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INTRODUCTION

Since the mid-1970s, large-scale episodic events
such as disease epidemics, mass mortalities, harmful
algal blooms and other population explosions have
been occurring in marine environments at a histori-
cally unprecedented rate (Harvell et al. 1999, 2002,
Hayes et al. 2001, Lafferty et al. 2004, Mydlarz et al.

2006). Ecologically and economically important inver-
tebrates from most phyla, from sponges to echino-
derms, have been affected by large-scale mass mortal-
ities (Mydlarz et al. 2006). Although mass mortality
phenomena are often related to infectious diseases,
they can also reflect environmental changes that lead
to an unfavourable energetic balance in these animals.
To integrate these influencing factors and consider
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ABSTRACT: Mortality of oysters Crassostrea gigas occurred along the coasts of France during sum-
mer 2008, causing a serious crisis in French oyster production. During spring to summer 2008,
5 groups of 1-yr old oysters of different origins and ploidy levels deployed in the Thau lagoon
(France) were sampled for biometrical and biochemical analyses; environmental parameters were
monitored in the same area. Mortality occurred in 2 episodes: 13 May to 10 June and 24 June to
9 July. Wild-collected oysters showed mortality sooner than other groups but total overall mortality
was 85% in all groups. Mortality occurred when seawater temperature was >19°C during the repro-
ductive season when energetic reserves of oysters were at their lowest. Energy reserve levels and
mortality in oysters seemed to be independent of reproductive effort, and most likely reflected an
unusual deficit in phytoplankton. The level of bacterial fatty acids in oysters increased markedly
before the second mortality event, probably indicating an enhancement of the microbial loop or
decomposition processes. At the same time, unsaturation of oyster fatty acids decreased, suggesting
a diet change, acclimatization to increasing temperature or, most likely, oxidative damage due to an
enhanced production of reactive oxygen species, which are often associated with stressful situations.
Wild-collected and hatchery-produced oysters, which exhibited different mortality patterns, showed
persistent differences in fatty acid (20:5n-3 and 22:6n-3) content in their membrane, despite the fact
that they were reared in the same environment. Mortality started when fatty acid 20:4n-6 content
increased to ~3% in the polar lipids, suggesting that this ratio could make a useful indicator of mor-
tality risk. Finally, the 2008 mortality event coincided with a nationwide increase of ~1.5°C in winter
seawater temperature, which may impact the oyster and its pathogens.
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their relative importance, a model was recently pro-
posed to explain the summer mortality of the Pacific
oyster Crassostrea gigas in France, incorporating the
animal, its pathogens and the environment (Samain &
McCombie 2008).

According to this model, mortalities occur when
seawater temperature exceeds 19 to 20°C during the
spring–summer period. Once temperatures exceed
this threshold, oysters usually reach the pre-spawning
stage characterized by a negative energy budget:
energetic resources attain their lowest level whereas
energy demand and reproductive effort are at their
highest (Soletchnik et al. 1997, 2006, Berthelin et al.
2000, Delaporte et al. 2006, Samain & McCombie
2008). Oyster haemocytes, circulating cells that play an
important role in defence, also show their lowest per-
formance at this time (Delaporte et al. 2006, Gagnaire
et al. 2006, Li et al. 2009). Finally, although very little
information is available on the effect of environmental
temperature and pathogen virulence, 19 to 20°C prob-
ably represents a threshold above which metabolic
activities of pathogens are high (Samain & McCombie
2008). Therefore, pre-spawning oysters are character-
ized by energetic and immune weaknesses that render
them more sensitive to pathogen infections. However,
these physiological traits of oysters during reproduc-
tion occur every year and their pathogens have always
been present. These factors alone are not enough to
trigger mass mortality, as, according to this model,
environmental stresses are also necessary. 

Primary productivity in coastal areas increases with
nutrients, which themselves vary as a function of nat-
ural conditions (rainfall and river discharge) and
anthropogenic influences such as run-off from agricul-
tural catchments. Excessive rainfall and nutrient inputs
can sometimes lead to eutrophication, with increasing
levels of primary productivity that cause degradation
of benthic habitats by decreasing dissolved oxygen
levels and redox conditions in sediments and bottom
waters (e.g. Kemp et al. 2005). Eutrophication, there-
fore, has long been considered to be a triggering factor
of summer mortality in oysters (Mori 1979) although it
seems that extreme eutrophication is not necessary for
a mortality episode to occur. Recent studies show that
high phytoplankton concentration can favour summer
mortality by enhancing the reproductive effort at the
expense of the oyster defence system (Delaporte et al.
2006, Samain & McCombie 2008). Therefore, environ-
mental factors such as rainfall, freshwater run-off, pri-
mary productivity and hypoxia are all linked and can
contribute to summer mortality in weakened pre-
spawning oysters.

Mass mortalities of Crassostrea gigas have been re-
ported in many areas of the world where this species is
cultivated: in Japan (Mori 1979), the USA (Perdue et al.

1981, Cheney et al. 2000, Friedman et al. 2005), Mex-
ico (Luna-González et al. 2009), and Western Europe
(France: Soletchnik et al. 2007, Germany: Watermann
et al. 2008 and Ireland: Malham et al. 2009). During
spring–summer 2008, mass mortality of 1-yr-old C. gi-
gas occurred simultaneously along all coasts of France.
The 2008 mortality event represented the most serious
ecological crisis in the French oyster production since
the introduction of C. gigas in the 1970s. One-year-old
oysters were decimated at 40 to 100%, depending on
locations and batches, whereas older animals were
generally much less affected. In contrast to previous
mortality events during past decades, oysters culti-
vated in Mediterranean lagoons were severely im-
pacted in 2008, with only a few sites remaining free of
mortality. 

During spring–summer 2007, unusual mortality of
1-yr-old oysters was reported by several growers in
Mediterranean lagoons, whereas other cultivation areas
in France remained free of any notable mortality
(see www.ifremer.fr/lerlr/actualites/mortnaissain.htm;
in French). This Mediterranean mortality event may not
have followed the typical pattern shown by the interac-
tion model of oyster summer mortality, in which repro-
ductive effort is pivotal. Indeed, the 2007 mortality se-
verely hit triploid oysters, which generally show a limited
allocation to reproduction compared with diploids. This
study was also motivated by our overall lack of informa-
tion on the summer mortality phenomenon in Mediter-
ranean lagoons where environmental conditions contrast
those occurring along the English Channel and Atlantic
coasts.

Our first objective was to examine environmental
parameters in the Mediterranean Thau lagoon in rela-
tion to oyster mortality. Indeed, as mortality events
result from a combination of factors, in a different man-
ner from one ecosystem to another, there is a need for
site-specific investigations of environmental parame-
ters to provide a better understanding of the summer
mortality phenomenon (Soletchnik et al. 2007). To this
end, seawater temperature, salinity, rainfall, phyto-
plankton concentration and quality, and dissolved
oxygen concentrations were analysed parallel to mor-
tality monitoring. To further understand why 2008 was
an exceptional year (as revealed by the results we
recorded and by losses sustained in the oyster indus-
try), these environmental parameters were compared
with values recorded between 1997 and 2006—a
period when no mortality was recorded. In our study,
5 batches of oysters were placed in the Mediterranean
Thau lagoon from March to August 2008 for mortality
assessment.

The second objective of our study was to quantify en-
ergetic reserves of oysters in relation to the timing of
mortality. Here we hypothesized that mortality may
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have occurred when energetic reserves were ex-
hausted, as previously observed by Soletchnik et al.
(2006) in Marennes-Oléron Bay (France). Whole tissues
of 1-yr-old oysters were therefore regularly analysed
for organic matter, sugar, protein and lipids, in parallel
with mortality and environmental parameters.

Finally, the third objective was to examine the fatty
acid composition of reserve and membrane lipids.
Indeed, fatty acids are incorporated largely unaltered
into the reserve lipids of primary consumers like oys-
ters, so they reflect the fatty acid profiles of food con-
sumed and could therefore reveal useful information
about trophic sources and interactions (Delaunay et al.
1993, Dalsgaard et al. 2003).

In contrast, the fatty acid composition of cell mem-
branes is less sensitive to dietary changes. Membrane
composition underlies inter-specific variation in meta-
bolic rate and the degree of oxidative stress and dam-
age at the cellular level (Hulbert & Else 1999, Hulbert
et al. 2007). Membrane composition also varies as a
function of environmental temperature. Ectothermic
animals compensate the effect of temperature on
membrane fluidity by changing the fatty acids in their
membranes, a process known as homeoviscous adap-
tation (Hazel 1995). Given that membrane adaptation
is viewed as a central contributor to metabolic rate
(Hulbert & Else 1999), temperature adaptation and
acclimatization in all organisms (Hochachka & Somero
2002), this trait may be particularly useful for improv-
ing our understanding of the summer mortality phe-
nomenon, which reflects a lack of adaptive capacity in
Crassostrea gigas when animals are faced with tem-
peratures exceeding 19°C.

Twenty-carbon polyunsaturated fatty acids (PUFA)
represent precursors of eicosanoids, a group of highly
biologically active hormones that includes prosta-
glandins, leukotrienes and hydroxyeicosatetraenoic
acids (Smith & Murphy 2003). Eicosanoid production is
associated with stressful or energetically expensive sit-
uations such as gametogenesis and spawning in
bivalves or stimulation of immune function in other
invertebrates (Osada & Nomura 1989, Stanley &
Howard 1998). In bivalves, membrane lipids of hemo-
cytes are characterized by elevated amounts of arachi-
donic acid (20:4n-6), presumably to regulate immune
responses (Delaporte et al. 2003). Fatty acid composi-
tion was therefore recorded, particularly 20:4n-6 as
this is an indicator of health and stress in bivalves,
because this information may prove useful for under-
standing the summer mortality phenomenon from a
biochemical perspective.

The novelty of our study is that it was performed in a
Mediterranean lagoon where summer mortality of
young oysters (<1 yr old) is a new phenomenon and
environmental conditions contrast with those occur-

ring along the English Channel and Atlantic coasts
where the problem has occurred in the past and where
previous studies on oyster mortality have been con-
ducted. Furthermore, this study is the first to provide a
comprehensive view of fatty acid dynamics, whose
characteristics are linked to food quality, metabolism,
thermal adaptation and stress of Pacific oysters, in
relation to a mass mortality event.

MATERIALS AND METHODS

Study area. The Mediterranean Thau lagoon is an
oyster farming area that accounts for about 10% of
French Pacific oyster production. Growth rates are
among the highest in France for this species (Soletch-
nik et al. 1997). The Thau lagoon is 19 km long, 4.5 km
wide and 5 m deep on average (Fig. 1). Shellfish are
cultured in 3 areas of the lagoon, covering about 20%
of the total surface. The lagoon is connected with the
Mediterranean Sea through the narrow Sète channel,
other connections being negligible in terms of water
exchange.

Environment. Monthly mean water temperature
(°C), salinity, chlorophyll a (chl a) (µg l–1) and phyto-
plankton concentration (cell l–1) were measured by
Ifremer’s REPHY network (Phytoplankton and Phyco-
toxin Monitoring Network, see Gailhard et al. 2002,
Guarini et al. 2004 for further information). REPHY
sampling in the Thau lagoon has been conducted
every 14 d since 1984 in the ‘Bouzigues’ area situated
in the north-eastern part of the lagoon (Fig. 1). Tem-
perature and salinity were measured in situ using a
WTW ProfiLab LF597-5 salinometer (Sigma-Aldrich,
Lyon, France) and water samples taken between 0.5
and 1.0 m deep with a 2 l standard water sampler
(Hydro-Bios, Kiel, Germany). Each water sample was
divided between 2 bottles: one for chl a determination,
the other for phytoplankton identification. Samples for
chl a determination were filtrated using Whatman
GF/F filters and stored at –20°C until analysis, con-
ducted by standard spectrophotometry (Aminot &
Kérouel 2004). Samples for phytoplankton identifica-
tion were preserved with Lugol’s solution (1 ml l–1).
Ten ml were placed in a phytoplankton chamber for
sedimentation for at least 6 h. The sample in the cham-
ber was identified and counted using an inverted
microscope (Olympus IMT 2, Olympus, Japan), at 40×.
Most species were aggregated at their genus level.
Daily rainfall, measured at the weather office in Sète,
was obtained from the Météo France database.
Monthly means of each environmental parameter
measured between September 2007 and August 2008
were compared with minima, maxima and means of
data recorded during the 1997–2006 period.
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Temperature and salinity were also recorded every
10 min by means of 2 autonomous CTD multipara-
meter recorders (NKE instrumentation, Hennebont,
France) deployed at 2 locations within the oyster farm-
ing area of the lagoon: in the south-western area, at
the 2-yr-old oysters deployment and experiment site
(see below), and in the Bouzigues area, halfway
between the 1-yr-old oysters experiment site and the
REPHY sampling site (Fig. 1).

Dissolved oxygen (DO) levels were measured every
week from 16 June using a WTW ProfiLab 197s oxime-
ter (Sigma-Aldrich, Lyon, France). Oxygen measure-
ments were taken at 3 depths (surface: 0.5 m, middle:
2.6 m, and bottom: 5.6 m) at 7 locations (Fig. 1). Oxy-
gen is a critical environmental parameter in the Thau
lagoon, as dystrophic crises known as ‘malaigue’ occur
sporadically causing another kind of mass mortality
phenomenon (Chapelle et al. 2001).

Experimental design and biometry. One-year-old
oysters: For this experiment, 1-yr-old Pacific oysters
Crassostrea gigas (Thunberg 1793) were collected in
the field (i.e. wild seed) or produced in hatcheries. Wild
oysters were initially collected in August 2007 in plas-
tic tubes (collectors) suspended in the water column in
a farming site located in Marennes-Oléron Bay, France
(45°58’ N, 1° 07’ W; Site La Mouclière). These oysters

were cultured in the same growing area following
usual local practices: they were separated from their
collectors during the winter and placed in mesh bags,
which were then attached to iron racks to raise them
slightly off the bottom. Hatchery oysters were obtained
from 3 French commercial hatcheries (A, B and C).
Hatcheries A and B provided triploid animal (C 3n and
B 3n, where n refers to ploidy level), whereas hatchery
C supplied both diploid and triploid oysters (C 2n,
C 3n). The triploid oysters had been produced by
diploid × tetraploid crosses during spring 2007. Both
wildcollected and hatchery-bred oysters were trans-
ferred to the Ifremer Laboratoire Environnement
Ressources en Languedoc-Roussillon, Sète, France
(43° 23’ N, 3°4’ E; Fig. 1) in early March 2008. Oysters
from hatchery A arrived 1 month later (3 April).  

Upon arrival at Ifremer Sète, 100 individuals from
each group were measured and weighed for initial
characterization. The 5 groups of oysters presented
small but significant differences in shell length and
total body mass. Mean shell length and total body mass
among groups were 11.4 ± 1.8 mm and 0.205 ±
0.034 mg respectively. Tukey multiple comparison
tests showed that initial shell length of A 3n > B 3n =
wild > C 2n > C 3n, whereas total body mass of B3n =
A3n = C 2n > wild-collected > C 3n. Oysters were 8 mo
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(wild) or ~11 mo old (hatchery) since settlement at the
beginning of our study. In the Thau lagoon, oysters are
cultivated in pearl nets fixed on ropes, which are sus-
pended in the water column from culture tables. In our
experiment, 4000 oysters per group were equally dis-
tributed between 16 pearl nets (initial density = 250
individuals per pearl net). Groups of 4 pearl nets were
attached together on a single ‘rope’, so that there were
4 ropes used for each group. Rope length was 6 m and
pearl nets were deployed at 0.5, 1.5, 2.5 and 3.5 m
depth. The ropes were hung from the culture table of a
grower located in the central part of the lagoon on
18 March (Fig. 1). In total, we followed 80 pearl nets of
oysters: 5 origins × 4 ropes × 4 depths (pearl net).

One-yr-old oysters were scored for mortality and
samples measured for shell length, total wet mass, and
biochemical parameters on 7 dates, in 2008: 16 April,
13 May, 27 May, 10 June, 24 June, 9 July and 22 July.
Oysters were also sampled twice to determine their
reproductive stages: 27 May and 9 July. Mortality was
evaluated in each pearl net and calculated as dead/
initial number × 100. Shell length and total wet mass
were measured individually on a sub-sample of 25 oys-
ters from each pearl net. Shell length, defined as the
greatest anteroposterior dimension, was measured
with a digital calliper (Mitutoyo, Paris, France) and
total wet mass was recorded with a Mettler precision
balance (Mettler-Toledo, Viroflay, France). Reproduc-
tive stage was determined following a qualitative clas-
sification (5 stages: 0 to 4) based on visual evaluation of
the relative size, shape and colour of the gonads.
Briefly, Stage 0 corresponds to an empty gonad and
thus sexual repose or the end of the gamete release
period; Stage 1 corresponds to early gametogenesis
activity where sex can be determined; Stage 2 corre-
sponds to a well developed gonad beginning to fill;
Stage 3 refers to a complete, full gonad covering the
visceral tissue and containing abundant gametes; and
Stage 4 corresponds to the release of gametes, with a
gonad that has become colourless and watery in
appearance. 

Two-year-old oysters: Animals were initially col-
lected in the field at Arcachon and grown in a farming
site in northern Brittany for 2 yr. These oysters were
transferred to the Ifremer marine station at Sète on
5 March 2008. Upon arrival at the marine station,
70 individuals were measured and weighed for initial
characterization. In Thau lagoon oyster culture, oysters
that are large enough (i.e. shell length > 3 to 4 cm) are
cemented on ropes, which are then suspended in the
water column from culture tables (see Gangnery et al.
2003 for a description of culture tables). In our experi-
ment, an initial number of 1260 oysters were cemented
onto 21 ropes (60 oysters per rope). The ropes were
deployed on the Ifremer culture table, located in the

south-western part of the lagoon on 12 March (Fig. 1).
The objective of this transplantation was to provide
baseline data on mortality of 2-yr-old oysters for com-
parison with that of 1-yr-olds. Previous observations
suggest that 1-yr-old animals were less resistant to the
mortality in 2007 than 2-yr-old oysters. Oysters were
scored for mortality and sampled for flesh dry mass
measurements at least once a month. Four ropes were
dedicated to mortality assessment, and oysters
cemented on the other 17 ropes were randomly sam-
pled for flesh dry mass measurements. 

Biochemical analyses on 1-yr-old oysters. From
each rope, four 1-yr-old oysters (1 oyster per pearl net)
were collected, pooled together and stored at –80°C for
biochemical analyses. When the oysters were too small
to allow proper biochemical analyses with only 4, 8
were collected per rope. Biochemical analyses were
performed on wild-collected oysters and the triploid
animals from hatchery B. These 2 groups represent the
usual type of seed currently cultivated by oyster farm-
ers in France.  

Each pool of 4 or 8 oysters was ground with a Dan-
goumeau homogeniser at –180°C and sub-sampled for
ash-free dry wt (organic matter), sugar, protein and
lipid analysis. Samples for organic matter (1 g) were
placed in pre-weighed aluminium cups, dried for 72 h
at 60°C and weighed. The samples were then burnt at
500°C for 24 h and the remaining ashes weighed on a
Mettler microbalance. Samples for sugar and protein
measurements (750 mg) were placed in Eppendorf
tubes containing 3 ml of nanopure water and stored at
–80°C until analyses. Sugar and protein contents were
measured colorimetrically as described by DuBois et
al. (1956) and Lowry et al. (1951), respectively. Finally,
further aliquots (300 mg) were placed in amber glass
vials filled with 3 ml of chloroform-methanol (2:1 v/v)
for further lipid analysis. An aliquot of the sample
(CHCl3-MeOH mixture) was evaporated to dryness
and lipids recovered with three 500 ml washings of
CHCl3-MeOH (98:2 v/v). The lipids were placed at the
top of a silica gel microcolumn (30 × 5 mm internal dia-
mater; Kieselgel; 70–230 mesh [Merck, Lyon, France];
previously heated to 450°C and deactivated with 5%
water). The neutral lipids were eluted with 10 ml
CHCl3-MeOH mixture (98:2 v/v). The polar lipids were
recovered with 15 ml of methanol. A known amount of
23:0 fatty acid was added to both neutral and polar
fractions as an internal standard. Lipids were transes-
terified with 10 wt% boron trifluoride-methanol (Met-
calfe & Schmitz 1961) and analysed according to the
method described by Marty et al. (1992). The fatty acid
methyl esters (FAME) were analysed in a gas chro-
matograph with an on-column injector, a DB-Wax
(30 m × 0.25 mm; 0.25 µm film thickness) capillary col-
umn and a flame ionization detector. Hydrogen was
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used as the carrier gas. The fatty acids were identified
by comparing their retention times with those of stan-
dards. Masses of neutral and polar lipids were
assessed by summation of fatty acids.

Statistical analyses. Three-way analyses of variance
(ANOVA) with repeated measurements were con-
ducted to determine differences in mortality, shell
length and total wet mass of 1-yr-old oysters according
to their origin (fixed between-subjects factor with 5
levels [wild-collected, A 3n, B 3n, C 3n, C 2n]), depth
(fixed between-subjects factor with 4 levels [0.5, 1.5,
2.5 and 3.5 m]), sampling time (random factor with 7
levels of repeated measurements) and all their mutual
interactions (Table 1). Differences in organic matter (%
of total body mass), proximal composition (sugar, pro-
tein and total fatty acids), and fatty acid composition of
neutral and polar lipids were analysed by means of

2-way ANOVA with repeated measurements accord-
ing to oyster origin (fixed between-subjects factor with
2 levels [wild-collected and B3n]) and sampling time
(random factor with 7 levels of repeated measure-
ments) and their interactions (Table 2). Mauchly’s test
(α = 0.05) was used to assess whether datasets con-
formed to the sphericity assumption required for a
repeated measure analysis. When the sphericity
assumption was not met, the df were adjusted accord-
ingly using the Greenhouse-Geisser or Huynh–Feldt
correction. Significant differences between all possible
combinations of sample means were also assessed
using Tukey’s Honestly Significant Difference (HSD)
test (α = 0.05). Residuals were tested for normality
using the Kolmogorv-Smirnov test. Variance homo-
geneity was determined with Levene’s test. All statisti-
cal analyses were performed with SPSS 13.0 (SPSS
Inc., Chicago, IL, USA).

RESULTS

Environment

Monthly mean seawater temperatures recorded
between 1997 and 2006 varied from 7.0°C in January
to 24.5°C in July (Fig. 2A). Those recorded in 2008
were similar to those recorded during the 1997–2006
period except during the winter. Indeed, in January
and February 2008, mean temperatures were 8.5°C
and 8.8°C, respectively, in contrast to 7.0°C and 7.6°C
during the 1997–2006 period. This pattern was also
reflected in oyster-growing areas elsewhere in France
(Anonymous 2008). Continuous seawater temperature
profiles showed a marked increase between 20 April
and 8 May (increase from 13.5°C to 19.8°C, +6.2°C in
18 d) and between 17 June and 2 July, during which
temperature increased from 21°C to the highest value
recorded in 2008 (27.2°C, +6.3°C in 15 d).

Monthly salinity means recorded in 2008 ranged
from 37.1 to 39.1. These values are well above those
recorded during the 1997–2006 period, which varied
seasonally from 33.8 in February and March to 38.1 in
August and September (Fig. 2B). These exceptionally
high salinities reflected a strong deficit in precipitation
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Source of variation Biometrical Biochemical
df df

Between subject analysis
Origin 4 1
Depth 3
Origin × Depth 12
Error A 60 5

Within subject analysis
Time 6 5
Time × Origin 24 5
Time × Depth 18
Time × Origin × Depth 72
Error B 360 30

Table 1. Crassostrea gigas. 1-yr-old oysters. Factorial 3-way
repeated measure ANOVA on the effect of oyster origin (field
collection, hatchery A triploid, B triploid, C triploid and C
diploid), depth (0.5, 1.5, 2.5 and 3.5m) and sampling time (7
dates between 18 March and 22 July 2008) on biometrical
parameters of Pacific oysters. Biochemical analyses per-
formed on oysters from the wild (natural settlement) and
hatchery B triploid batch only. As 1 or 2 oysters per pearl net
(depth) were pooled together after sampling, depth effect was
not assessed. Biometrical variables include: cumulative mor-
tality (%), shell length (mm) and mass of oysters (g); Biochem-
ical variables include: organic matter (%), proximal composi-
tion (sugar, protein and total fatty acids as expressed as mass
% of organic matter), fatty acid composition of neutral and 

polar lipids (mol%)

Depth (m) 16 Jun 23 Jun 30 Jun 07 Jul 15 Jul 21 Jul 28 Jul

5.6 (bottom) 7.5 ± 0.5ad 7.5 ± 1.2ad 5.9 ± 0.7eg 5.2 ± 0.7g 5.8 ± 0.2fg 3.4 ± 1.0h 5.2 ± 1.5g

2.6 (mid) 7.6 ± 0.5ac 7.7 ± 0.8ab 6.8 ± 1.0af 5.2 ± 0.7g 5.9 ± 0.3eg 3.3 ± 0.8h 6.1 ± 0.5bg

0.5 (surface) 7.2 ± 0.4af 7.8 ± 0.3a 7.3 ± 0.7ae 5.3 ± 0.6g 6.0 ± 0.2dg 3.4 ± 0.9h 6.1 ± 0.5cg

Table 2. Dissolved oxygen concentrations (mg l–1) in the Mediterranean Thau lagoon during summer 2008 as a function of depth 
(bottom, mid, surface) and time (depth × time effect, F9.7, 53.5 = 3.0, p = 0.005). Data: means ± SD (n = 7 locations)
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in 2008 (Fig. 2C). Indeed, winter 2007–2008 was the
driest of the last 10 yr: cumulated rainfall from Septem-
ber 2007 to February 2008 was only 164 mm compared
with average value of 388 ± 143 mm in 1997 to 2006 at

the same period of the year. In addition, cumulated
rainfall from March to July 2008 was slightly below the
average value recorded for 1997 to 2006 at the same
time of year (123 mm vs. 165 ± 88 mm respectively).
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Monthly mean chl a concentration in 1997 to 2006
showed strong seasonal variations: peaks were ob-
served during the winter in February, during the
spring in June and more importantly in late summer to
early fall (August and September, Fig. 2D). These sea-
sonal variations in chl a are a good reflection of those
observed in phytoplankton concentrations (Fig. 2E).
From April to August 2008, both chl a and phytoplank-
ton concentrations were lower than average values
recorded over the previous 10 yr at the same period.
During the 1997–2006 period, phytoplankton commu-
nities were dominated by the diatoms Skeletonema
costatum during the winter bloom in February,
Chaetoceros sp. during the spring bloom, and S. costa-

tum and Nitzschia sp. during the summer (Fig. 2E).
Phytoplankton communities in 2008 were similar to
those observed during the 1997–2006 period until the
summer, when they remained dominated by Chaeto-
ceros sp.: there was no transition toward the previously
observed mixed community of S. costatum and
Nitzschia sp.

Dissolved oxygen concentrations remained constant
at ~7.5 mg l–1 until 23 June. On 30 June, a slight de-
crease in DO started at the bottom of the lagoon and
attained 5.2 mg l–1 in the entire water column on 7 July.
On 21 July, DO reached its lowest level (3.3 mg l–1) but
increased thereafter, attaining saturation at the sea
surface.
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Mortality, growth and gametogenesis

Time and oyster origin affected mortality of 1-yr-old
oysters through their interaction (Fig. 3A). Mortality in
young oysters occurred in 2 phases: between 13 May
and 10 June and between 24 June and 9 July (Fig. 3A).
These mortality events followed marked increases in
seawater temperature. The first occurred after temper-
ature had been at 19°C for a few days and affected 26
to 40% of hatchery-bred oysters and 63% of wild-
collected oysters. The second mortality event was
stronger than the first and 41 to 53% of oysters died
(but only 15% of those originating from the wild).
Wild-collected oysters therefore showed mortality ear-
lier than those bred in hatcheries. However, at the end
of the study period, all groups of oysters showed 85.5 ±
3.2% mortality, irrespective of their origin and ploidy
(Fig. 3A).

Time and origin of oysters showed a significant inter-
action effect on shell length and total wet mass
(Fig. 3B,C). Shell length of oysters increased from 11.4
to 52.2 mm during the study period, corresponding to
an average growth rate of 318 µm d–1 (Fig. 3B). Never-
theless, shell length of oysters remained constant when
mortality occurred between 13 May and 27 May for
wild-collected animals and between 24 June and
9 July in hatchery-bred oysters. Total wet mass of oys-
ters increased exponentially with time, ranging from
0.2 to an average of 14.1 g at the end of the study
(Fig. 3C). B 3n oysters showed a higher growth rate
than oysters of other groups, both in terms of shell
length and total wet mass (Fig. 3B,C). It is noteworthy
that mortality and growth were not affected by depth
or its interactions with other factors. Visual examina-
tion of visceral tissues of the 1-yr-old oysters on 2 occa-
sions during the study period showed that diploid
oysters underwent partial gametogenesis and reached
Stage 2 (78% on 9 July) whereas triploid animals
remained at Stage 0 (Fig. 3C, inset). There was no evi-
dence of spawning in any of these oysters.

Cumulative mortality of the 2-yr-old oysters was only
14% on 12 August, but increased slightly during the
fall, reaching 29% on 9 October (Fig. 4). Dry flesh mass
increased with time until 9 June. On 24 June, the dry
mass of flesh had diminished by 1.5 ×, indicating that
spawning had occurred.

Biochemical analyses of 1-yr-old oysters

Proximate

The interaction between time and oyster origin af-
fected changes in organic matter, expressed as % of
total dry body mass (including shell, Fig. 5A). During

the first mortality event (13 May to 10 June), organic
matter increased by 1.5 × in wild-collected oysters,
attaining a maximum of 5.1%, whereas B 3n oysters
showed constant levels of organic matter around 3.5%.
Between 10 June and 24 June, organic matter de-
creased by 0.8% in these 2 types of oyster. Although
not statistically significant, this decrease represented a
loss of 20% in organic matter. During the second
mortality event (24 June to 9 July), organic matter
increased by 1.5 ×, attaining 6.1 and 4.2% in wild-
collected and hatchery oysters, respectively.

Sugar levels (expressed as % of organic matter)
varied as a function of time × oyster origin (Fig. 5B).
The initial level of sugar was 11.8% of the organic
matter in wild-collected and hatchery (B 3n) oysters.
It remained constant at a mean of 10.9% until
10 June for wild-collected oysters whereas hatchery-
bred animals showed significant variations during
this time period. Between 10 June and 24 June, sugar
level decreased by 60% to reach 4.6 and 5.1% in
wild-collected and hatchery oysters, respectively.
During the second mortality event, sugar levels in-
creased markedly, attaining 10.9 and 15.1% in wild-
collected and hatchery oysters, respectively.

Protein level varied as a function of time from 53.3 to
80.6% of organic matter, following an inverse pattern
to that of sugar (Fig. 5C). Fatty acids in the neutral
lipids (reserves) were low (0.6 to 1.9%) and increased
as a function of time, whereas fatty acids in the polar
lipids (membranes) remained constant at 26.9% for
wild-collected and hatchery oysters (Fig. 5D).
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Fatty acids

The sum of iso- and anteiso-branched chain fatty
acids and unbranched 15:0 and 17:0 in neutral lipids of
oysters was used to evaluate the contribution of bacte-
ria to the diet of the oysters (Budge & Parrish 1998,
Dalsgaard et al. 2003). Bacterial fatty acids remained at
~2.9% of total fatty acids until 10 June, then increased
1.4× by 24 June before the second mortality event, and
decreased thereafter (Fig. 6). It is also noteworthy that
in the polar lipids of oysters, bacterial fatty acids
remained constant at 2.6% irrespective of origin or
time (data not shown). 

Unsaturation index, which is the number of double
bonds per 100 molecules of fatty acids, varied as a

function of time in both neutral and polar lipids
(Fig. 7A,B). In neutral lipids, this index remained con-
stant at 212 until 10 June; it then decreased markedly,
attaining a minimum of 184 on 9 July. In the polar
lipids, unsaturation index remained constant at 290
until 10 June and then decreased by 10% attaining 261
on 24 June, just before the second mortality event.

The level of 22:6n-3 in the neutral lipids varied
between 5.7 and 8.9% as a function of time × oyster
origin, but followed no consistent pattern (Fig. 7C). In
the polar lipids, this long-chain PUFA varied as a func-
tion of time and origin of oysters (main effects only,
Fig. 7D). Indeed, 22:6n-3 showed 2 periods of marked
decrease in both wild-collected and hatchery oysters.
The first was from 16 April to 13 May, during which
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22:6n-3 decreased from 20.9 to 16.9%. The second was
from 27 May to 9 July, during which 22:6n-3 decreased
from 18.7 to 15.8%. The level of 22:6n-3 in the polar
lipids was noticeably higher in B 3n compared with
wild-collected oysters (Fig. 7D, inset).

The level of 20:5n-3 varied as a function of time for
neutral and polar lipids (Fig. 7E & 5F). In the neutral
lipids, 20:5n-3 increased from 16.7 to 21.5% on 10 June
and decreased suddenly thereafter to return to initial
values just before the second mortality event that
started on 24 June. In the polar lipids, 20:5n-3 had
increased from 19.0 to 21.3% by 13 May and then
remained constant until 10 June. On 24 June, 20:5n-3
decreased markedly (16.6%), as observed in the neu-
tral lipids. The level of 20:5n-3 in polar lipids was
slightly higher in wild-collected oysters compared with
B 3n oysters (Fig. 7F, inset).

Time and origin of oysters interacted in their effect
on 20:4n-6 in both neutral and polar lipids (Fig. 7G,H).
In the neutral lipids, 20:4n-6 remained constant until 9
July and increased slightly by 24 July in both wild-
collected and B 3n oysters. From 24 June onwards,
B 3n oysters showed higher levels of 20:4n-6 than wild-
collected oysters. The level of 20:4n-6 in the polar
lipids of wild-collected oysters was initially 3.0%,
which is 1.4 × higher than that of B 3n oysters (2.1%,
Fig. 7H). On 13 May, 20:4n-6 had increased to 3.2% in

the polar lipids of B 3n oysters, a level similar to that
observed in wild-collected oysters. The level of 20:4n-
6 then increased further, to attain 4.4 and 5.3% on 9
July in wild-collected and B 3n oysters, respectively.

Overall, unsaturation index of the polar lipids was
1.4 × higher compared to that of the neutral lipids of
oysters, reflecting enrichment in 22:6n-3 and 20:4n-6
of the polar lipids. In contrast, 20:5n-3 is the only long-
chain PUFA which showed similar levels in neutral and
polar lipids.

DISCUSSION

Analysis of the 2008 summer mortality

This paper reports a study conducted during an
exceptional mass mortality event in 1-yr-old oysters
cultivated in the Mediterranean Thau lagoon. Summer
mortality was recorded in most oyster production areas
in France in 2008, representing the most important
crisis of the national oyster industry since the introduc-
tion of Crassostrea gigas in the early 1970s. In the Thau
lagoon, this exceptional mortality event occurred in 2
phases: between 13 May and 10 June, when seawater
temperature first exceeded 19°C, and between 24 June
and 9 July.

In several respects, the observed mortality events
fit with the interaction model recently proposed to
explain the summer mortality of the Pacific oyster
(Samain & McCombie 2008). Indeed, the 2008 mortal-
ity event severely affected 1-yr-old oysters, whereas
2-yr-old animals remained much less affected. The
lower mortality in 2-yr-old animals could be due to
size, age or stock differences. Although speculative,
weight-specific aerobic energy expenditures are gen-
erally higher in small oysters than in larger 2-yr-old
animals (Koehn 1989, Abele et al. 2009), which proba-
bly renders them more sensitive to the mortality. The
lower mortality in 2-yr-old oysters is unlikely to have
resulted from the animals having been exposed to the
causal agents during the previous year as they were
reared in Brittany where no mortality was reported in
2007.

Furthermore, mortality episodes occurred during the
spawning season when seawater temperature ex-
ceeded 19°C and followed marked increases in seawa-
ter temperature as reported in Samain & McCombie
(2008). Before the second mortality event, a sharp
decrease in sugar concentration occurred and accumu-
lation of reserve lipids was arrested in the oysters, sug-
gesting energy reserve levels typical of the known
summer mortality phenomenon (Soletchnik et al. 1997,
2006, Berthelin et al. 2000, Delaporte et al. 2006, 2007,
Samain & McCombie 2008). 
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The examination of oysters during summer mortali-
ties in the past has indicated the presence of patho-
genic agents: several Vibrio sp. bacteria and the
herpes virus OsHV-I (Renault et al. 1994, Lacoste et al.
2001, Renault & Novoa 2004, Garnier et al. 2007,
Sauvage et al. 2009). In our study, dead 1-yr-old oys-

ters sampled on 10 June 2008 were screened for
OsHV-1 virus using real-time PCR (Pepin et al. 2008)
and showed a significant viral load (105 to 108 viral
DNA mg–1 tissue), suggesting that OsHV-1 played
a significant role in this mortality (Sauvage et al. 2009,
J.-F. Pepin pers. comm.).
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The mortality events that occurred in the Thau
lagoon also show clear deviations from the interaction
model of oyster summer mortality, in which reproduc-
tive effort is pivotal (Delaporte et al. 2006, 2007, Gag-
naire et al. 2006, Samain & McCombie 2008, Li et al.
2009). Indeed, triploid oysters usually show higher
resistance to summer mortality than diploid animals,
reflecting differences in reproductive effort (Normand
et al. 2008) and immunological parameters (Gagnaire
et al. 2006). In our study, mortality in sexually active
diploid oysters was similar to that of triploid animals,
which showed a visibly limited allocation to reproduc-
tion compared with diploids. Similar results were
reported in the USA (Cheney et al. 2000). These con-
trasting findings suggest that the reproductive effort of
oysters is not a necessary condition for triggering the
mortality: low energy reserve levels in oysters, envi-
ronmental conditions and pathogens may be enough.

The interaction model of summer mortality occurring
along the English Channel and Atlantic coasts predicts
that excessive rainfall and nutrient inputs can lead to
increasing levels of primary productivity that cause
degradation of benthic habitats by decreasing dis-
solved oxygen level and redox conditions in sediments
and bottom waters and enhance reproductive effort at
the expense of the oyster defence system, thus favour-
ing mortality (Samain & McCombie 2008). In contrast,
the exceptional mortality in the Thau lagoon coincided
with a strong deficit in phytoplankton during the
spring and summer of 2008 compared with the 1997–
2006 period where no mortality was reported, and we
did not detect any period of marked hypoxia before or
during the oyster mortality. Indeed, algal blooms,
which usually occur in June and late in the summer in
the Thau lagoon, were rather low or absent in 2008.

Soletchnik et al. (2006) noticed that summer mortal-
ity sometimes coincided with an unusual absence of
phytoplankton blooms during the energetically de-
manding period of reproduction in oysters. A model-
ling study suggests that at the end of spring, while oys-
ters have maximal metabolic needs and minimal
reserves, the food supply from the environment is cru-
cial and any deficit will cause an energy deficiency
(Pouvreau et al. 2006). Therefore, the low sugar con-
centration in 1-yr-old oysters, which was irrespective
of their reproductive stage and the mortality that fol-
lowed, probably reflects inadequate food supply from
the environment. In support of this hypothesis, shell
length of oysters remained constant during the periods
when mortality occurred, suggesting that energetic
restrictions may have limited oyster growth. Further-
more, sexual maturation in the 1-yr-old oysters slowed
after reaching Stage 2 at the end of May, which also
supports the idea of an energetic limitation in this age-
class.

Although several studies showed that trophic mis-
match in the marine environment is increasing due to
global climate change (e. g. Edwards & Richardson
2004, Kirby et al. 2008), low phytoplankton level in the
Thau lagoon in 2008 probably resulted from a short-
term deficit in rainfall during the preceding winter,
which exacerbated an on going long-term reduction in
nutrient inputs from the catchments (Collos et al.
2009).

Mortality and fatty acid dynamics in oysters

Fatty acid analyses suggest that there was no appar-
ent deficiency in the long-chain PUFA 22:6n3, 20:5n-3
and 20:4n-6, which are essential for sustaining growth
and improving survival in several bivalve species
(Langdon & Waldock 1981, Delaunay et al. 1993). Neu-
tral lipids of oysters were dominated by the diatom
marker 20:5n-3, rather than the dinoflagellate marker
22:6n-3 (Dalsgaard et al. 2003), thus indicating that
oysters fed on a diatom-based diet. This result agrees
with the taxonomic description of the phytoplanktonic
community of Thau Lagoon.

Interestingly, the contribution of bacterial fatty acids
to the neutral lipids of the oysters increased markedly
at the expense of 20:5n-3 just before the second mor-
tality event. This increase in bacterial fatty acids prob-
ably reflects an enhancement of the microbial loop or
decomposition processes (Dalsgaard et al. 2003).
Indeed, bacterial production can represent a signifi-
cant proportion of organic carbon in aquatic food
webs, particularly in oligotrophic systems (Legendre &
Rivkin 2005). Furthermore, fatty acids of bacterial ori-
gin can be transferred to higher trophic levels without
modification (Ederington et al. 1995). In our study, bac-
terial fatty acids accounted for 2 to 4% of the neutral
lipids of oysters. Similarly, these fatty acids repre-
sented ~3.1% of the neutral lipids in 3-yr-old oysters
sampled during the reproductive period (Soudant et al.
1999). More broadly, benthic invertebrates living in
oligotrophic temperate areas show moderate levels of
bacterial fatty acids, ranging from 3 to 5% of total fatty
acids (Richoux & Froneman 2008). Therefore, levels of
bacterial fatty acids in oysters seemed normal when
compared with levels found by previous studies. How-
ever, their increase before the second mortality event
may reflect a short-term environmental degradation
that might have contributed to triggering mortality.

The unsaturation index of neutral and polar lipids in
the oysters decreased markedly before the second
mortality event, reflecting changes in the long-chain
PUFA 20:5n-3. This change in oyster fatty acid compo-
sition, which occurred during the spawning period,
may reflect the release of PUFA-rich gametes. There is
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little support for this hypothesis, however, as unsatura-
tion index and 20:5n-3 in sexually active diploid oys-
ters was similar to that of triploid animals, which
showed a limited allocation to reproduction compared
with diploids.

We therefore hypothesized that variation in fatty
acid profile in oysters reflected that of their food (see
previous paragraph). However, given that polar lipids
are generally higher in PUFA and more resistant to
dietary changes than neutral lipids (Sargent et al.
2002), a change in dietary fatty acid would have first
impacted neutral lipids, followed by polar lipids. In our
study, the decrease in unsaturation index and long-
chain PUFA was similar and/or earlier (i.e. 20:5n-3) in
polar lipids compared with neutral lipids. Therefore,
although variation in the fatty acid profile of oysters
may reflect changes in dietary fatty acids, this was
clearly not the only reason.

Alternatively, it is generally accepted that decreas-
ing unsaturation index and long-chain PUFA in oysters
reflect acclimatization to increasing seawater tempera-
ture. Indeed, the thermal sensitivity of membrane
processes is due to the strong effect of temperature on
the physical properties of membrane lipids, which in
turn have a major influence on associated proteins
(Hochachka & Somero 2002). An increase in tempera-
ture usually enhances membrane fluidity, which can
lead to membrane dysfunction. Ectothermic animals
compensate the effect of increasing temperature on
membrane fluidity by reducing the unsaturation index
of fatty acids in their membranes, a process known as
homeoviscous adaptation (Hazel 1995). Several bi-
valve species have been seen to change their mem-
brane lipids in response to temperature in a direction
consistent with homeoviscous adaptation (Hall et al.
2002, Pernet et al. 2008 and references therein).

However, this hypothesis should be tempered by the
fact that the remodelling of membrane fatty acids
occurred between 10 June and 24 June while seawater
temperature was stable at 19 to 21°C for ~1 mo.
Changes in membrane fatty acids may compensate for
the increase in temperature that occurred between
18 March and 8 May. Indeed, the increase in unsatura-
tion index of lipids in 1-yr-old hard clams is viewed as
a long term response to declining temperature,
whereas other compensatory mechanisms occur on the
short term (Pernet et al. 2006). In contrast, eastern oys-
ters exposed to increasing temperatures from 12 to
25°C show a decrease in unsaturation index compared
to control group maintained at 12°C after only 20 d
(Pernet et al. 2007a). Another intriguing result in the
present study is that unsaturation index decreased not
only in polar lipids, but also in neutral lipids. Because
neutral lipids are not linked to membrane function,
they seem less likely than polar lipids to change with

increasing temperature. Therefore, the marked de-
crease in unsaturation index and 20:5n-3 before the
second mortality event does not necessarily represent
the acclimatization of oysters to increasing tempera-
ture.

Another hypothesis is that decreasing unsaturation
index and long-chain PUFA reflect oxidative damage
in oysters. Reactive oxygen species (ROS) are ions or
very small molecules that include oxygen ions, free
radicals, and peroxides (inorganic or organic). They
are highly reactive due to the presence of unpaired
valence shell electrons. ROS form as a natural by-prod-
uct of the normal oxygen metabolism. These oxygen
derivatives are normally kept under control by antiox-
idant defence systems to limit tissue peroxidation.
However, during times of environmental stress (Abele
& Puntarulo 2004) or exposure to pathogens (Lambert
et al. 2007), ROS levels can increase dramatically,
resulting in significant damage to cell structures.
Oysters from families selected to be susceptible to
summer mortalities exhibit a higher level of reactive
oxygen species compared with that of resistant ani-
mals, probably reflecting reduced antioxidant capaci-
ties in sensitive oysters (Delaporte et al. 2007, Lambert
et al. 2007). Since the susceptibility of fatty acid to per-
oxidative damage increases with the degree of unsatu-
ration, the observed decrease in 20:5n-3 and unsatura-
tion index in lipids of oysters before the second
mortality event may reveal an enhanced production of
ROS that preferentially attack long-chain PUFA.

Arachidonic acid increased markedly in the polar
lipids of oysters from 24 June onward. Similarly,
20:4n-6 increased markedly in the polar lipids of blue
mussels and, to a lower extent, of eastern oysters, dur-
ing the passage from overwintering (0 to 9°C) to sum-
mer temperatures (20°C, Pernet et al. 2007b). These
authors suggest that levels of this C20 PUFA may have
increased during the temperature rise through the
stimulation of immune function due to increased bac-
terial loads in the seawater.

Fatty acid signatures in different groups of oysters

Intriguingly, wild-collected and hatchery-bred oys-
ters maintained in the same environment for several
months exhibited persistent differences in their levels
of long-chain PUFA such as 22:6n-3 and 20:5n-3, as
previously reported in eastern oysters Crassostrea vir-
ginica (Pernet et al. 2008). Although the biosynthetic
production of these PUFA is rather low or absent,
meaning that the fatty acid composition of lipids in bi-
valve tissues generally reflects that of their diet, sev-
eral studies have shown that fatty acid composition in
bivalve membrane lipids is regulated by selective in-
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corporation or elimination of fatty acids (e. g. Delaunay
et al. 1993). Therefore, it was suggested that persis-
tence of dissimilarities in levels of PUFA among groups
of oysters kept in the same environment reveals differ-
ences in their capacity for selective incorporation of di-
etary PUFA into membrane lipids (Pernet et al. 2008).

Differences in fatty acids between wild-collected
and hatchery-bred oysters may reflect differences in
their genetic characteristics, as previously observed in
eastern oysters (Pernet et al. 2008). Taking a broader
outlook, genetic differences in the metabolism of long-
chain C20 and C22 PUFA have been reported in domes-
ticated mammals, and may also reflect genetic differ-
ences in fatty acid metabolism (De Smet et al. 2004). It
should be noted, however, that domestication and
selective breeding are still very limited for the Pacific
oyster in France (Boudry 2009) and are therefore
unlikely to explain our result. Additionally, any genet-
ically-based differences in our study would be con-
founded with differences in ploidy level and differ-
ences in rearing conditions before the experiment.

Although wild-collected and hatchery-bred oysters
had suffered similar levels of mortality by the end of
the study (~85%), wild-collected oysters showed ear-
lier mortality than hatchery-bred animals, therefore
reflecting a greater susceptibility to the mass mortality
phenomenon. Differences in long-chain PUFA, which
are involved in thermal adaptation and metabolism
(Hazel 1995, Hulbert & Else 1999), may be a sign of dif-
ference in resistance to mass mortality.

The initial level of 20:4n-6 in the polar lipids of wild-
collected oysters was markedly higher (3.0%) than that
of hatchery-bred animals for which 20:4n-6 was only
2.1%, probably indicating a higher level of stress in the
wild-collected oysters. This coincides very well with the
fact that these wild-collected oysters rapidly suffered
heavy losses on 13 May whereas hatchery-bred oysters
remained free of mortality at this point. It is also note-
worthy that 20:4n-6 increased to 3.2% in hatchery-bred
oysters by 13 May, as observed in wild-collected ani-
mals. Again, this increase in 20:4n-6 coincides with the
start of the mortality in the hatchery-bred oysters.
Therefore, mortality started when 20:4n-6 increased to
a threshold value of ~3% in the polar lipids, suggesting
that this PUFA may be a useful indicator of summer
mortality risk in oysters. In support of this idea, mortal-
ity events in sea scallop larvae coincide with marked
enrichments in 20:4n-6 (Pernet et al. 2005).

Concluding remarks

The 2008 mortality event in Thau coincided with a
~1.5°C increase in seawater temperature in January
and February 2008 compared with temperatures

recorded during the 1997–2006 period where no mor-
tality was reported in the area. In 2008, oysters
throughout France, including those transferred to the
Mediterranean for our study, were exposed to similar
exceptional conditions during their early lives. Little
information is available concerning the effect of over-
wintering temperature on oyster mortality. Although
metabolic rates of bivalves increase with seawater
temperature (Bayne 1983), an increase of 1.5°C in
overwintering temperature may have little impact on
the energetic balance in oysters. Indeed, physiological
measurements made at 4 to 5°C and 9 to 10°C in Cras-
sostrea gigas and C. virginica reveal no significant
change in clearance and respiration rates (Bougrier et
al. 1995, Pernet et al. 2007b). However, an increase in
overwintering temperature may impact reproductive
processes. In temperate areas, C. gigas exhibits a sea-
sonal reproductive cycle related to temperature (Mann
1979, Normand et al. 2008). More particularly, gonia
proliferation is triggered by low temperatures between
8 to 11°C (Fabioux et al. 2004, 2005). Oysters exposed
to accelerated temperature and photoperiod cycles
undergo gonia proliferation while unspawned gametes
have not yet been resorbed (Fabioux et al. 2005).
Finally, an increase in overwintering temperature
relaxes restrictions on pathogen life cycles and there-
fore increases pathogen development rates, transmis-
sion and the number of generations per year (Harvell
et al. 2002). Therefore, a higher winter temperature in
2008 may have favoured the spring revival of patho-
genic organisms involved in summer mortalities such
as Vibrio bacteria and the herpes virus OsHV-I.

Mortality occurred when seawater temperature was
>19°C during the reproductive season when energetic
reserves of oysters were at their lowest, which agrees
well with the interaction model of summer mortality in
Pacific oyster (Samain & McCombie 2008). However,
energy reserve levels and mortality in oysters seemed
to be independent of reproductive effort, and most
likely reflected an unusual deficit in phytoplankton
that resulted from a rainfall deficit the preceding win-
ter. This situation seems specific to the Mediterranean
area. Indeed, during the summer 2008, oysters living
on the Channel and Atlantic coasts showed early
reproductive maturation and elevated reproductive
effort, reflecting elevated phytoplankton concentra-
tions and nutrient inputs from catchments due to heavy
rainfalls during the preceding winter–spring (Anony-
mous 2008). In both situations, mortality in young oys-
ters was remarkably high.

For the first time, we show that mortality patterns
coincide with changes in fatty acid composition of neu-
tral (reserve) and polar (membrane) lipids, indicating
that diet has changed, that oysters acclimatize to
increasing temperature, or that they face oxidative
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damage due to an enhanced production of reactive
oxygen species often associated with stressful situa-
tions. Additionally, wild-collected and hatchery-bred
oysters, which exhibit different mortality patterns,
showed persistent differences in their membrane
PUFA, despite the fact that they were reared in the
same environment. Therefore, differences in long-
chain PUFA in oysters may indicate a difference in
resistance to mass mortality.
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