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Abstract:

Ingestion, growth and metamorphosis of Pacific oyster, Crassostrea gigas, larvae were studied under
controlled conditions of food density and temperature using a combination of a flow-through rearing
system and a hydrobiological monitoring device. In a first experiment larvae were exposed to three
different phytoplankton densities (12, 20 and 40 cells pl-1) while in a second trial larvae were reared at
five different temperatures (17, 22, 25, 27 and 32°C). Both food concentration and temperature
significantly affected the larval physiology throughout the entire development from D-veliger to young
spat. Larvae survived over a wide range of both environmental parameters with high survival at the
end of experiments. The feeding functional response provided the maximal ingestion rate (50 000 cells
larva-1 day-1) which occurred at an algal density of 20 cells pl-1 surrounding the larvae and 25 °C. At
the highest temperature (32 °C), maximal growth and metamorphosis performances were reached in
less than 2 weeks while the lowest temperature (17°C) consistently inhibited ingestion and growth
over the entire larval period. The estimate of the Arrhenius temperature (TA) was 11000 K for C. gigas
larvae. Larval development could be divided on the basis of feeding activity into an initial mixotrophic
period with a lower and constant ingestion over the first days (from D- stage to early umbonate larva of
=110 um length) followed by an exotrophic phase characterized by a sharp increase in ingestion
(umbonate to eyed of = 300 um length) and, finally, a third period for larvae 0300 um during which
ingestion decreased suddenly because of metamorphosis. Optimum larval development and
settlement of the oyster C. gigas occurred at 27 °C and an increasing food supply as the larvae were
growing. A food density of =20 cells pl-1 of T-ISO + CP or CG (1:1 cells number) in the culture water
was required to maximise growth and metamorphosis success.
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1. Introduction

The Pacific oyster Crassostrea gigas (Thunberg) is the major commercial marine bivalve in French
aquaculture and, to fulfil oyster farmers demand, spat production in hatcheries has become
widespread (Ponis et al., 2006). The major objective in hatchery production is to improve larval
survival by maximising larval growth and success at metamorphosis in the newly settled seed.
Accordingly, the effects of environmental factors on larval physiology of C. gigas have to be
investigated and specified. Among them, phytoplankton supply and temperature have been recurrently
studied and considered as key factors affecting the physiological processes of oyster larvae of the
genus Crassostrea (Helm and Millican, 1977; Gerdes, 1983; His et al., 1989; Abdel-Hamid et al.,
1992; Mona et al., 1993; Lemos et al., 1994; Baldwin and Newell, 1995; Devakie and Ali, 2000).
Despite many studies on bivalve larval physiology, conflicting data have been reported. Great
differences in experimental conditions can explain such divergence. Indeed, the influence of food
levels on larval ingestion rates should be studied in a flow-through system where larval feeding activity
can be measured under constant conditions over the whole rearing period (from D-stage to
settlement). The use of a flow-through system avoids transfer and handling of larvae for
measurements thus reducing stress on the organisms. Moreover, most ecophysiological studies on C.
gigas larvae referred to a narrow experimental period of 7 to 10 d (Helm and Millican, 1977;
Nascimento, 1980; Nell and Holliday, 1988; His et al., 1989; Abdel-Hamid et al., 1992; Mona et al.,
1993). In contrast, the present work reports on physiological responses acquired over the complete
larval period.

To provide basic information for larval ecophysiology research, we developed a flow-through rearing
system allowing a constant flow of phytoplankton enriched seawater at desired temperatures as well
as a hydrobiological data tracking system. This device avoids disturbance of the larvae throughout the
rearing period and thus allows valid measurements.

The aim of this study was to investigate the effects of temperature and phytoplankton density on 1)
feeding activity from D-stage to settlement 2) growth, and 3) metamorphosis of the Pacific oyster
Crassostrea gigas larvae reared under constant experimental conditions.

2. Materials and methods

2.1. Rearing and hydrobiological tracking system description

Broodstock C. gigas were transferred from western Brittany (France) into the Ifremer experimental
hatchery at Argenton (Brittany, France) and conditioned at 19°C for six weeks. Larvae used in all
experiments were produced from gametes that were obtained by gonad stripping (3 males and 6
females). The fertilised eggs were incubated in 150 | tanks using a static system and 1 pm filtered
seawater at 25°C and a salinity of 34. Development to D-stage was complete after 2 days.
Experiments were carried out in a flow-through culture system (Rico-Villa et al., 2008) to maintain
algal density and constant temperature conditions, as well as, to allow continuous hydrobiological data
recording from culture tanks. The system consists of a set of 150 | cylindro-conical tanks. Outflow from
each tank was discharged into a secondary tank from which seawater was pumped for the
hydrobiological survey, and this reservoir was used to avoid any disturbance of the larval culture when
seawater was sampled for environmental monitoring. An automated system directed tank outflows
through a chamber that contained probes for measurements of temperature, salinity, pH and
fluorescence. The electronic system allowed real time data acquisition, activation of floodgates and
pump, storage and data transfer to a central database throughout the larval rearing period. The
system required 200 min for a complete sampling cycle , and thus, each tank was surveyed 6 to 7
times per day. In this study, phytoplankton concentration and temperature were controlled in rearing
tanks, while parameters, such as pH and salinity, were recorded but generally followed the variations
of the seawater from the natural environment.

2.2. Effects of food density

Two day old D larvae were placed in the flow-through tanks, at a density of 30 larvae ml™, in aerated
(0.5 I min™") 1 pm filtered seawater, at a mean salinity of 34.5. Water temperature was maintained at



25 °C. Each experimental treatment consisted of two replicate tanks of larvae and an unstocked
control tank with only constant flow of phytoplankton-enriched seawater.

Ration consisted of a binary diet (1:1 in cell numbers) of Isochrysis affinis galbana (T-ISO) and
Chaetoceros calcitrans forma pumilum (CP, week 1) or C. gracilis (CG, from week 2) when the larvae
were 2110 um in size. Three phytoplankton densities were calculated to supply more phytoplankton
than would be consumed by larvae allowing a permanent availability of remaining phytoplankton
concentration of 12, 20 and 40 cells uI™* around the larvae and equivalent to T-ISO + CP or CG in 1:1
in cell numbers (Table 1). An additional tank was continuously supplied with 1-um filtered seawater at
25 °C to measure the phytoplankton coming in from the environment despite seawater filtration. Tanks
were drained and cleaned once a week to determine larval survival.

The feeding behaviour of C. gigas larvae can be divided into three different phases: mixotrophic,
exotrophic and metamorphosis periods (Gerdes, 1983; Rico-Villa et al., 2006). To obtain the ingestion
rate (IR) for larvae throughout these feeding periods, fluorescence values were analysed from the
pumped seawater of each tank (test and control) at each phytoplankton concentration. Water samples
of bispecific diet in control tanks were measured using an electronic particle counter (Multisizer IIl,
equipped with a 100-pym aperture tube) and expressed as cells plI™. These measurements were
standardized to phytoplankton fluorescence values also recorded in control tanks to obtain a
regression equation. This precaution was taken to remove any uncertainty of water samples
contaminated by larval faeces in test tanks which should be analysed with a Multisizer counter but
undetected using fluorescence measurements. IR was estimated following the equation: IR = [(C; - Cy)
* {1/ nb, where C. and C, are the phytoplankton densities (number of cells uI™) in the control and test
tanks respectively, f is the water flow through each tank (ul d'lg and nb is the number of larvae in the
test tank. IR data was averaged and expressed as cells larvae™ d™*. Moreover, IR at different algal cell
densities was standardized to plot the relationship between food levels and IR in order to evaluate the
feeding functional response of C. gigas larvae.

A 1 ml sample was taken from each test tank to observe the larval development. A 5 | sample was
taken every 2-3 days from each larval tank to measure shell length (um) and estimate larval growth.
Shell length data were acquired using image analysis (Winlmager 2.0 and Imaq Vision Builder 6.0
software for image capture and analysis, respectively). The total number of larvae was determined
once a week when tanks were drained individuals and the IR was corrected for larvae. When >50% of
the population in a tank were eyed, plastic disks (15 cm diameter) were placed in the tank as
collectors. After four days, the percentage of metamorphosis was evaluated by counting the number of
remaining larvae and subtracting from the total number of larvae initially stocked. An estimation of spat
attached to collectors and tank walls was performed to confirm results.

2.3. Effects of temperature

A second set of experiments was carried out to test the influence of temperature on ingestion, growth
and metamorphosis performance of C. gigas larvae. Two day old D larvae were distributed in 150-1
flow-through tanks at a density of 30 larvae mI™ in 1 pm filtered seawater at a mean salinity of 34.5
and at 0.5 | min™* aeration.

As in experiment 1, larvae were fed a bispecific diet (1:1 in cells numbers) of T-ISO and CP (week 1)
or CG (from week 2). Feeding depended on larval size (or biomass), beginning with a daily supply of
40 cells pI™* and ending with 200 cells pl™of microalgae. This ration was calculated to provide more
phytoplankton than would be consumed by larvae allowing a permanent availability of phytoplankton
of 30 cells pI™ of T-ISO + CP or CG around the larvae in order to sustain larval growth.

Five different temperatures were tested: 17, 22, 25, 27 and 32 °C. Each experimental condition
consisted of a test tank with larvae and a control tank with only constant flow of enriched
phytoplankton seawater. This experiment was conducted twice to provide replication. D-stage larvae,
initially reared at 25 °C, were adjusted to each temperature at a rate 0.5 °C h™* and then allowed to
acclimate for 1 day. Owing to a relative short larval life, a brief period for temperature acclimation was
applied. At the beginning of the experiment larval survival was estimated and revaluated a week later
to secure our approach. Shell length (um), growth rate (um d™*), metamorphosis (%) and ingestion rate
(cells larvae™ d™) were calculated as described above (2.2) and the maximal ingestion rate reported
here corresponded to mixotrophic and exotrophic periods at each temperature. The Arrhenius
temperature (T,) was used to describe the effect of temperature on larval growth rates within the
range of temperature (Kooijman, 2000). The Arrhenius temperature was estimated by means of a
linear regression of the natural logarithmic of larval growth rates against the inverse absolute
temperatures (17, 22, 25, 27 and 32 °C) to obtain the slope T, of the linear graph.



2.4. Statistical analysis

The results of two temperature effect trial were pooled (n = 2) for the purpose of statistical analysis to
diminish errors associated with the repetitions in time. Percentage data was arcsine transformed prior
to statistical analysis. Normality and homoscedasticity were tested using a Kolmogorov—Smirnov and
Cochran test, respectively. One-way ANOVA was used to test the effects of temperature or food
density and when significant differences were detected among means, a post hoc Scheffé’s pairwise
multiple comparison test was performed. The Statview® 5.0 software package was used to perform
these analyses. The significance level was set at 5%.

3. Results

3.1. Hydrobiological environment survey

For both experiments seawater temperatures were stable and the averages remained within 0.2 °C of
the desired experimental temperature. No fluorescence was recorded (0 FNU) in the additional tank.
Seawater salinity and pH throughout the experiments were 34.0 £ 0.5 psu and pH = 8.20 + 0.01
respectively.

3.2. Effects of food density

At all food concentrations, mortality was very low throughout the experiment (<10%). Increasing food
density increased larval ingestion (Fig. 1). Larvae surrounded by phytoplankton at 20 and 40 cells pl™
(1:1 cells of T-ISO + CP or CG ) showed three phases in their feeding activity throughout larval
development. Low algal consumption (4000 to 8000 cells larvae™ d™) characterised the first 5 d and
corresponded to the mixotrophic period. Throughout the exotrophic period, ingestion increased
markedly up to day 14 with values as high as 45 000 to 55 000 cells larvae™. Then a drop in
phytoplankton ingestion occurred during metamorphosis. Larvae surrounded by 12 cells plI* displayed
a low ingestion over the whole rearing period with a maximum ingestion of 17 000 cells larvae™ d*
(Fig. 1).

When plotting ingestion rate against food density a hyperbolic functional response was obtained (Fig.
2). Indeed the ingestion rate was linearly correlated to increasing food density up to a maximum of 25
cells uI'* corresponding to a maximal ingestion rate of 50 000 cells larvae™ d*. This value remained
rather constant when food density increased up to 45 cells pl™.

Because a straight line relationship exists during the exotrophic period between larval growth (length)
and food density the plotted slope was equivalent to the larval growth rates (Fig. 3). Overall larval
growth increased with increasing algal density. For all treatments, the correlation coefficient value of
fitted regression lines was high (r* 20.97). A constant availability of 20 and 40 cells pl™ around the
larvae allowed the highest growth rates with no significant differences between both values (17.07
2.52 and 19.55 + 2.63 um d™*, respectively) while a concentration of 12 cells pI™ around the larvae led
to the lowest growth rates (11.87 + 1.97 pm d™), significantly different from the others (Fig. 3).

In all treatments the first competent eyed larvae were observed on day 16. Food density affected
metamorphosis. A supply of 12 cells pl™ around larvae produced significantly lower metamorphosis
(25.5 + 5.3%) while larvae supplied 20 and 40 cells ulI* metamorphosed at 44 (+ 5.4%) and 40 (+
2.1%) respectively with no significant difference between treatments.

3.3. Effects of temperature

On day 2, at the end of the temperature acclimation period, low larval mortalities (£2%) were recorded
and confirmed on day 7 after the first draining of the test tank volume. At the end of the experiment
mortality was £10% within the temperature range from 22 to 32 °C and £20% at 17 °C.

Temperature strongly influenced larval feeding activity. As a general pattern, the consumption by
larvae was low during the first days of rearing corresponding to the mixotrophic period for D-stage
larvae. When larvae became umbonate, ingestion increased and peaked for eyed during the
exotrophic period. Thereafter, ingestion decreased to metamorphosis. According to this feeding
pattern, there were differences in the maximal ingestion rate reached by larvae during mixotrophic and



exotrophic periods at each temperature (Table 2). The mixotrophic period lasted 5 d for larvae reared
from 22 and 32 °C. Over this period there were significant differences in maximal ingestion rate and a
test of pairwise multiple comparison pointed out two homogenous groups: one for larvae reared at 27
and 32 °C with 7700 and 8200 cells larvae™ d™ respectively and a second one for those reared at 22
and 25 °C with 4000 and 5400 cells larvae™ d* respectively. With regard to the lowest temperature,
the mixotrophic period extended to 10 d at 17 °C with a maximal ingestion rate of 3100 cells larvae™ d’
!, The exotrophic period varied with temperature. It extended to day 12 at 27 and 32 °C and was
characterized by the highest ingestion rates (55 200 and 64 500 cells larvae™ d*, respectively). At 25
°C, the exotrophic period extended to day 16 with a maximal ingestion rate of 41 900 cells larvae™ d™*
while at 22 °C this value reached 51 500 cells larvae™ d, albeit 5 d later, on day 21. Lastly, larvae
reared at 17 °C exhibited the lowest ingestion over the exotrophic period with a maximal ingestion rate
of 38 300 cells larvae™ d*, on day 32.

Based on feeding activity, larvae exhibited a high ingestion rate during the exotrophic period and,
accordingly, a more precise linear relationship with growth could be achieved when only larvae from
100 pm up to 280 um were considered. Thus, for each temperature, we expressed larval growth
during exotrophic period (Fig. 4) during which a linear relation with temperature was found with high
correlation coefficient values of fitted regression lines (r* 20.95). Larval growth (um d™* + SD) increased
with increasing water temperatures (F=385.67; df 4; P<0.0001): 5.95 + 1.53, 11.41 + 2.17, 15.99 +
2.48, 19.31 + 2.37, 19.95 + 3.11 at 17, 22, 25, 27 and 32 °C respectively (Fig. 4). Nevertheless, no
significant differences between 27 and 32 °C were found by pairwise test comparison despite an
artefact on day 13 with a slight decrease of larval growth at 32 °C, probably due to early settlement of
the largest larvae. In contrast, pairwise test comparison revealed significant differences in larval
growth at 22 and 25 °C while lowest growth occurred at 17 °C. When growth data were reanalysed at
different temperatures, as an Arrhenius plot, the linear relationship was fitted and the estimate of the
Arrhenius temperature (T,) was 11 000 + 2500 K (r* = 0.97).

Success at metamorphosis followed a similar trend as for growth with highest settlement at 27 and 32
°C (87 and 86% respectively) achieved in less than 15 d with detection of eyed larvae from day 11.
Larvae reared at 22 and 25 °C led to similar settlement (55 + 8 and 58 + 10%, respectively) but
delayed at 22°C on day 25 (vs. day 20 at 25 °C). The temperature of 17 °C led to the lowest
settlement (16 + 3%), which only occurred on day 35.

4. Discussion

4.1. Effects of food density

This study suggests that larval algal consumption varies with larval size in order to sustain growth and
metamorphosis. Food ration remained within a broad range of a phytoplankton supply from 30 cells plI
! t0 300 cells pI™ throughout larval rearing in order to maintain a fixed algal density around the larvae
by means of a flow-through rearing system. In these conditions, our experiments were accordingly
carried out under constant food level and allowed the set up of a long-term physiological response
(larval ingestion rate).

Larvae surrounded by 20 and 40 cells pl™* exhibited three feeding phases during development. A low
but progressive increase in consumption was noted from D-stage veliger to early umbonate larvae
(phase 1). During phase 2, microalgae ingestion increased sharply from umbonate to eyed larvae,
until a sudden decrease was noted approaching metamorphosis (phase 3). The feeding pattern during
the mixotrophic phase may be related to the incomplete development of the digestive system in
larvae. Gallager (1988) stated that young bivalve larvae (<100 pm length shell) have a narrow
oesophagus and a gut volume that may limit the size and number of particles ingested. During this
phase, metabolism is supported by the reserve material provided in the eggs (Bayne, 1983).

In this study, C. gigas larvae started the exotrophic stage (phase 2) with an ingestion rate increase
when they measured =100-110 um. This ingestion capability may be linked to the development of the
velar ciliary tracts (Strathmann, 1978) allowing the larva to trap particles, transport them through the
food groove and ingest them in an efficient manner. This feeding behaviour shows that larval rearing
for the first few days may occur with a low food supply but when larvae initiate strict exogenous
feeding (from days 5 to 6 in the present study) the amount of food becomes an essential factor in their
successful development. One aim for the larvae during the exotrophic stage is the accumulation of
sufficient reserves to allow them to meet the energy demands during the process of metamorphosis
(phase 3) and ensure their capacity for survival (Haws et al., 1993). In this way, the viability of larvae,
before metamorphosis, depends on both accumulation and utilisation of energy substrates, mainly



related to catabolism of proteins and lipids (Bartlett, 1979; Laing and Earl, 1998; Moran and Manahan,
2004). When the larvae undergo the process of metamorphosis, their feeding pattern is altered
because behavioural and morphological processes take place. Indeed, movement and feeding are
inhibited because the velum is absorbed and replaced with the branchia (Cannuel and Beninger,
2006). Moreover, late pediveliger larvae increase crawling behaviour in search of a suitable
substratum for metamorphosis. Therefore, a temporary stop in the ingestion is not surprising and
because this event is not synchronous in the whole larval population the mean ingestion rate
decreased at the end of the larval life.

Our results show that C. gigas ingestion activity was also linearly related to food density up to a
threshold level above which ingestion remains fairly constant. This feeding behaviour can be
compared to food densities to assess the functional response (Holling, 1959). An alternative pattern to
describe the relationship between food density and larval ingestion rates in this study appeared to be
consistent with a hyperbolic function. This function model establishing that ingestion rate is food
dependant up to a plateau has also been reported for C. virginica (Baldwin and Newell, 1995).

In the present study ingestion rate increased parallel to food density up to a saturation level. Such a
pattern is in agreement with other studies on bivalve larvae exposed to a microalgae supply gradient.
Nevertheless, the saturation level is species specific. Gallager (1988) for Mercenaria mercenaria,
MacDonald (1988) for Patinopecten yessoensis and Baldwin and Newell (1995) for C. virginica
obtained such saturation of ingestion at relatively low concentrations of food ranging from 10 to 40
cells pI'* with the same microalgae T-1SO. In contrast, Crisp et al. (1985) for Ostrea edulis and Pérez-
Camacho et al. (1994) for R. decussatus reported that such saturation occurred at higher
concentrations from 200 to 250 cells plI™* using Pavlova lutheri or Isochrysis galbana as food supply.
Differences in food level saturation between species suggest that larvae may differ in energy
acquisition and utilization. Moreover, these variations should also be related to rearing conditions (e.g.
flow-through system or larval density). Nevertheless, our results show that saturation for C. gigas
larvae occurred at higher concentrations equivalent to a residual phytoplankton of 20 cells pl™. At the
same time, food supply was increased in a range of 60 to 260 cells pl™ as larvae grew to avoid
competition for food between larvae and maximise increase in biomass through the whole larval
rearing (Table 1). Considering this feature, maximal ingestion was reached on day 14 for a supply of
260 cells pl™.

The functional response demonstrated that C. gigas larvae achieved the maximal ingestion rate for 50
000 cells larvae™ day™. In a similar context, Baldwin and Newell (1995) reported that maximal
ingestion rate of C. virginica larvae, expressed in cell volume concentration, was equal to 2.2 x 10°
pum?® d* larva™ of 200 pm length when fed natural phytoplankton. When our data are converted in cell
volume, based on measurement of bispecific microalgae sample (mean value of 48 um®) we obtained
a similar maximal ingestion rate of 2.4 x 10° pm?® larva™ d™. This similarity suggests that larvae can
control their feeding patterns and respond in this way to reach their maximal ingestion as long as
nutritional quality is achieved because natural phytoplankton might be nutritionally comparable to
cultured food (bispecific diet) used in the present study.

On the other hand, the growth rate was directly correlated to the amount of food delivered as larvae
grew. This study points out that the maximal growth rate occurred when larvae were surrounded by 40
cells pI™ but did not differ statistically when larvae were surrounded by 20 cells pI™. In this way, the
food ration meeting this requirement corresponds to maximal ingestion rate, which was achieved from
20 cells pI'*. To corroborate the feeding behaviour of C. gigas larvae it would be interesting to
experiment on lower (5 cells pl™) and higher (250 cells pl™) phytoplankton densities surrounding
larvae despite present evidence.

On the other hand, metamorphosis performances have been reported here because this is important
from an aquaculture standpoint. In the present work, larvae settled at their convenience without either
size selection or metamorphosis induction. When phytoplankton concentrations were maintained at 20
and 40 cells pl™, 40 to 44% of newly settled spat were detected 5 d after the onset of metamorphosis
but it has to be considered that the remaining population of larvae was competent to metamorphose
and mortality was <10% at the end of the experiment.

4.2. Effects of temperature

The results of the present study indicated that temperature greatly influenced ingestion, growth and
metamorphosis of C. gigas larvae. Increased ingestion was recorded as temperature increased
resulting in higher growth throughout larval development. Similar observations were reported by
Beiras et al. (1994) on Ruditapes decussatus larvae. Our work however is the first report of feeding



activity over an entire larval life cycle including metamorphosis of C. gigas over a range of
temperatures (17 to 32 °C).

Gerdes (1983) was the first author to report in detail ecophysiological data on C. gigas larvae,
however working with a single temperature (25 °C) and using a different technical approach (closed
rearing system). Moreover, the food supply was constant during his experiments and thus he did not
take into account larval biomass increase. Lastly his results were tainted with high variability of
ingestion measurements which may be explained by variations in food concentration surrounding the
larvae. Under these conditions it is not surprising that our results diverged from those reported by
Gerdes (1983) who found higher ingestion rates for larvae.

In our work a sustained response in ingestion activity within a wide range of temperature was possible
by using an efficient flow-through rearing system, which supplied food in an abundant and reliable way
to allow an adequate food uptake. A feeding response to temperature range, even at higher
temperatures, was achievable because, in the one hand, food was provided in abundance to supply
more microalgae than larvae would feed. On the other hand, the integrity of phytoplankton cells used
in the present study when exposed to a wide range of temperatures (17 to 32°C) guaranteed the
availability of the food delivered to the larvae. Lastly such a technical approach allowed a constant
seawater renewal during the whole experimental period, thus avoiding deposition of algal cells at high
temperatures and accordingly the occurrence of bacteria bloom due to larval metabolites and
degradation of phytoplankton. This has been reported to be a recurrent problem in previous studies on
bivalve larvae (Helm and Millican, 1977; Hrs-Brenko, 1981; Lemos et al., 1994). The ingestion activity
increase with temperature suggests a thermal acclimation strategy for larvae to fulfil their energetic
requirements. This biological strategy may be related to an enhancement in cilia activity for feeding
and catalytic activity of digestive enzymes to offset thermal stress and regulate the metabolism of
larvae.

This study showed undoubtedly the high tolerance of C. gigas larvae (17 to 32 °C) expressed with a
high value of Arrhenius temperature (11 000 K). Previous studies on others bivalve larvae reported an
Arrhenius relationship of 8460 K for Mytilus edulis (Sprung, 1984 cited in Kooijman, 2000) and 7596 K
for Macoma balthica (Bos et al., 2006). Although these experiments were carried out within a smaller
range of temperatures (7 to 17 °C) they showed a lower thermal tolerance for these species. Our data
suggest an ability to adjust physiological rates to confront environmental temperature change within
the range of relevant temperatures and upper and lower non lethal margins. Moreover, this broad
tolerance range of temperature might explain the cosmopolitan distribution of C. gigas among
subtropical and temperate areas (Goulletquer et al., 1999; Langdon et al., 2003; Sicard et al., 2006)
and its progressive geographical extension in new environments (Diederich et al., 2005) since their
larvae are able to tolerate temperate (17 °C) to warm (32 °C) seawater temperatures.

Results from the present study confirmed that C. gigas larval growth increases markedly with
increasing temperature as previously reported in the literature (Helm and Millican, 1977; His et al.,
1989; Abdel-Hamid et al., 1992). C. gigas larvae proved to be an eurythermic stage within a wide
temperature range as demonstrated in adult stage (Sicard et al., 2006), but with a marked thermo-
dependency between 22 and 32 °C. Within this range, the optimal temperature expressed as
maximum growth rates occurred at 32 °C but did not differ significantly at 27 °C. Moreover, at both
temperatures low mortalities (<10%) were displayed at the end of the experiments. Therefore the
present data showed that a physiological response was achievable even at the highest temperature,
which demonstrated that 32 °C is not the upper thermal limit for C. gigas during its larval stage. On
that count our results are conflicting with those of Helm and Millican (1977) who reported high
mortalities (65%) at 32°C. This sensibility to such a temperature has been also reported for C. gigas
juveniles (Flores-Vergara et al.,, 2004) and adults (Bougrier et al., 1995) with mortalities =40%.
Complementary experiments should be accordingly carried out to determine the upper thermal
boundary of C. gigas larvae with temperature =33 °C. Thus, growth of C. virginica larvae is reduced at
33 °C and massive death occurred at 35 °C (Davis and Calabrese, 1964). The lowest temperature
applied in the present study (17 °C) caused no other apparent damage than a significant reduction of
larval growth, mortalities being <20% after one month of rearing. The failure of the larvae to grow at
low temperature may be due to their inability to digest ingested microalgae despite food availability
(Manoj and Appukuttan, 2003). His et al. (1989) reported that C. gigas larvae can survive at 15°C but
their experiments lasted only one week. The present study suggests that at such a temperature the
larvae may still have been in the mixotrophic phase at the end of their experiment and therefore it is
not surprising that survival was high.

Concerning metamorphosis, a positive relation can be drawn with increase in temperature, which is in
agreement with previous observations on Saccostrea glomerata (Dove and O’Connor, 2007) with an
optimal temperature at 30°C. According to Bayne (1983), larvae delay metamorphosis at low



temperatures for longer periods than at high temperatures and the duration of the free swimming larval
period is accordingly prolonged. Our data showed that larvae reared at 17 °C initiated settlement on
day 31 but only a small fraction of the population was concerned (16%). This result demonstrates that
17 °C could be considered as an impractical temperature for C. gigas commercial hatchery from an
economic standpoint. In contrast, 27 °C led to the best growth (19.31 um d™) and highest settlement
(87%) in less than two weeks (no significant differences at 32 °C). This temperature is accordingly
recommended for Pacific oyster hatchery production but great caution is required to fulfil the larval
feeding requirements and to limit bacterial proliferation. The use of flow-through rearing techniques
should overcome both constraints. Lastly, in such systems, C. gigas larval performances are
reproducible because for similar food supply (20 cells. pl'l around larvae) and temperature (25 °C)
growth and settlement in exp. 1 were 17 um d™ and 44 + 5% vs. 16 um d ™ and 58 + 10% in exp. 2.
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Tables

Table 1

Daily food ration (cells pI™) related to larval age over the whole rearing period during the experiment
on food concentration effects. This supply concentration allows a permanent phytoplankton density of
12, 20 and 40 cells pI™ around the larvae respectively (1:1 in cells number of T-ISO + CP or CG). See
Fig. 3 for correspondence between larval age and larval size for each phytoplankton density.

Age of larvae

(day)

2-5 6 7-9 10 11-12 13-15 16-17 18-19 20-21

12 cells pl™ 30 40 50 70 80 100 150 120 100

20 cells pl 60 70 100 130 160 260 260 200 170

421. 40 cells 90 100 140 160 210 300 300 220 200
-1
pl




Table 2

Effects of temperature on the maximal ingestion rate (mean + SD; n = 6—7 measurements) expressed
in 10° cells larvae™ day™® and recorded during mixotrophic and exotrophic periods. Numbers in
brackets below indicate the duration in days of each feeding period. Larvae were surrounded by 30
cells puI'* of T-ISO + CP or CG (1:1 in cells number).

Temperature Mixotrophic Exotrophic
(°C) period period
17 3.1+0.2° 38.3+0.3%
(2-10) (11-32)
40+0.2" 51.5+0.8°"
22
(2-5) (6-21)
54+04° 41.9+06°
25
(2-5) (6-16)
77+03° 55.2+0.6¢
27
(2-5) (6-12)
- 82+04° 64.5+0.9°
(2-5) (6-12)

Different superscript letters indicate a significant difference (P<0.05).
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Figures

Fig. 1.

Ingestion rate (IR in 10° cells larvae™ day™) of C. gigas larvae, reared at 25°C, surrounded by three
different phytoplankton densities. Each point represents daily mean + SD (n = 6—7 measurements).

~
o
]

1 —e— 12 cells

(o2}
o

—a— 20 cells

—a— 40 cells

IR (103cells larvae ™ day'l)
s 8 & &

=
o

0 T T T T T T T 1
2 4 6 8 10 12 14 16

Age of larvae since fertilization (days)

11



Fig. 2.

Functional response (10° cells larvae™ day™) of C. gigas larvae, reared at 25°C, surrounded by
different phytoplankton densities (7.5 — 45 cells pl™). Values are means (n = 10) + SD.
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Fig. 3.

Larval growth (mean + SD; n = 200) of C. gigas larvae, reared at 25°C, surrounded by three different
phytoplankton densities (cells pI™*). Dashed lines correspond to the mixotroPhic period while plain lines
represent the exotrophic phase. GR = Larval growth rates (um day~) were estimated for the
exotrophic period only (day 5-14).
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Fig. 4.

Larval growth (mean + SD; n > 200) of C. gigas, surrounded by 30 cells pI* and reared at five
temperatures. Dashed lines correspond to the mixotrophic period while plain lines represent the
exotrophic phase. GR = Larval growth rates (um day™) were calculated for the exotrophic period only.
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