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Introduction

In French Polynesia, pearl production is based on the culture of a single species: the black-lipped pearl oyster (Pinctada margaritifera, Linnaeus, 1758) [START_REF] Andréfouët | Recent research for pearl oyster aquaculture management in French Polynesia[END_REF], a suspension-feeding bivalve living in the oligotrophic waters of atoll lagoons and coral reefs. Pearl oyster aquaculture takes place mostly in atoll lagoons, and has a major economic and social function since it employs about 1500 workers in remote atolls and represents the second income of the territory behind tourism (ISPF, 2016). Supply of juvenile oysters to farmers is largely dependent on the natural collection of larvae on artificial substrates and spat collecting variability and effectiveness impact the pearl industry. At the lagoon scale, spatio-temporal spat collection variability depends on the multiple factors that drive reproduction, larval development and recruitment success.

Tropical atolls lagoons are often described as stable and homogenous environments, with high temperature and low biomass of the different planktonic communities and with small seasonal variations (e.g. [START_REF] Charpy | Particulate organic matter in sixteen Tuamotu atoll lagoons (French Polynesia)[END_REF][START_REF] Dufour | Phytoplankton nutrient control in the oligotrophic South Pacific subtropical gyre (Tuamotu Archipelago)[END_REF][START_REF] Torréton | Temporal and spatial stability of bacterioplankton biomass and productivity in an atoll lagoon[END_REF]. Behind this apparent stability, French Polynesian atoll lagoons experience spatial and temporal variations of temperature and food availability at both intra and inter-lagoon scales according to seasons and geographical positions [START_REF] Charpy | Particulate organic matter in sixteen Tuamotu atoll lagoons (French Polynesia)[END_REF][START_REF] Lefebvre | Spatial and temporal dynamics of size-structured photosynthetic parameters (PAM) and primary production (13C) of pico-and nano-phytoplankton in an atoll lagoon[END_REF][START_REF] Thomas | Spatial and temporal variability of the pico-and nanophytoplankton and bacterioplankton in a deep Polynesian atoll lagoon[END_REF]. Previous studies (Fournier et al., 2012b;[START_REF] Thomas | Multi-scale distribution and dynamics of bivalve larvae in a deep atoll lagoon (Ahe, French Polynesia)[END_REF] suggested that s s p c ys 's s y s s c as the reproduction efficiency and pelagic larval duration, which are two key life steps for spat collection success. However, in these remote exploited ecosystems, the influence of these local environmental conditions on this ys 's s y ultimately on black-pearl farming sustainability, has remained poorly studied so far.

Besides the individual differences of metabolic process inherent to the oyster, such as nutrition capacity, growth or reproduction rates [START_REF] Long | Shell Growth Performance of Hatchery Produced Pinctada margaritifera: Family Effect and Relation with Cultured Pearl Weight[END_REF], the growth and development of the pearl oyster depend on complex interactions between physiology, environmental conditions and food availability (e.g. [START_REF] Chávez-Villalba | Physiological responses of female and male black-lip pearl oysters (Pinctada margaritifera) to different temperatures and concentrations of food[END_REF][START_REF] Doroudi | The combined effects of temperature and salinity on embryos and larvae of the black-lip pearl oyster, Pinctada margaritifera (L.)[END_REF]Pouvreau et al., 2000b). To quantify the consequences of environmental variability on P. margaritifera physiology, [START_REF] Fournier | pearl oysters P. margaritifera on A[END_REF] and [START_REF] Thomas | Application of a bioenergetic growth model to larvae of the pearl oyster Pinctada margaritifera L[END_REF] built two distinct Dynamic Energy Budget (DEB) models for the adult and the larval stages respectively. At that time, the most suitable method for parameter estimation (van der [START_REF] Van Der Meer | An introduction to Dynamic Energy Budget (DEB) models with special emphasis on parameter estimation[END_REF] constrained the authors to partially calibrate their models based on Crassostrea gigas parameters. These models have shown their ability to realistically simulate various physiological processes, and thus have laid a solid foundation for a comprehensive understanding of the factors underlying pearl oyster sensitivity to environmental fluctuations, such as recruitment variations in space and time (Thomas et al., 2016a). However, an integrative model for the full P. margaritifera life cycle, able to describe continuously growth, reproduction, larval development and recruitment potential was still missing. As the sustainable management of marine s c s s s sp c s' c s z s ss abundances and distributions, a full life cycle model is critical to model future population dynamics and the influence of changes in environmental factors.

DEB theory [START_REF] Kooijman | Dynamic energy budget theory for metabolic organisation[END_REF] offers a framework that describes the metabolic organization underlying the physiological functions of an organism in a fluctuating environment. Based on a restricted number of assumptions, written out as mathematical formulas, this theory allows the description of growth, development and reproduction throughout an s 's life cycle, as a function of available food and temperature. Its application is challenging because the state variables and parameters are abstract quantities that are not directly observable. Recent developments allow estimating all parameters of a DEB model using standard empirical datasets [START_REF] Marques | The AmP project: Comparing species on the basis of dynamic energy budget parameters[END_REF]. Such calibrated DEB models have already been useful to predict the effects of global change, and better understand species geographical patterns, environmental stressors effects, bio-production optimization and management of exploited resources (e.g. [START_REF] Delesalle | Using energy budgets to combine ecology and toxicology in a mammalian sentinel species[END_REF][START_REF] Molnár | Predicting climate change impacts on polar bear litter size[END_REF][START_REF] Muller | Regulation of reproductive processes with dynamic energy budgets[END_REF].

H DE y w s pp ss ss p ys 's cyc sensitivity to the spatial and temporal variations of temperature and food, with a particular emphasis on growth, reproduction, and larval development. The parameters were estimated using a wide range of datasets provided by the literature and supplemented by a specific laboratory experiment [START_REF] Sangare | Estimation of physical and physiological performances of blacklip pearl oyster larvae in view of DEB modeling and recruitment assessment[END_REF]. The model was then validated using data specifically acquired for this study, as well as independent historical in situ data from three contrasted environments. Finally, a sensitivity analysis was performed to investigate how life history traits can vary within a wide range of environmental conditions known to occur (or that may potentially occur) in French Polynesian atoll lagoons. The implications in the context of black pearl farming are discussed.

Material and methods

An approach combining in situ monitoring, laboratory experiment and modelling (with observation, calibration, validation and application), was used for our objectives. We provide here a short overview of our method before developing it in the next sections. A c p sp c c y " p j c " w s s fully calibrate the model [START_REF] Marques | The AmP project: Comparing species on the basis of dynamic energy budget parameters[END_REF] Island in the northern Tuamotu Archipelago (Figure 1). Ahe lagoon is a 142 km 2 semi-enclosed atoll with a mean depth close to 42 m and a lagoon-wide e-flushing time of approximately 80-days [START_REF] Dumas | Tidal flushing and wind driven circulation of Ahe atoll lagoon (Tuamotu Archipelago, French Polynesia) from in situ observations and numerical modelling[END_REF]. The only active deep pass is located in the north western part of the lagoon and several shallow reef-flat spillways (less than 50 cm depth) are distributed along the reef rim, mainly on the south facing side of the rim. Ahe is a pilot site for pearl farming research program since 15 years [START_REF] Andréfouët | Recent research for pearl oyster aquaculture management in French Polynesia[END_REF] as it hosts an important pearl farming activity. The atoll already benefits from a 3D hydrodynamical model [START_REF] Dumas | Tidal flushing and wind driven circulation of Ahe atoll lagoon (Tuamotu Archipelago, French Polynesia) from in situ observations and numerical modelling[END_REF] which was extensively used for larval dispersal investigations (Thomas et al., 2016a).

Field work: adult growth, reproduction and environment data in Ahe atoll Chlorophyll a (chl-a) concentration, as a proxy for food availability, and temperature were monitored during a six months field survey (February to August 2017) at 2 different sampling stations (Figure 1) assumed to be environmentally contrasted [START_REF] Thomas | Multi-scale distribution and dynamics of bivalve larvae in a deep atoll lagoon (Ahe, French Polynesia)[END_REF]. All measuring devices were placed at a depth of 5 m, directly on the rearing lines where the animals sampled were attached (see below). Temperature was recorded every 4 hours by iBcode22L temperature sensor. [START_REF] Marques | The AmP project: Comparing species on the basis of dynamic energy budget parameters[END_REF] the works of [START_REF] Thomas | Application of a bioenergetic growth model to larvae of the pearl oyster Pinctada margaritifera L[END_REF][START_REF] Fournier | pearl oysters P. margaritifera on A[END_REF] who applied the standard DEB model to P. margaritifera at the larval and adult stage respectively. Our objective was to obtain a single set of parameters, with some stage-specific ones, to represent the full life cycle of P. margaritifera.

According to the DEB models previously developed for bivalves [START_REF] Bourlès | Modelling growth and reproduction of the Pacific oyster Crassostrea gigas: Advances in the oyster-DEB model through application to a coastal pond[END_REF] in case of starvation, the maintenance costs were prioritized over reproduction then growth if needed. When the mobilized reserve does not cover all maintenances costs, the reproduction buffer takes over. Note that no lysis of the structure was allowed in our model, hence the individual dies if the reserve and the reproduction buffer cannot cover maintenance costs.

Spawning is triggered according to an opportunistic strategy (Le Moullac et al., 2012;Pouvreau et al., 2000aPouvreau et al., , 2000c)), regardless of the environmental conditions i.e. no food nor temperature threshold are required for spawning. When GamSI, the ratio between the gonadic and total dry flesh mass (see Eq. 7 below), reaches a given threshold (GamSI Threshold ) a part of the reproduction buffer is released. The p "SpawnRatio" s s s energy, which is released at each spawn. According to Fournier, (2011) and our own unpublished data of GamSI and histological analysis for 40 individuals right after spawning triggered by thermal choc, 80% of the spawners had a GamSI close to 0.15, while the other 20% totally emptied their stored gonad products.

The DEB model presented here specifies the complete life cycle of P.

margaritifera. It is of the asj type which takes into account the delayed acceleration of growth rate that is reported by [START_REF] Sangare | Estimation of physical and physiological performances of blacklip pearl oyster larvae in view of DEB modeling and recruitment assessment[END_REF] to occur right after settlement.

The model assumed isomorphy except between the settlement and juvenile stage, where metabolism accelerates following the rules for V1-morphy [START_REF] Kooijman | Metabolic acceleration in animal ontogeny: An evolutionary perspective[END_REF] until the oyster reaches the juvenile stage. The consequence is that growth is not only accelerated by a larger intake, but also by a larger mobilization from reserve in comparison to an isomorph. Under this assumption, values of surface-area-specific assimilation rate ({p Am }) and energy conductance ( ) after the metamorphosis depend on the feeding history during the larval stage, which may partly explain the natural variability in parameters between individuals of the same species [START_REF] Kooijman | Scenarios for acceleration in fish development and the role of metamorphosis[END_REF]. This phase is called type M acceleration (s M ) and we refer the reader to [START_REF] Kooijman | Metabolic acceleration in animal ontogeny: An evolutionary perspective[END_REF] for a detailed description.

The egg energy content is fixed from calculations made by [START_REF] Acosta-Salmón | Broodstock management and egg quality of the pearl oysters Pinctada margaritifera and Pinctada fucata[END_REF]. Stage transitions occur at defined thresholds of the cumulated energy into maturation E H (Figure 3). An embryo becomes a larva at = , settles and metamorphoses (changes its shape) at = 𝑠 , reaches juvenile stage (without change in morphology) at = , and matures into an adult at = . Metabolic acceleration occurs from settlement until juvenile stage. In addition, the model incorporates one shape coefficient for the adult (δ M ) and a different one for the larvae (δ M.larv ) since larvae morphometry changes at settlement [START_REF] Southgate | The pearl oyster[END_REF].

Finally, the full model of the temperature correction was used with high and low boundaries of the optimal temperature range being specified and parameterized (see Appendix A & B). A simpler form (with one parameter) is often used in DEB studies when solely temperature conditions within the optimal range are considered. This is the case in the older version of the DEB model for P. margaritifera [START_REF] Fournier | pearl oysters P. margaritifera on A[END_REF] and most bivalves studies with the exception of [START_REF] Thomas | Application of a bioenergetic growth model to larvae of the pearl oyster Pinctada margaritifera L[END_REF].

Throughout the manuscript, all rates are given at the reference temperature of 20°C (= 293.15 K). The flesh dry weight (W d , g) is the sum of the dry weight of structure W V ,

reserve W E and reproduction buffer W ER that can be defined as:

𝑊 = • (3) 𝑊 = 𝑤 • (4) 𝑊 = 𝑤 • (5) 𝑊 = 𝑊 𝑊 𝑊 (6)
with the specific (dry) density of structure (g cm 3 ), the reserve specific dry weight (g mol -1 ) and the reserve chemical potential (J mol -1 ).

The gameto-somatic index (GamSI, %) is then computed using the following formula: During the model parameterization, the scaled functional response was assumed to be equal to 0.3 and 0.1 for in situ data representing the austral summer and winter respectively. The functional response for the ad libitum experimental data sets was set to 0.9 instead of the possible maximum f = 1 because it was rather unclear how optimal the nutritional value of the cultivated phytoplankton used for the rearing was for the needs of the animals.

𝐺𝑎𝑚𝑆𝐼 = 𝑊 𝑊 (7) 

Model validation

Dataset 1

In the case of larval rearing with cultured algae (Figure 4 A), the value of the half-saturation coefficient, X k , corresponded to that calibrated for larvae xp y: 0 6 μ Chl-a l -1 (Table 2). For in situ rearing, not supplied with cultured algae (Figure 4 B, C and D), the half-s p w s c b 0 2 μ Chl- a l -1 to obtain a better fit between simulations and observations. Despite a slight underestimation of the growth rate after day 11 for the rearing in mesocosm (Figure 4 C), the simulation fits were highly significant, with R 2 equal to 0.995; 0.937; 0.943 0.967 respectively for the simulations A, B, C and D with p-values < 0.0001.

Dataset 2

Simulations compared with the validation dataset 2 are presented in Figure 5.

Here, the half saturation coefficients were adjusted at 0.7 mg POM l -1 for the age group 1 and 0.5 mg POM l -1 for age group 2 and 3 to obtain better fits. This way R 2

were equal to 0.864 and 0.884 respectively for the age group 1 and 2 with p-values < 0.0001 and simulations for age group 3 gave an R 2 equal to 0.373 with a p-value of 0.015. Pouvreau et al., (2000a) suggested from their study respectively 1, 2 and 4 spawning events for the age group 1, 2 and 3 represented by blue arrows on the 

Dataset 4

Environmental conditions from stations 1 & 3 (Figure 1), are shown Figure 7 A & B respectively. Time-series of gameto-somatic index variations are plotted on for adults and larvae respectively. The temperature from 24 to 30°C and food availability from 0.1 to 0.9 µg Chl-a l -1 is represented by rectangles on the Figure 9 to highlight the range of French Polynesian atoll lagoon conditions [START_REF] Delesalle | Using energy budgets to combine ecology and toxicology in a mammalian sentinel species[END_REF]. Within these ranges, we predicted a possible theoretic PLD from 10 to 70 days (Figure 9 A), 2 to 14 spawning events a year for a 13 cm shell length oyster (Figure 9 B) and a commercial size was reached at 12 to 40 months after egg fertilization (Figure 9 C).

According to the dataset 2, Gambier Islands experienced annually a mean food of 0.19 µg Chl-a l -1 , a mean temperature of 25.5 °C and a half saturation coefficient (X k ) suitable for validation equal to 0.1 µg Chl-a l -1 . In these conditions a 13 cm shell length oyster would be able to spawn six times a year and the fertilized eggs would reach a commercial size after 23 months (not shown). Up north, in Ahe atoll, the dataset 4 framed food and temperature at 0.21 µg Chl-a l -1 and 28.5 °C respectively with a X k equal to 0.2 µg Chl-a l -1 . Thus, a 13 cm shell length oyster could reproduce 5 times a year and fertilized eggs would reach a commercial size after 24 months.

Similarly, for the value of X k = 0.2 µg Chl-a l -1 which was reported in situ for A mean fluctuation of 2 to 3 °C occur in the northern Tuamotu Archipelago where the mean annual temperature comes close to 28.5 °C; whereas a mean variation of 5 to 6 °C for an average annual temperature of 25.5 °C is recorded in the Gambier Islands. Then, using X k values suitable (see above) for Ahe atoll and Gambier islands, it appeared that oysters needed 23 months to reach a commercial size, while spawners can reproduce 5 times a year in any case.

Seasonal fluctuations of temperatures introduced seasonality of reproductive outputs. For a mean annual temperature of 28 °C and seasonal amplitude greater than 4 °C, three of the five spawning events reported by the simulations occurred when temperature is above 28 °C. On the other hand, reproduction occurred at more regular intervals over the year when the temperature difference between austral summer and winter is below 4 °C.

Simulation 3: sensitivity to phytoplankton biomass stability

The preliminary spectral analysis of the environmental conditions of the validation datasets (datasets 1; 2; 3 and 4) did not reveal any periodic signal in food variations (not shown). The absence of a regular time interval between food-rich and starvation periods suggested that fluctuation can be approximated by random variation in the field.

Here, only results for oscillations that ranged from 0.1 to 1 µg Chl-a l -1 around the reference value of 0.2 µg Chl-a l -1 are represented. Changing the reference food concentration had qualitatively no impact on the general pattern of the life history traits. Indeed, the shape of the isoclines would just be redrawn around the horizontal line defined by the chosen reference value (Figure 11, dotted lines = reference value of 0.2 µg Chl-a l -1 ).

The amplitude of food variations was related to the total amount of food available for oysters and a food variation lower than the reference value reflected stable food conditions over time (below 0.2 µg Chl-a l -1 : Figure 11 Oscillation period was related to alternating plentiful and starvation phases. At high cycle amplitudes (above 0.2 µg Chl-a l -1 : Figure 11 dotted lines) when this oscillation period decreases (i.e. from yearly to 2 days), the duration of extreme condition periods (ad libitum or starvation) decreases. Thus, an increase in the duration of these extreme conditions results in a decrease in the time required to reach commercial size (29 to 24 months; Figure 11A) and, at the same time, a decrease in reproductive effort (4 to 0 spawning events; Figure 11B.

For the above food scenarios, the total amount of food available on a given period of time is mostly driven by the duration of the oscillations rather than the amplitude of the oscillations. Consequently, for a given amplitude, the differences between life history traits is driven by recovery after starvation. This had a major impact on reproduction. For instance, for an amplitude cycle of 0.6 µg Chl-a l -1 no reproduction is allowed for oscillation periods between 1.5 to 3 months (Figure 11 B).

Conversely, energy distribution lead oysters to slow growth at high oscillation period and vice versa (Figure 11 A).

No differences were reported on the PLD for amplitude of variations under 0.2 µg Chl-a l -1 and/or turnover rates faster than one month with a time of 20 days required to reach settlement (not shown). Otherwise, PLD ranged from 20 to 70 days if the cycle of food variation started with a decrease and ranked from 10 to 20 in case of an increase.

Discussion

Critical examination of the new DEB model calibration

The new DEB calibration for P. margaritifera leads to one single model with primary parameters applicable all along the life cycle. Compared to previous DEB models applied to P. margaritifera that described separately larvae and adult phases [START_REF] Fournier | pearl oysters P. margaritifera on A[END_REF][START_REF] Thomas | Application of a bioenergetic growth model to larvae of the pearl oyster Pinctada margaritifera L[END_REF], the new full life cycle calibration brings together a wide range of datasets ranging from simple age at birth to respiration curve at different food level and temperature. By considering all life stages in a single model, this new DEB model for P. margaritifera is more suitable for future ecotoxicological, physiological or biophysical ecology investigation. This is also a first step towards integrated population and ecosystem dynamic models.

Compared to the larval and adult phase DEB models [START_REF] Fournier | pearl oysters P. margaritifera on A[END_REF][START_REF] Thomas | Application of a bioenergetic growth model to larvae of the pearl oyster Pinctada margaritifera L[END_REF], we obtained different parameter values for the metabolic rates at the reference temperature of 20°C. For instance; the general specific cost of maintenance [ 𝑀 ] that was previously calibrated at 24 and 54 J cm -3 d -1 for the larvae and adults respectively dropped to a common value of 5.4 J cm -3 d -1 in this study.

This compound parameter is directly related to the allocation fraction to soma () and the maximum surface-specific assimilation rate ({p Am }), thus the new calibration induces an increase of  from 0.45 and 0.53 respectively for larvae and adult to 0.75, and a decrease of {p Am } from 13 and 795 respectively for larvae and adult to 3.06 J cm -2 d -1 . The newly calibrated value of  and {p Am } remain consistent with the general patterns identified for bivalves [START_REF] Kooijman | Waste to hurry: dynamic energy budgets explain the need of wasting to fully exploit blooming resources[END_REF] e.g., Tridacna gigas, a tropical bivalve had a  of 0.83 and a {p Am } of 5.11 J cm -2 d -1 at the reference temperature of 20°C.

Moving from two separated models to one single model did not affect thus far the description of the different life stages. Growth curves were well captured with R 2 > 0.9. Previous [START_REF] Fournier | pearl oysters P. margaritifera on A[END_REF] and new DEB models respected the general patterns of observed mean flesh mass and reproductive effort. Model construction prioritized maintenance before growth and reproduction, and no maintenance cost could be paid from structure. Therefore in poor conditions, shell growth (that is a proxy for structural growth) stopped while flesh mass or reproduction buffer decreased, which is in agreement with observed patterns [START_REF] Chávez-Villalba | Physiological responses of female and male black-lip pearl oysters (Pinctada margaritifera) to different temperatures and concentrations of food[END_REF][START_REF] Linard | Calcein staining of calcified structures in pearl oyster Pinctada margaritifera and the effect of food resource level on shell growth[END_REF]). In the model, the differences between compartment (reserve, structure and reproduction buffer) dynamics implied that the various life history traits were not reproduced with the same accuracy along the entire life cycle.

For instance, shell growths were the best fitted measurements at any life stage and for any type of environments (Figure 4; Figure 8). Conversely, flesh dry masses accuracy was more variable across time, with achieved R 2 depending on the age class ranging from 0.56 to 0.91 (Figure 5; Figure 6 A). This is consistent with the idea that weight fluctuates within individual of the same length and that inter-individual variability increases with age [START_REF] Pace | Physiological bases of genetically determined variation in growth of bivalve larvae (Crassostrea gigas)[END_REF].

Regarding gameto-somatic index (GamSI) evolution, the model was less accurate (Figure 7 C & D), with low R 2 and substantial dissimilarity between observed and simulated patterns. The discrepancies translate some difficulties for the model to accurately capture gametogenesis variations and spawning events in a variable environment. Part of the variance might be due to the sampling mode, which is lethal. Hence, the measured cohorts were different at each time-step, while simulations referred to a single cohort only. Thus, the initial conditions of each sampling point could differ. In addition, the sensitivity to this initial condition was likely more acute, considering the chosen rep c " pp s c s y" [START_REF] Moullac | Growth and gonad development of the tropical black-lip pearl oyster, Pinctada margaritifera (L.), in the Gambier archipelago (French Polynesia)[END_REF]Pouvreau et al., 2000c). This modelling strategy does not consider endogenous or exogenous factors assumed to favor the synchronicity of spawning [START_REF] Southgate | The pearl oyster[END_REF] and it is thus difficult to reproduce accurately the sudden decrease of GamSI as observed in the field. A non-lethal sampling mode such as the high-frequency non-invasive (HFNI) valvometry that can record spawning event from the valves activity [START_REF] Bernard | In situ spawning in a marine broadcast spawner, the Pacific oyster Crassostrea gigas: Timing and environmental triggers[END_REF] might improve model outputs and general understanding of spawning determinism.

Conservative versus lethal sampling and simulation strategies cannot explain alone the general underestimation of flesh dry mass that was modeled in Gambier for several months, e.g. from February to May (Figure 6 A). A more likely explanation could be a lack of accuracy regarding the description of the amount of energy available in the field by using total chlorophyll-a as proxy for food. This last hypothesis is reinforced by the need to keep the half saturation coefficient (X k ) as a free-fitting parameter. As Alunno-Bruscia et al. ( 2011) has previously described for C.

gigas, X k integrates all variations related to the trophic environment. This includes food sources, variations of food nutritive quality, different selection of the filtered particles and variability in assimilation efficiency according to the particles actually ingested. As such, the presence of a food source that is poorly or not captured by the chlorophyll-a might explain the disagreement between observations and simulations of weight [START_REF] Picoche | Towards the Determination of Mytilus edulis Food Preferences Using the Dynamic Energy Budget (DEB) Theory[END_REF]. It is known for other bivalves [START_REF] Sauriau | Stable isotope evidence of benthic microalgaebased growth and secondary production in the suspension feeder Cerastoderma edule (Mollusca, Bivalvia) in the Marennes-Oléron Bay, in: Island, Ocean and Deep-Sea Biology[END_REF] that filtration, selection, and ingestion capacities depend on life stage or on prey sizes. Overall, high values correspond to poor trophic quality or low appetence for the available food. From there, the model suggests that cultivated micro-algae are less appropriate to feed pearl oysters than in situ species (Validation dataset 1) and in situ phytoplankton is more palatable for growing oysters (Validation dataset 2).

These results remain consistent with the fact that P. margaritifera also feed in situ on achlorophyllous organisms. Following the work of [START_REF] Fournier | pearl oysters P. margaritifera on A[END_REF] and [START_REF] Picoche | Towards the Determination of Mytilus edulis Food Preferences Using the Dynamic Energy Budget (DEB) Theory[END_REF], further work on pearl oyster trophic regime, planktonic communities and their nutritional value would be warranted, jointly with weight measurement.

s y ys s c s

The constant behavior of temperature and food availability conditions in simulation 1 did not correspond to a real environment. However, as mean annual temperature is function of the latitude and mean chl-a concentration function of the lagoon water residence time [START_REF] Andréfouët | Water renewal time for classification of atoll lagoons in the Tuamotu Archipelago (French Polynesia)[END_REF][START_REF] Delesalle | Using energy budgets to combine ecology and toxicology in a mammalian sentinel species[END_REF] fixing in such a way the mean annual values created a partition between lagoons with different potentials and modes for oyster production. Lagoons from the northern Tuamotu Archipelago experience higher mean annual temperature than those experienced by the G b Is s s pp b s b ys s' growth (Figure 9). However due to different food qualities (suggested by different values of X k and based on the standard mean annual value of 0.2 µg Chl-a l -1 ), the performances are better in Gambier than northern Tuamotu. Thus far, PLD data are unavailable for Gambier. This prevents the appropriate adjustment of X k and the assessment of model predictions. But for growth until commercial sizes are reached, the simulations agreed with [START_REF] Pouvreau | Growth of the black-lip pearl oyster, Pinctada margaritifera, at nine culture sites of French Polynesia: synthesis of several sampling designs conducted between 1994 and 1999[END_REF] observations, with 24 and 25 months respectively in the Gambier and northern Tuamotu to reach 10 cm. These results highlight the need to take into account food quality jointly with temperature to explain past pearl farming performances, and in anticipation of environmental changes for planning future farming.

High seasonal temperature fluctuation had for general impact to decrease growth and reproductive effort, modulo the mean annual value (Figure 10). From simulation 2, performances decreased jointly with rising seasonal variations but this sensitivity to seasonal fluctuation declined when the mean temperature dropped. In French Polynesia, small seasonal variations are associated with high mean annual temperatures and vice versa. According to energetic dynamics, increasing temperatures accelerate energetic flux until an optimum, thus high temperature variations introduce a seasonality in reproduction with increased spawning during the warm season. The role of seasonal temperature variations and phytoplankton blooms on bivalve reproduction and synchronicity has been demonstrated for species in temperate environments (e.g. [START_REF] Philippart | Spatial synchronies in the seasonal occurrence of larvae of oysters (Crassostrea gigas) and mussels (Mytilus edulis/galloprovincialis) in European coastal waters[END_REF][START_REF] Ruiz | Influence of seasonal environmental changes on the gamete production and biochemical composition of Crassostrea gigas (Thunberg) in suspended culture in El Grove, Galicia, Spain[END_REF]. To assess the influence of the environment on the P. margaritifera reproduction " pp s c s y" sc b by Fournier et al., (2012), it could be useful to sample GamSI along a gradient of atolls that experiment various temperature seasonal differences. This way, it would be also easier to further assess the influence of various endogenous or exogenous factors in spawning synchronicity.

Simulation 3 suggested contrasted responses of the black-lipped pearl oyster to phytoplankton biomass fluctuations. Energetic dynamics implies that oysters accessing similar amount of food (cumulative) but with different variations of concentrations across time will react differently. In particular, the duration of extreme condition periods implies different recovery needs after starvation and the consequences are expressed in the life history traits. For instance, gametogenesis duration has to be taken into consideration to explain the patchy results in simulation 3. Above the reference food concentration, the proximity between gametogenesis completion time and oscillation period prevented the reproduction buffer from filling up completely during the plenty period. The oyster became unable to reproduce, while in the same time the cumulative amount of food available in the environment is supposed to allow 5 spawns within a year (Figure 9 variations of temperature and food concentration are reported at short space and time intervals within a given lagoon [START_REF] Thomas | Spatial and temporal variability of the pico-and nanophytoplankton and bacterioplankton in a deep Polynesian atoll lagoon[END_REF]. Thus, mortality rate, environmental heterogeneity and larval behavior partly explain the 15 to 35 days PLD reported in the literature [START_REF] Sangare | Estimation of physical and physiological performances of blacklip pearl oyster larvae in view of DEB modeling and recruitment assessment[END_REF][START_REF] Thomas | Larval dispersal modeling of pearl oyster pinctada margaritifera following realistic environmental and biological forcing in ahe atoll lagoon[END_REF]. Here, the results indirectly confirm that a spatial environmental heterogeneity plays a significant role in recruitment, by influencing growth rate, and indirectly mortality and dispersion time. High frequency monitoring of the environment in space and time emerge as a critical bottleneck for realistic modeling of larvae development and dispersal.

Perspectives

According to this study, most of the existing data on in situ growth and reproduction for P. margaritifera agree with the results of the DEB model when considering adequate food and temperature variations. Thus, adequately considering future environmental conditions may provide insights in the future trends of P. margaritifera life history traits expression. In the next few decades, changes in ocean currents and temperature are projected to alter the surface and productivity of ecological areas near the South Pacific subtropical gyre leading to reduced phytoplankton biomass and average size in the ocean, which may also impact lagoons [START_REF] Bell | Mixed responses of tropical Pacific fisheries and aquaculture to climate change[END_REF]. Adult P. margaritifera feed preferentially on planktonic organism larger than 2 µm (Fournier et al., 2012a;[START_REF] Loret | Phytoplankton composition and selective feeding of the pearl oyster Pinctada margaritifera in the Takapoto lagoon (Tuamotu Archipelago, French Polynesia):in situ study using optical microscopy and HPLC pigment analysis[END_REF] and according to our model simulations, such changes could affect pearl oyster reproduction and growth, and eventually pearl farming yields. It would be interesting in the future to monitor the environmental changes and track the trajectories followed by each lagoon ecosystem within our simulation space, and infer possible problems.

Obviously, simulations remain coarse simplification of the real environment, and various other factors might temperate the results. This could include fast environmental variations as well as physiological or genetical adaptations. Few studies have looked at the role of genetics in shaping pearl oyster life traits and thus on the potential of adaptation to changing conditions. [START_REF] Joubert | Temperature and Food Influence Shell Growth and Mantle Gene Expression of Shell Matrix Proteins in the Pearl Oyster Pinctada margaritifera[END_REF] investigated the environmental control underlying the molecular mechanisms of shell growth, and Ky and Le [START_REF] Long | Shell Growth Performance of Hatchery Produced Pinctada margaritifera: Family Effect and Relation with Cultured Pearl Weight[END_REF] highlighted the non negligible part of genetics on growth variability. We suggest that further work on these aspects is warranted.

At the intra-lagoon scale, phytoplankton abundance is highly dependent on water exchange from the ocean through the atoll rim but the influence of pearl farming activity itself on plankton concentration should not be overlooked. [START_REF] Lefebvre | Spatial and temporal dynamics of size-structured photosynthetic parameters (PAM) and primary production (13C) of pico-and nano-phytoplankton in an atoll lagoon[END_REF], [START_REF] Pagano | Ocean-lagoon water and plankton exchanges in a semi-closed pearl farming atoll lagoon (Ahe, Tuamotu archipelago, French Polynesia)[END_REF] and [START_REF] Hulot | Shellfish culture: a complex driver of planktonic communities[END_REF] suggested significant depletion of planktonic organism concentration in aquaculture areas, which can be induced by tidal flushing and by the grazing pressure of the filter-feeder communities.

Long periods of low phytoplankton biomass followed by intense sporadic blooms have been reported in French Polynesian atolls lagoons [START_REF] Ruiz | Influence of seasonal environmental changes on the gamete production and biochemical composition of Crassostrea gigas (Thunberg) in suspended culture in El Grove, Galicia, Spain[END_REF] but, lack of high frequency data on phytoplankton communities and biomass makes difficult to accurately characterize the magnitudes and periods of these events, and the role of pearl farming itself on these mechanisms.

Finally, to scale-up the limit of the black-lipped pearl oyster response to the environment conditions, a suggested approach would be i) the integration of the DEB model into an individual-based model for the population level [START_REF] Bacher | Use of dynamic energy budget and individual based models to simulate the dynamics of cultivated oyster populations[END_REF]Thomas et al., 2016b, Sangare et al. in prep.) 

  . A field survey took place in the lagoon of Ahe (

Figure 5 .

 5 Figure5. These conclusions are not confirmed by the new simulations that suggested for each age group one spawning event per individual during the year of survey (marked by drops in the thin lines on Figure5). Individuals spawned continuously during several months (Figure5: braces) from August to January for the age groups 1 and 3 (Figure5A & C) and from mid-September to mid-January for the age group 2 (Figure5 B). In any case, 80% or more of the spawning events occurred between mid-September and mid-December.

Figure 7 C

 7 Figure7C & D. No readjustment of X k from the value calibrated in laboratory (X k = 0 2 μ Chl-a l -1 ) were needed to obtain better fits. A steady decrease of temperature from about 30 to 27 °C was recorded during the period of observation (February to August or the middle of the austral summer and winter respectively). According to the observations, food concentration and biological measurements did not show clearly defined seasonal variations. Peaks of chl-a concentration happened occasionally during the year. Gametogenesis occurred when food availability allowed it and spawning took place asynchronously the whole year (Figure7). No massive spawning event could be clearly identified during the field survey.Here, the model did not accurately reproduce GamSI variations, with R 2 equals to 0.057 and 0.125 and p-value equals to 0.1841 and 0.1679 respectively to

  larvae in Ahe (Dataset 1), PLD would range between10 to 20 days in the northern Tuamotu archipelago (not shown) when respectively released in austral summer (30°C) and winter (27 °C). No larvae datasets were available to assess X k in Gambier Island, thus under the assumption that the half saturation coefficient does not differ between locations, the PLD in Gambier would range from 17 to 27 days depending on whether spawning occurred in the summer (28.5 °C) or winter (23.5 °C).Simulation 2: sensitivity to seasonal temperature variationsSimulation 2 informs on how the seasonal temperature variations affect the growth and reproductive effort of oysters, with simulations performed at constant food levels (0.2 µg Chl-a l -1 ), but at various mean temperatures and amplitude variations Figure10. Seasonal changes occurred at a slow time-scale that did not influence larval development, which is more sensitive to the relative variations at the time of development (see Figure9depending on the average annual temperature. For instance, for a mean temperature value of 26 °C, no effect of the seasonal variations was reported on growth or reproduction, but at 29 °C the time to reach commercial size slowed to 5 months and reproduction effort was divided by 1.5 along the gradient of temperature amplitude (Figure10). According to the actual range of temperature conditions occurring in French Polynesia (Figure10: rectangles), oysters needed from 23 to 26 months to reach a commercial size (Figure10 A) and spawners of 13 cm shell length could reproduce 4 to 5 times a year (Figure10 B).

  and reproductive efforts (Figure11 B). Within these limits the time required to reach commercial size varied from 23 to 26 months and the yearly number of spawns varied from 3 to 5 events. Conversely, if the cycle amplitude was greater than the reference value for food, variations of life history traits became mainly driven by the oscillation period.

  B). In agreement withFournier et al. (2012) andPouvreau et al. (2000c) who linked food concentration with reproductive effort and synchronicity, simulation 3 confirms that food availability is the main driver of reproduction.The results from the three theoretical scenarios highlight the importance of environmental variations rather than mean annual conditions to model and infer physiological traits. Food and temperature variations have significant impact on energy dynamics since temperature drives the speed of exchanges between compartments and food controls the amount of energy in circulation. Simulating a constant environment cannot reproduce the low physiological performances induced by environmental fluctuations, such as the compensation during starvation periods by reserves or the differences of energetic flux kinetics following temperature variation.Practically, the absence of a regular, predictable, time interval between plenty and starvation periods, makes difficult to infer the best possible locations for pearl farming.The range of conditions represented by the various simulations had no impact on larval development. This is due to the time scale which are significantly different between pelagic larval duration and environmental changes in our simulations. At small time scale, PLD ranging from 10 to 70 days (the maximal theoretical values from our simulations) are simulated depending on the season and/or the trajectory (up or down) taken by the food availability variation (simulations 1 & 3). The 70-day extreme PLD has never been observed and will probably seldom occur in realistic w y c s s p s ( s s p …) c

  ii) coupling this population model with a biogeochemical and an environmental model able to provide food, temperature and the conditions of larval transport. Such design would expand the work of Thomas et al. (2016a) on P. margaritifera who characterized larval growth and dispersal in a dynamic environment by coupling the DEB model for larvae with a hydrodynamic model.ConclusionBy its ability to accurately describe a wide range of P. margaritifera physiological traits in contrasted environment, the calibrated full life cycle DEB model provides new opportunities to address questions spanning from physiological limits and adaptations to pearl farming sustainability. From the tested environmental scenarios, the simulations shed light on the influence of variations of temperature, food availability and quality on P. margaritifera life history traits expression. From both the environmental and physiological point of view, more observations are required for a better assessment of reproduction potential. Adequately considering future environmental conditions and testing them within this new calibrated DEB model may provide a powerful tool contributing to the sustainable management of marine resources and their associated ecological issues.

Figure 1

 1 Figure 1 Location of Ahe atoll and location of experimental sampling stations in the lagoon.

Figure 2

 2 Figure 2 Schematic representation of a dynamic energy budget of black-lipped pearl oyster. Energy fluxes (solid arrows) and state variables (orange boxes) are defined in Appendix A. Overheads are represented by dotted arrows.

Figure 3

 3 Figure 3 Definition of the different life stages in the DEB model. Between conception (E H = 0) and birth (E H = E H b ) there is no external assimilation. Assimilation is switched on after birth. After birth at maturity level E H = E H s the organism metamorphosis and starts metabolic acceleration which ends at juvenile stage (E H = E H j ). After puberty (E H = E H p ), i.e. the adult stage, allocation towards maturation stops and allocation towards reproduction starts (modified from Augustine et al., 2014).

Figure 4

 4 Figure 4 Comparison of observed (points ± standard deviation) and simulated (line) larval shell growth of P. margaritifera: (A) rearing in an open circuit with cultured algae as a food supply (X k = 0.60 μg Chl-a l -1 ), (B) rearing in an open circuit with water from the Ahe lagoon (X k = 0.20 μg Chl-a l -1 ), (C) rearing in a microcosm in the Ahe lagoon (X k = 0.20 μg Chl-a l -1 ), (D) cohort identified in situ, in the Ahe lagoon (X k = 0.20 μg Chl-a l -1 ).

Figure 5

 5 Figure 5 Growth in dry weight for age group 1 (A), 2 (B) and 3 (C) of pearl oysters (observed mean ± standard deviation = symbols; individual simulations = thin lines) in Takapoto atoll lagoon during 365 days. The bold lines represent the mean value of the individual simulations (n = 30), the braces refers to the simulation based spawningperiods and arrows refer to spawning events identified byPouvreau et al., 2000a. 

Figure 6

 6 Figure 6 Evolution of flesh dry mass (A) and shell length (B) in Gambier Islands. Points and bars represent the observed mean ± standard deviation; thin lines refer to individual simulations and the bold lines represent the mean value of the individual simulations. Arrows refer to spawning events recorded by Le Moullac et al., 2012.

Figure 7

 7 Figure 7 Variation of temperature (dashed line) and chlorophyll-a concentration from Fourier series (solid line) computed from in situ measurements (points) at the station 1 (A) and 3 (B). Comparison of observed mean GamSI ± standard deviation (points) and individual simulations (thin lines) at the sampling stations 1 (C) and 3 (D); bold solid lines represent the mean value of the individual simulations. Individual spawning events correspond to drops in the thin lines and arrows refer to potential spawning events.

Figure 8

 8 Figure 8 Shell length evolution of the mean observed values at sampling station 1 (diamonds) and 3 (circles) and simulations at sampling station 1 (solid lines) and 3 (dotted lines) for two classes of sizes in the lagoon of Ahe in 2017.

Figure 9

 9 Figure 9 Theoretical simulations illustrating the influence of temperature an food concentration (assumed to be constant over time) on life-history traits: (A) pelagic larval duration (Xk = 0.6 µg Chl-a l -1 ), (B) yearly reproductive effort (number of spawning events) for a 13 cm shell length individual (Xk = 0.2 µg Chl-a l -1 ) and (C) time required to reach commercial size for a young collected spat (Xk = 0.2 µg Chl-a l -1 ). Rectangles encapsulate the environmental conditions observed in French Polynesian atoll lagoons.

Figure 10 Figure 11

 1011 Figure 10 Influence of yearly temperature amplitude and yearly mean temperature on (A) the time required to reach commercial size for a young collected spat (B) reproductive effort (number of spawns) of a 13 cm shell length individual within a year. Simulation with constant food of 0.2 µg Chl-a l -1 and Xk = µg Chl-a l -1 . Rectangles encapsulate the environmental conditions observed in French Polynesian atoll lagoons.

  

Table 1

 1 Datasets used for model validation.

	Dataset	Site	Observation	Life stage	Survey period		Environment	Reference
							Larval rearing of 20 days in an open circuit with a diet
		A					of cultured algae Isochrisis affinis galbana and
								Chaetoceros sp. jonquieri in a 1:1 cell ratio
							Larval rearing of 15 days conducted in the Ahe
	1	B	Ahe	Shell length	Larvae	End of Austral summer (April-May)	lagoon, with an open circuit rearing system supplied with lagoon water pre-0 μ Larval rearing of 15 days conducted in the lagoon,	(Thomas et al., 2011)
		C					p	c c s (	s 0 μ
								250 l) in the water of the Ahe lagoon
		D					C	'w ' taken every two days in the Ahe lagoon c c w s p s
	2		Takapoto	Flesh dry weights	Adults (3 cohorts of 1; 2 & 3 years old)	Full year		In-situ rearing	(Pouvreau et al., 2000a)
	3		Gambier	Flesh dry weights	Adults	Full year		In-situ rearing	(Le Moullac et al., 2012)
	4	A B	Ahe	Reproductive effort Shell length	Adults Adults (2 cohorts of 1.5 & 3.5 years old)	6 months from mid-austral summer to mid-austral winter (February -August)	In-situ rearing at 2 environmentally contrasted sampling stations (Fig. 1)	(This study)

Table 2

 2 Symbols and parameters values at the reference temperature T ref = 293.15 °K. Values annotated by a letter have been calibrated directly using literature data, other values were calibrated according to the AmP procedure[START_REF] Marques | The AmP project: Comparing species on the basis of dynamic energy budget parameters[END_REF].

	Symbol	Value			Units	Description
								Primary DEB parameters
	{	}	0.055 -3.065	J cm	-2 d	-1	Maximum surface-specific assimilation rate before (left)
								and after (right) acceleration
	κX		0.416			-	Digestion efficiency of food to reserve
	[EG]		2383.2		J cm	-3	Volume-spec. cost for structure
	̇	0.0002 -0.01	cm d -1	Energy conductance before (left) and after (right)
	[ 𝑀 ]	5.39			J d	-1 cm	-3	acceleration Volume-spec. somatic maintenance
	̇ 1.638×10	-3	d	-1	Maturity maintenance rate coefficient
	κ		0.75			-	Allocation fraction to soma
	κR		0.25			-	Reproduction efficiency
	E0		2.764×10	-4 b	J	Egg energy content
	EHb		6.326×10	-5	J	Maturity at settlement
	EHs		3.537×10	-4	J	Maturity at settlement
	EHj		3.011			J	Maturity at metamorphosis
	EHp		3015			J	Maturity at puberty
								Auxiliary parameters
	TA		5785			K	Arrhenius temperature
	TL		291.77	a	K	Lower temperature boundary
	TH		306.83	a	K	Upper temperature boundary
	TAL		137.61		K	Arrhenius temperature for lower boundary
	TAH		303407	K	Arrhenius temperature for upper boundary
	𝛿 𝑀		0.27			-	Shape coefficient
	𝛿 𝑀 𝑙𝑎𝑟𝑣	0.59			-	Shape coefficient before metamorphosis
			0.09			g.cm -3	Specific dry density of structure
			23.9			g.mol	-1	Specific dry weight of reserve
			550 000	J.mol	-1	Chemical potential of reserve
	XK		0.2	f				µgChl-a l	-1	Half-saturation coefficient for adults fed ad libitum in
	XK larv	0.6	e			µgChl-a l	-1	laboratory Half-saturation coefficient for larvae fed ad libitum in
	GamSIThreshold	0.29	c			-	laboratory Gonado-somatic index triggering spawning
	SpawnRatio	0.85	d; f	-	Proportion of the reproduction buffer emptied at each
								spawning
	a (Le Moullac et al., 2016);	b (Acosta-Salmón, 2004);	c (Pouvreau et al., 2000a);	d (Fournier, 2011);

e

[START_REF] Sangare | Estimation of physical and physiological performances of blacklip pearl oyster larvae in view of DEB modeling and recruitment assessment[END_REF]

; f personal unpublished data

Acknowledgements

This study w s cby I s