamination. Metolachlor was
quantified using a quantification transition. Its presence is
attested through a transition confirmation but also thanks to
the relationship between abundance and the quantification of
transition. Recovery and reproducibility were determined using
spiked water samples (at nominal concentration of 10 ng L−1)
processed at the same time as the samples to be characterized.
Detection and quantification limits were, respectively of 0.6 and
1.9 ng L−1.

Oysters
For the determination of pollutant body burden, the whole
body of 10 oysters was dissected carefully, drained on absorbent
paper, and then ground at 8,000 rounds min−1 and 9,500 rounds
min−1 (Ultra Turrax T2S, Janke and Kunkel, IKA Labortechnik).
The homogenate obtained was distributed in four polypropylene
tubes: two were used for the analysis of organic contaminants
and two other for the analysis of metal contaminants. These tubes
were then frozen at−20◦C before analysis.

For metal concentration analysis, ground oyster samples were
thawed and incubated 48 h at 45◦C to remove water. In this
way, the results are expressed relative to the dry weight. The
lyophilized samples of oysters tissues were first digested in 3
mL of pure HNO3 in a pressurized medium at 100◦C for 3 h
(hot block CAL 3300, Environmental Express, USA). Samples
were then diluted up to 18 mL with ultra-pure water (Milli-
Q, Bedford, MA, USA). Cu content was then measured by
Inductively-Coupled Plasma Optic Emission Spectrometry (ICP-
OES 720, Agilent Technologies) on three replicats per sample.
Metal concentration in dry tissues was expressed in mg kg−1

dry weight (d.w.). For Cu, the validity of the method was
periodically checked with Tort-2 and Dolt-4 certified materials
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(lobster hepatopancreas and dogfish liver from NRCC-CNRC,
Ottawa, Canada) and values obtained were within the certified
ranges. The limits of detection for Cu was 0.5 mg.kg−1.

Before pesticide analysis, samples were thawed and weighed to
obtain fresh weight. Samples from the same site and same lifestyle
(wildversus cultivated) but from the different sampling date
were pooled in 2013 and 2014. The samples are then refrozen
and then lyophilized and weighed to obtain the dry weight.
The following different compounds were analyzed in oyster
extracts: 1-(2,4-Dichlorophenyl) urea, 1-(3,4-Dichlorophenyl)
urea, 1-(3,4-Dichlorophenyl)-3-methyl urea, acetochlor,
acetochlor ESA, acetochlor OA, alachlor, amethryn, atrazine,
atrazine 2 hydroxy, azoxystrobine, bentazone, carbendazime,
carbetamide, carbofuran, carbosulfan, chlorotoluron,
chlorsulfuron, cyanazine, cyromazine, deséthylatrazine, atrazine
desisopropyl, diflufenican, dimetachlor, diuron, DMSA,
DMST, flazasulfuron, fluazifop-p-butyl, flusilazole, hexazinone,
hydroxy simazine, imidacloprid, irgarol, isoproturon, linuron,
metazachlor, methiocarb, metolachlor, metolachlor ESA,
metolachlor OA, metoxuron, metsulfuron-methyl, nicosulfuron,
promethryn, propachlor propazine, propiconazole, prosulfuron,
pymethrozine, quizalofop-ethyl, quizalofop-efuryl, simazine,
terbutryn, terbutylazine, terbutylazine desethyl, thiamethoxan.
These compounds are representative of those commonly found
in the waters of the Bay of Arcachon. They were analyzed
by LC/MS /MS using an MRM method in peak to peak,
associated with a solid phase extraction protocol SPE (Solid
Phase Extraction). 0.5 g of the studied matrix was spiked with
an internal standard (alachlor d13, atrazine 2 hydroxy d5,
atrazine d5, bentazone d7, carbendazime d3, carbetamide d5,
carbofuran d3, chlorotoluron d6, DEA-d7, DIA d5, diuron
d6, hexazinone d6, imidacloprid d4, irgarol d9, isoproturon
D6, linuron d6, metolachlore d6, metoxuron d6, metoxuron
d6, metsulfuron-methyl d3, nicosulfuron d6, promethryn
d14, Propazine D14, Propazine D14, quizalofop-ethyl d3,
quizalofop-ethyl d3, simazine d10, terbutryn D5, terbutylazine
d5, terbutylazine desethyl d9, thiamethoxan d3) according to the
presumed contamination of the matrix.

A triplicate of the first sample of the series was made in
order to overcome the variability of the manipulator. To test
the efficiency of the extraction, supplemented sample was used.
In all these samples, a solvent mixture (methanol) and water
acidified at pH 2 is added in the proportion of 12 mL. A
blank protocol containing only solvent (methanol and water at
pH 2) allowed us to characterize the contamination that could
be recovered in the machine. All samples were prepared by
microwave extraction using the mixture methanol/water 50/50
v/v. Once completed, a SPE was performed. The samples were
rinsed with methanol. The remaining solvent was removed
using the RapidVap Labconco at a temperature of 60◦C and a
pressure of 700 mbar for 60 min. For the campaign of summer
2014, solvent evaporation was performed in nitrogen flow.
Once evaporated, extracts were finally purified by solid phase
extraction (SPE). SPE cartridges used for the extraction (Oasis R©

HLB 3 cc, 60 mg) were successively conditioned with 3 mL of
methanol and 3 mL of acidified water at pH 2 (HCl). The passage
of liquid through the cartridges was facilitated by applying a

vacuum. The sample was then percolated and the analytes were
then retained on the receptor phase. The analytes and internal
standards were then eluted from the adsorbent with 3 mL of
methanol. The eluates recovered in vials were evaporated under
nitrogen flux to be transferred into injection vials restrictor 300
µL. The detection and quantification limits were calculated with
reports on signal noise above 3 or 9, respectively (Supplementary
Materials 1 and 2).

Embryotoxicity Assay
Gametes were obtained by stripping the gonad of mature
oysters. Gonad was isolated from the rest of the body, put
into a beaker with 0.2 µm FSW and then pressed gently to
bring out the mature gametes which were controlled under
microscope to select the best cells qualities: highly concentrated
and motile spermatozoa and even, pear-shaped oocytes. Eggs
and sperm from two individuals were selected to give a single
pairing. Sperms and eggs were sieved separately through a 50
and 100 µm meshes (Sefar Nitex), respectively to eliminate
debris and feces. Eggs were counted under microscope (LEICA
DME) at a magnification of 100. Eggs were fertilized with
sperm at ratio of 1:10 (egg/sperm cells) homogenizing with
an agitator to prevent polyspermy. Fertilization success was
checked under microscope, and embryos were then counted and
transferred to 24-well microplates (Greiner Bio-One, Cellstar)
for embryotoxicity assays. The embryotoxicity assay protocol
has been described in details by His et al. (1997) and Quiniou
et al. (2007) and the standardized AFNOR procedure (AFNOR
XP-T90-3821) published in 2009. Fertilized eggs (around 500)
were exposed in wells containing 2 ml of toxicant solution. The
microplates were then incubated at 24◦C for 24 h in the dark.
After incubation, 25 µl of 37% buffered formalin were added
per well and the percentage of abnormal oyster larvae was then
recorded. Hundred individuals per well were directly observed
under inverted microscope (Nikon eclipse) to determine the
number of abnormal D-shaped larvae (including embryos
in early or late arrested development or D-larvae showing
shell/hinge abnormalities, mantle abnormalities (hypertrophies)
or shell, and/or hinge + mantle abnormalities) according to
the criteria described in His et al. (1999) and Quiniou et al.
(2007). An important prerequisite to validate the test was
the presence, in control condition (24◦C in the absence of
contamination) of <20% of abnormal larvae. In this study,
various numbers of couples were used according to the study
condition (Table 1) and four replicates were performed for
each couple.

Statistical Analysis
All data is expressed as means ± standard deviation (SD). Data
were first transformed using the following formula: p = arc sin√
p where p is the percentage of abnormalities, specified in p-

values from 0 to 1 (Legendre and Legendre, 1998). Homogeneity
of variance (Levene’s test) was verified and then statistical
comparisons were performed by the Kruskal-Wallis tests. Paired

1AFNOR XP T 90-382, 209. Water quality - Bioindicator of potential toxicity in

aqueous media - Determination of the potential toxicity of aqueous samples on

bivalves embryo-larval development.
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TABLE 2 | Copper (µg L−1) and metolachlor (ng L−1) concentrations determined in the reference FSW and in spiked FSW during summer 2013 and 2014.

Copper Metolachlor

Reference SW Spiked SW at 1 µg L−1 Reference SW Spiked SW at 10 ng L−1

Mean Min Max Mean Mean Min Max Mean

2013 Le Tès 3.2 ± 0.4 2.9 3.7 15.5 ± 12.9 6.4 30

Grand Banc 3.5 ± 0.5 3.1 4 4.2 ± 0.4 17.8 ± 8.5 10.2 26.9 30.3 ± 11.4

2014 Comprian 1.0 ± 0.2 0.8 1.2 4.3 ± 0.7 3.3 5.1

Les Jacquets 0.9 ± 0.3 0.6 1.3 3.4 ± 1.6 2.1 5.8

Arguin 2.0 ± 1 0.6 3 3.3 ± 0.7 4.3 ± 1.3 3.5 6.9 18.0 ± 5.3

Hatchery 0.9 ± 0.3 1.9 ± 1.4 2.0 ± 0.6 14.0 ± 3.1

comparisons were then performed using Kruskal post hoc-test.
Significance difference between conditions was accepted when
p < 0.05. To test the independent effects of the factors “date,”
“location,” and “lifestyle” on the variability of the percentage of
larval abnormalities, analysis of covariance was used (ANCOVA).
For correlation matrix, the XLStat logiciel was used. Correlation
was confirmed for a p < 0.001 or <0.05. The relative dispersion
measure was calculated using the coefficient of variation (Aerts
et al., 2015):

CV =
σ

µ

Where σ is average of the values and µ the standard deviation.
Non-linear regressions (Hill equation) were used to calculate
the EC50-values. These regressions were obtained using the
GraphPad Prism software version 5.04 for Windows (GraphPad
Software, San Diego, CA, USA). The EC50-values were calculated
using the measured contaminant concentrations.

RESULTS

Chemical Analysis of Tested Pollutant
Solutions
Table 2 shows Cu and metolachlor concentrations determined in
the control condition and in the contamination solutions in 2013
and 2014. Analyses revealed the presence of copper in reference
seawaters at concentrations ≤3.5 µg L−1 in 2013 and ≤2 µg
L−1 in 2014. For seawater spiked with Cu at 1 µg L−1, the
measured Cu concentrations varied from 3.8 to 4.2 µg L−1 and
from 2.1 to 3.8 µg L−1 in 2013 and 2014 respectively. Analyses
also revealed the presence of metolachlor in reference seawaters
at very low concentrations in 2014 (4.3 ± 1.3 ng L−1). In 2013,
higher metolachlor concentrations were measured up to (17.8 ±
8.5 ng L−1). Moreover, higher variability was observed between
sampling dates and sites in 2013 compare to 2014. For instance,
the highest metolachlor concentration was found for the date
7/10/13 with 30 and 27 ng L−1 for Le Tès and Grand Banc
respectively (data not shown). For seawater spiked with 10 ng L−1

metolachlor, the measured concentrations varied between 14 and
44 ng L−1 depending on the background levels of the reference
FSW.

Analysis of reference seawater from Arguin used for oyster
hatchery experiments revealed the presence of copper at
concentrations of 0.9 ± 0.3 µg L−1 (Table 2). For the 1 µg
L−1 spiked seawater, the measured concentration reached 1.9
± 1.4 µg L−1 which is higher than expected since it also
included the Cu initially present in the reference seawater.
Background metolachlor levels in this reference seawater used
for the oyster hatchery experiments was low, in average 2 ± 0.6
ng L−1. For the 10 ng L−1 spiked water, measured metolachlor
concentration was 14 ± 3.1 ng L−1 in agreement with the
expected value.

Bioaccumulation
Copper Bioaccumulation
Copper concentrations in oyster tissues were lower in 2013
compared to 2014 keeping in mind that the sampling sites were
different between the 2 years (Figure 2).

In 2013, wild oysters collected at “Le Tès” have bioaccumulated
significantly more copper that oysters collected at “Grand Banc.”
Moreover, cultivated oysters from “Le Tès” have bioaccumulated
significantly less Cu with an average of 110.8 ± 5.9mg kg−1

than wild oysters with an average of 161.9 ± 19mg kg−1

(Figure 2).
In 2014, higher Cu bioaccumulation was observed in wild

oysters collected at “Les Jacquets” (median of 311mg kg−1)
compared to cultivated ones (median of 173mg kg−1; Figure 2),
with one exception for cultivated oysters sampled at Comprian
07/15/14 that reach the highest Cu concentration with 473mg
kg−1 (data not shown). The most Cu contaminated oysters were
found at the two last sampling dates in 2014 (356± 28mg kg−1 in
July 29 2014 and 397± 48 mg.kg−1 in August 11 2014) regardless
of the site or the lifestyle (data not shown). This maximum
Cu concentration was obtained just after the spawning peak
07/20/2014.

Pesticide Bioaccumulation
This study monitored more than 50 pesticides residues
in oyster tissues. But few pesticide compounds and low
concentrations were detected during these two campaigns.
Irgarol, metolachlor, and its metabolite metolachlor OA were
the main chemicals detected in oysters (Figure 3). There is no
significant concentration difference for each detected compound
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FIGURE 2 | Copper bioaccumulation (mg Kg−1) in adult oysters from different locations in the Arcachon Bay. Box plots represent the minimum, maximum,

median, 1st quartile (Q25), and 3rd quartile (Q75) concentrations for 30 individuals per condition in 2013 and 50 individuals in 2014. Data are expressed in mg Kg−1

dry weight ± SD.

FIGURE 3 | Pesticide bioaccumulation (ng g−1) in summer 2013 and 2014 in adult oysters. Data represent the average concentrations in ng g−1 dry weight ±
SD of the 3 sampling dates in 2013 and the 5 sampling dates in 2014. Each sample represents a pool of 10 oysters. Statistical analysis was performed on each

individual pesticide.

whatever the site or the sampling date considered. While in
2013 only three pesticides were detected: irgarol, metolachlor and
metolachlor OA, in 2014, seven pesticides were detected with
additional compounds: alachlore, azoxystrobine, dimetachlor,

and terbuthylazine. Strikingly, metolachlor OA was only found
in cultivated oysters with a concentration between 7.3 and 16.9
ng g−1 but not in wild oysters whatever the date and the
sampling site.
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Larval Abnormalities
In the experiments with copper, the percentage of larval
abnormalities in controls range from 4 to 29% with an average
of 14.5 ± 5.1% for oysters from the Arcachon bay (Figure 4).
The highest background level of abnormalities was observed for
cultivated oysters at Grand Banc with an average of 18.2 ± 2.1%.
For oysters from hatchery values range from 8 to 23% with
an average of 14 ± 4.6%. After a 24 h exposure to 1 µg L−1

of copper, a significant increase (p < 0.05) of the percentage
of abnormal D-larvae was observed in all studied conditions
in comparison with the control (Figure 4) excepted for the
cultivated oysters in Grand Banc in 2013. The median percentage
of larval abnormalities over the 2 years sampling period was 15%
for control larvae and 35% for larvae exposed to 1 µg L−1 of Cu
(data not shown). The highest abnormal larval rate was observed
for cultivated oysters from Le Tès (50.2 ± 15.9%). The analysis
of dose-response data for copper exposure (Table 3) showed that
the 24 h EC50-values were 9.8 µg L−1 for oyster D larvae from
hatchery, 6.5 to 10.1 µg L−1 in 2013 and 7.4 to 14.8 µg L−1 in
2014 for oyster D-larvae from the Arcachon Bay depending on
their lifestyle.

In the experiments with metolachlor, the percentage of larval
abnormalities in controls range from 2 to 21% with an average of
13.8± 4.6% for oysters from the Arcachon bay. For oysters from
hatchery, values range from 10 to 22% with an average of 12.1 ±
2.8% (Figure 5). After a 24 h exposure to 10 ng L−1 metolachlor,
a significant increase (p < 0.05) of the percentage of abnormal
D-larvae was observed in all conditions in comparison with the
control (Figure 5). A median percentage of larval abnormalities
over the 2 years sampling period was 15% for control larvae and
38% for metolachlor-exposed larvae (data not shown). It should
be noted that it was not possible to estimate a reliable EC50−value
for metolachlor exposure because the highest tested metolachlor
concentration (1000 ng L−1) did not exceed the 50% effect.

Relationship between Developmental
Abnormalities and Lifestyle and Location
or Date of Sampling
Developmental abnormality frequency was not correlated to the
lifestyle of brood stocks except for wild vs. cultivated oysters from
Le Tès exposed to 10 ng L−1 of metolachlor (p < 0.0001). No
more correlation was observed to the location or date of sampling
(Table 4).

DISCUSSION

Water Reference Chemistry and
Background Embryotoxicity
Anthropogenic activities, such as the growing use of copper
as an antifouling (Claisse and Alzieu, 1993), have resulted in
copper becoming increasingly prevalent in coastal ecosystems.
Themost recent data in the Arcachon bay indicate a mean copper

TABLE 3 | EC50-24H values with 95% confidence intervals for oyster

D-larvae exposed to copper during summer 2013 and 2014.

Adult oyster origin EC50 (95% CI) µg L−1

Hatchery 9.82 (8.9–10.8)

2013 Cultivated–Les Jacquets 6.5 (3.6–11.8)

Wild–Les Jacquets 10.1 (6.7–15.2)

Cultivated–Grand Banc 9.4 (7.2–12.2)

2014 Wild–Comprian 14.8 (11.5–19)

Cultivated–Comprian 7.7 (6.7–8.8)

Wild–Les Jacquets 10.5 (8–14)

Cultivated–Les Jacquets 7.4 (6.7–8.3)

FIGURE 4 | Percentages (Mean ± SD) of abnormal oyster D-larvae following embryo exposure to 1 µg L−1 of copper. Embryos were obtained from either

wild or cultivated oysters from the Arcachon bay or oysters from a hatchery. Different letters indicated significant differences between concentrations, dates, or

sampling sites (p < 0.05).
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FIGURE 5 | Percentages (Mean ± SD) of abnormal oyster D-larvae following embryo exposure to 10 ng L−1 of metolachlor. Embryos were obtained either

from wild or cultivated oysters from the Arcachon bay or oysters from a hatchery. Different letters indicated significant differences between concentrations, dates, or

sampling sites (p < 0.05).

concentration of 0.8 and 1.1 µg L−1 for water collected in April
2011 and October 2013, respectively (Mai et al., 2012; Gamain
et al., 2016). In the present study, copper analysis revealed higher
concentrations in the seawater sampled in summer 2013 with an
average concentration of 3.5 µg L−1 compare to summer 2014
where an average concentration of 1.2 µg L−1. However, in 2014
higher levels were recorded in mid-July to mid-August at the
entrance of the bay (Arguin), exceeding the usual value by 3- to
4-fold (data not shown). It could likely be related to the increased
Cu inputs in summer time due to the increased boating activity at
Arguin and to the enclosed geometry of this site (surrounded by
numerous sandbanks). Actually, copper mean concentration in
sea water collected in Arguin outside of summer time was 0.9 ±
0.3µg L−1. Interestingly, the larval abnormalities obtained for all
control conditions did not show significant differences (14 ± 4.8
and 13 ± 5.2% for oysters from the Arcachon bay or oyster from
hatchery respectively), although the reference seawaters sampled
at different dates and locations were differently contaminated
with copper and oysters were from different origins.

Metolachlor is one of the most intensively used herbicides in
agriculture in the watershed of the Arcachon bay and the most
abundant in the water column (Auby et al., 2007; Budzinski et al.,
2011). Chemical analyses showed that metolachlor concentration
in seawater during summer season was higher in 2013 (16.5± 9.8
ng L−1) than in 2014 (4± 1.2 ng L−1). These values albeit slightly
higher are in accordance with published concentrations ranged
from a minimum of 2 ng L−1 to a maximum of 10 ng L−1 for the
Arcachon Bay during spring and summer (Budzinski et al., 2011;
Mai et al., 2012, 2014; Gamain et al., 2016). Higher concentrations
were particularly noticed for the water sample collected the 10th
of July 2013 at Le Tès and Grand Banc with 30 and 27 ng L−1

of metolachlor respectively. Metolachlor concentration outside
the summer time (hatchery’s oysters experiment) was in the same
range than in 2014 with a concentration of about 2± 1.2 ng L−1.
As for Cu experiences, no significant difference was observed
in the percentage of larval abnormalities in control condition
between oysters from the Arcachon bay and oysters from the
hatchery.

Since adult oysters from the Arcachon Bay are chronically
exposed to Cu, S-metolachlor, and other pollutants, we can
hypothesize they have developed some specific mechanisms to
withstand the toxic effects of those contaminants. A previous
field study has shown the enhancedmetal tolerance ofCrassostrea
sikamea offspring from heavily contaminated sites (Weng and
Wang, 2014). Genetic and epigenetic studies are in progress to
determine if there was any genetic component to the higher
pollutant tolerance of C. gigas from the Arcachon Bay.

Influence of Lifestyle and Sampling Date
on Pollutant Bioaccumulation
In addition to the water column chemistry, health of aquatic
environments can be monitored using bivalves organisms,
particularly mussels, and oysters (Lauenstein, 1995). Because
of their biological and ecological characteristics (e.g., capacity
of bioaccumulation, worldwide distribution, abundance, and
sessile way of life), bivalves are among the best bioindicator
species for pollution biomonitoring (Bustamante et al., 2012; Luo
et al., 2014). Oysters are filter-feeders which can bioaccumulate
and therefore strongly concentrate a large variety of pollutants.
Copper concentrations in oyster tissues were significantly lower
in 2013 compared to 2014 (119.1 ± 29 and 298.4 ± 103.9mg
kg−1, respectively) keeping in mind that the sampling sites
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TABLE 4 | Results of the correlation matrix between developmental

defects and temporal, spatial and lifestyle ok brood stock in control

conditions or in the presence of 1 µg L−1 of copper or 10 ng L−1 of

metolachlor.

Lifestyle

variability

Control Cu 1 µg L−1 Met 10 ng L−1

Wild vs.

Cultivated

Le Tès R2 = 0.2 R2 = 0.3 R2
= 1

p = 0.2 p = 0.2 p < 0.0001

Wild vs.

Cultivated

Comprian R2 = 0.4 R2 = 0.1 R2 = 0.1

p = 0.4 p = 0.7 p = 0.7

Wild vs.

Cultivated

Les Jacquets R2 = 0.08 R2 =0.04 R2 = 0.2

p = 0.5 p = 0.9 p = 1

SPATIAL VARIABILITY

Comprian

vs. Les

Jacquets

Wild R2 =0.02 R2 = 0.01 R2 = 0.7

p = 0.9 p = 0.9 p = 0.3

Comprian

vs. Les

Jacquets

Cultivated R2 =0.02 R2 = 0.4 R2 =0.6

p = 0.7 p = 0.3 p = 0.3

Comprian

vs. Les

Jacquets

Wild R2 = 0.001 R2 = 0.6 R2 = 0.2

p = 0.001 p = 0.3 p = 1

TEMPORAL VARIABILITY

2013 vs.

2014

Cultivated R2 = 0.001 R2 = 0.021 R2 = 0.015

p = 0.918 p = 0.539 p = 0.610

2013 vs.

2014

Wild R2 = 0.157 R2 =0.011 R2 = 0.866

p = 0.332 p = 0.980 p = 0.070

When the correlation is significant, the correlation coefficient, and the p-value are in bold.

were different between the 2 years. Cu concentrations in 2014
were higher than the Arcachon Bay median value which was
estimated at 206mg kg−1 for the period 2003–2007 (ROCCH,
2015). In recent years, concentrations of around 400 mg.kg−1

dry weight (Ifremer, 2014) were reached in the Arcachon Bay.
Our data are in accordance with the data from ROCCH (2015)
and confirmed the temporal increase of copper bioaccumulated
in oysters from the Arcachon bay. For C. gigas, dissolved copper
in ambient water, as opposed to copper in phytoplankton food
and sediment, has been shown to be the most important source
of copper in tissues (Ettajani and Amiard, 1995). However, in the
present study, the correlation between the copper concentration
in oyster tissues and in the water column is weak. Actually,
water contamination is highly variable and the point-sampling
approach used in this study likely miss most of episodic pollution
events in contrast to oysters which integrate pollution over time.
Wild oysters have accumulated more copper than cultivated
oysters. Wild oysters in contrast to cultivated ones are present
in the same environment and probably accumulate pollutants
over their all life. Furthermore, unlike wild oysters living in the

water-sediment interface, farmed oysters are cultured in bags
laid across trestles, which may cause differences in accumulated
metals due to difference in metal bioavailability and oyster
feeding behavior.

In 2013, wild oysters collected at “Le Tès” have bioaccumulated
more copper that oysters collected at “Grand Banc.” Le Tès
is located inside the lagoon and retention time of water and
pollutants is more elevated at this site (Plus et al., 2009). In 2014,
a higher Cu accumulation was observed for the last two sampling
dates (July 29 and August 11) for wild and cultivated oysters
(data not shown). This can be likely explained by the decrease of
oysters’ body weight after spawning. Indeed, the main spawning
episode in the Bay was recorded the 20th of July (Ifremer, 2014).
A total of 7 of the 53 pesticides and their metabolites analyzed
were detected in the tissues showing that these molecules
can be directly bioaccumulated by oysters. Bivalves accumulate
pesticides primarily by filtering water, initially storing such
compounds in the gills (Gunkel and Streit, 1980). Pesticide
column accumulation depends both on their concentration in the
water and on their octanol–water partition coefficient (Muñoz
and Rosés, 2000). Since 2010, the REPAR network has monitored
a wide range of pesticide molecules in the Arcachon Bay but
also in the tributaries (Budzinski et al., 2011). Total average
concentration of the 57 measured pesticides was 45 ± 31 ng L−1

in Arguin and 95± 7 8 ng L−1 in Grand Banc in 2010 (Budzinski
et al., 2011). Antifouling biocides such as irgarol, diuron, and
its metabolite DCPMU (1-(3,4-dichlorophenyl)-3-methylurea),
as well as DMSA (Dimercaptosuccinic acid) and DMST (N,N-
Dimethyl-N’-p-tolylsulphamide) were detected in the Arcachon
Bay mostly at low concentrations <10 ng.L−1 (Budzinski et al.,
2011; Fauvelle et al., 2012). The most abundant pesticides were
metolachlor and alachlor with a dominance of their metabolites
(Auby et al., 2007; Budzinski et al., 2011). Relatively low pesticide
concentrations were detected in oyster tissues in 2013 and 2014
(<10 ng g−1 dw). Higher concentrations of irgarol (2.6 ±
1.9 and 0.9 ± 0.5 ng g−1, respectively) and metolachlor OA
(3.3 ± 6.1 and 1.5 ± 3.2 ng g−1, respectively) and a broader
variety of compounds (alachlore, azoxystrobine, dimetachlor, and
terbutylazine) were detected in 2014 than in 2013. Interestingly,
the metolachlor OA was never detected in wild oysters but it
was measured in cultivated oysters. One explanation could be
the absence of S-metolachlor accumulated in sediments of the
Arcachon bay (Auby et al., 2007) and the main contamination
of oysters by the water column.

Very few studies have investigated currently used pesticides
which are far less hydrophobic than legacy pesticides. In most
of recent studies, no pesticide is found in the flesh of oysters
on the field but some exposure experiments have already
demonstrate differential accumulation of various pesticides
in oyster (Buisson et al., 2008). For instance, none of the
acetanilide herbicides were detected in oysters despite their high
concentration in the water (up to 60 ng L−1) of Chesapeake
Bay in Maryland (Lehotay et al., 1998). In contrast, diuron
was very rapidly bioaccumulated in oyster soft tissues after a
short exposure to high concentrations (Luna-acosta et al., 2012).
Our results showed that oysters sampled in the summer 2014
have bioaccumulated more organic and inorganic pollutants
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than in the summer 2013. However, the amount of copper and
pesticides accumulated in soft tissues of oyster genitors from
the Arcachon Bay does not seem to alter embryo development
of offspring at least till D-larvae stage. In fact, although oysters
were more contaminated in 2014, embryotoxic effects were
obtained at lower concentrations for both contaminants with
an increase by a factor 2–5 between control condition and
environmental concentrations. There is no significant difference
of embryotoxic effects between 2013 and 2014 whatever the
site or the contaminant. Analysis of covariance (ANCOVA)
showed that only 20.8 and 8.6%, respectively of the variability of
the percentage of larval abnormalities in the absence of added
contamination is explained by sampling condition (date and
location) and lifestyle in 2013 and 2014, respectively. Following
Cu exposure 26.5 and 9.4% of larval abnormality variability is
explained by sampling condition (date and location) and lifestyle
in 2013 and 2014, respectively and following metolachlore
exposure, 25.2 and 55.5% is related in 2013 and 2014, respectively.
So the rest of the variability could be related to inter-individual
variability, toxic effects of other pollutants, etc. To explain these
results, genetic studies are underway on oysters from the 2014
sampling.

Effects of Spatial, Temporal Parameters,
and Lifestyle of Oyster Genitors on
Offspring Development
Besides, water contaminants can be filtered by adult oysters
without being bioaccumulated. These pollutants could also
interfere with the physiology of genitors and notably their
capacity to produce normal D-larvae. In control condition, no
significant difference was observed between the different origins
of oyster studied. However, in summer 2013, adult oysters were
collected in a seawater four times more contaminated with
metolachlor (16.5 ± 9.8 ng L−1) than during summer 2014
(4.0 ± 1.2 ng L−1). It can be assumed that oysters collected
in 2013 could have developed molecular or physiological
adaptations which would allow the progeny to be more
resistant to contaminant exposure. This hypothesis could explain
the similar percentage of larval abnormalities in 2013 and
2014 while concentration of metolachlor was significantly
different with a shift from 30.3 ± 11.4 to 18 ± 5.3 ng L−1,
respectively.

For exposure at lower pollutant concentrations, the response
in term of developmental defect is enhanced with oyster from
hatchery compared to native oysters. Indeed, the mean larval
abnormalities for hatchery oysters is almost always the highest
although not statistically significant due to large variations
between oyster couples. Hatchery oysters could seem more
sensitive than oysters from Arcachon but when considering
the whole range of copper concentrations, the Cu-EC50 values
were in the same range for larvae from hatchery and from
the Arcachon bay (9.82 and 6.5–10.1 µg L−1 in 2013 or 7.4–
14.8 µg L−1, respectively). Alltogether, oyster genitors from the
hatchery are a good alternative to cultivated oysters from the
Arcachon Bay to perform the embryo-larval assay. Moreover,
results of EC50 suggest that cultivated oysters are slightly more

sensitive to copper contamination than wild oyster in 2013 and
2014 (no statistical comparisons was possible as the number
of couples was insufficient). In 2014, when the embryos were
exposed to Cu, the 24 h EC50-values from wild oyster genitors
were up to 1.9-fold higher than those from cultivated ones. This
suggested that environmental exposure history of adult oysters
can influence the ability of their offspring to manage with metal
exposure.

Correlation matrices were used to study the relationships
between lifestyles and sampled locations. Overall, there was
no correlation between background level of developmental
defects in the progeny and location and date of sampling or
lifestyle of oysters. However, following metolachlor exposure,
the percentage of larval abnormalities between cultivated and
wild oysters from Le Tès was positively correlated (p <

0.0001).

CONCLUSION

This study demonstrated that low environmental concentrations
of copper, and metolachlor can induce developmental
abnormalities in the progeny of farmed and wild populations
of oysters from the Arcachon bay. Bioaccumulation of Cu, and
to a lesser extent metolachlor, was observed in oysters from
the Arcachon Bay and Cu concentration was higher in wild
oysters than in cultivated ones. The sensitivity of D-larvae to
pollutants was not significantly correlated to the spatial and
temporal parameters or lifestyle of genitors. However, there is
a trend showing a better tolerance to copper of oyster D-larvae
produced using wild oysters from contaminated sites. Indeed,
copper contamination is constantly increasing in oysters from
the Arcachon bay and this could be a threat for oyster farming
in the lagoon. Oyster larvae from hatchery respond to pollutant
exposure in a same manner and with the same sensitivity than
larvae obtained from the Arcachon Bay. Oyster genitors from
hatchery are thus a good alternative to oysters from the field to
perform the embryo-larval assay.
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