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Abstract :

The black-lipped pearl oyster (Pinctada margaritifera) is extensively farmed in French Polynesia to
produce black pearls. For a sustainable management of marine resources, studying interactions between
organisms and environment, and the associated factors and processes that will impact their life cycle and
thus modulate population dynamics is a major research priority. Here, we describe black-lipped pearl
oyster energy acquisition and use, and its control by temperature and food concentration within the
Dynamic Energy Budget (DEB) theory framework. The model parametrization was based on literature
data and a specific laboratory experiment. Model validation was carried out thanks to historical in-situ
datasets and a dedicated field survey. Three theoretical environmental scenarios were built to investigate
the response of the pearl oyster to environmental variations. We successfully modeled a wide range of
life-stage-specific traits and processes, especially the delayed acceleration of growth after settlement.
Applying the model on field data collected at three different culture sites required only one free-fitted
parameter, the half saturation coefficient Xk, which controls how ingestion depends on food density. Xk
integrates all variations linked to the trophic environment. Analysis of the kinetics of energy fluxes under
theoretical environmental scenarios suggests that temperature variations induce seasonality of
reproduction in a species thought to spawn opportunistically throughout the whole year. The major
influence of food concentration fluctuations on growth rate and reproductive effort is highlighted. The
model showed the lower performances associated with recovery time between food-rich and starvation
periods. The implications of these findings in the context of black pearl farming in a changing environment
are discussed.
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Highlights

» DEB theory was successfully applied to the full life cycle of P. margaritifera » The model captures life-
history traits variability in contrasted environmental conditions » Environmental fluctuations significantly
impact oyster's performances » Temperature variations tend to drive reproduction seasonality »
Duration of starvation periods drives annual reproductive effort
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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)
(Andréfouét et al., 2012), 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. Charpy et al., 1997; Dufour et
al.,, 1999; Torréton and Dufour, 1996). 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 (Charpy et al.,, 1997; Lefebvre et al.,, 2012; Thomas et al.,
2010). Previous studies (Fournier et al., 2012b; Thomas et al., 2012) suggested that
these environmental variations impact oyster’s life history traits such 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 oyster’s life history, and 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 (Long KY and Le Moullac,
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2017), the growth and development of the pearl oyster depend on complex interactions
between physiology, environmental conditions and food availability (e.g. Chavez-
Villalba et al., 2013; Doroudi et al., 1999; Pouvreau et al., 2000b). To quantify the
consequences of environmental variability on P. margaritifera physiology, Fournier,
(2011) and Thomas et al., (2011) 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 Meer, 2006) 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 resources relies on the estimation of the species’
current and future sizes, fitness, 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 (Kooijman, 2010) 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 organism’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 (Marques
et al., 2018). 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. Desforges et al., 2017; Molnar et al., 2011; Muller et al.,
2019).

Here, DEB theory was applied to assess the pearl oyster’s life cycle 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 (Sangare et al., 2019). The model was then
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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 recent development, specifically “the AmP project”, was used to fully
calibrate the model (Marques et al., 2018). A field survey took place in the lagoon of
Ahe (Tuamotu, French Polynesia) where oyster's reproduction, growth and
environmental data were monitored simultaneously. The collected data were used
jointly with literature data to validate the model ability to describe oyster’s life history
traits in three contrasted environments across the French Polynesian latitudes (Ahe,
Takapoto and Gambier). Then, scenarios of food and temperature fluctuations were
implemented to investigate the theoretical pearl oyster’s response to environmental

variations. These steps are detailed below.

Study site
The Ahe atoll is located at 14°29'S—-146°18'W, 500 km Northeast of Tahiti

Island in the northern Tuamotu Archipelago (Figure 1). Ahe lagoon is a 142 km? semi-
enclosed atoll with a mean depth close to 42 m and a lagoon-wide e-flushing time of
approximately 80-days (Dumas et al., 2012). 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 (Andréfouét
et al., 2012) as it hosts an important pearl farming activity. The atoll already benefits
from a 3D hydrodynamical model (Dumas et al., 2012) which was extensively used for

larval dispersal investigations (Thomas et al., 2016a).
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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 (Thomas et al., 2012). 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. Food
conditions were monitored hourly by two multi-parameter SMATCH® probes during
four sampling periods: 02/24/2017 - 03/13/2017; 04/10/2017 - 04/19/2017; 05/26/2017
- 06/05/2017 and 07/02/2017 - 08/15/2017.

SMATCH® probes measurements accuracy was controlled by comparing with
direct measurement of chl-a every 6 weeks. Water samples (500 ml) were taken and
filtered on GF/F Whatman filters (ca. 0.7 uym pore size). Chl-a was extracted from
phytoplankton cells during 8h in the dark in 6 ml of ethanol 70%. Concentration of chl-
a was then quantified by chl-a fluorescence determined using a Trilogy® fluorimeter
calibrated with chl-a standard (Sigma) and equipped with the appropriates optical
filters (Welschmeyer, 1994).

Three cohorts of oysters per sampling site were used to monitor growth and
reproductive effort. In the first two ones, 2 groups of 30 oysters, with initial average
lengths equal to 9.5 £ 1 cm (mean + standard deviation) and 12 + 1 cm were monitored
for growth measurement. Four measurements were performed at the beginning of
each of the aforementioned sampling period. The measurement of shell length (Hynd,
1955) was carried out according to a conservative method of individual labeling. For
the third cohort, a total of 1440 P. margaritifera at the adult stage (mean size = 11 + 1
cm) was divided on 48 batches of 30 individuals, and 24 batches were placed at each
station on rearing lines. The measurement of the reproductive effort was weekly
recorded at each station during 6 months. Every 7 days, at each station, from February
to August 2017, the Gonado-Digital Index (GDI/, %) was measured on 30 individuals.
GDI measurements were obtained by image analysis of the sagittal section of the
gonado-visceral mass (image processing on Adobe® Photoshop® CS3 then analysis
by ImageJ® 1.51j8). A description of the present sampling schemes and methods are
also detailed in Fournier et al., (2012). Finally, for comparison with DEB model outputs,
the GDI, which is a surface area ratio, was converted to a Gameto-Somatic Index
(GamSl, %), which is a mass ratio between reproduction buffer and flesh weight.

Assuming no relative differences in weights between the components of the gonado-
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visceral mass, the following relationship was used to calculate GamS/ from field data:

GDI - Wy yisc
Ww

GamSI = (1)

where W, s is the wet weight of the visceral mass and W, the total flesh wet weight.

Model description

To describe the growth, development and reproduction of P. margaritifera as a
function of temperature and food conditions, we developed a bioenergetic model,
which relies on the concepts of DEB theory (Kooijman, 2010) (Figure 2 and see
Appendix A for the general description and equations of the different fluxes). The
model revisits with new data and parameterization design (Marques et al., 2018) the
works of Thomas et al., (2011) and Fournier, (2011) who applied the standard DEB
model to P. margqaritifera 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. margatritifera.

According to the DEB models previously developed for bivalves (Bourlés et al.,
2009) 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., 2000a, 2000c), regardless of the environmental conditions i.e.
no food nor temperature threshold are required for spawning. When GamS|, the ratio
between the gonadic and total dry flesh mass (see Eq. 7 below), reaches a given
threshold (GamSlIresnoid) @ part of the reproduction buffer is released. The parameter
“SpawnRatio” defines this amount of stored energy, which is released at each spawn.
According to Fournier, (2011) and our own unpublished data of GamS/ and histological
analysis for 40 individuals right after spawning triggered by thermal choc, 80% of the
spawners had a GamSl/ 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.

margatritifera. It is of the asj type which takes into account the delayed acceleration of
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growth rate that is reported by Sangare et al. (2019) 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 (Kooijman, 2014) 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 ({pam}) and energy conductance (v) 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 (Kooijman et al.,
2011). This phase is called type M acceleration (su) and we refer the reader to

Kooijman (2014) for a detailed description.

The egg energy content E; is fixed from calculations made by Acosta-Salmon
(2004). Stage transitions occur at defined thresholds of the cumulated energy into
maturation En (Figure 3). An embryo becomes a larva at Ey = Ej, settles and

metamorphoses (changes its shape) at Ey = E};, reaches juvenile stage (without

change in morphology) at Ey = E}, and matures into an adult at Ej; = EL. Metabolic
acceleration occurs from settlement until juvenile stage. In addition, the model
incorporates one shape coefficient for the adult (6u) and a different one for the larvae

(dmian) since larvae morphometry changes at settlement (Southgate and Lucas, 2011).

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 (Fournier, 2011)
and most bivalves studies with the exception of Thomas et al. (2011). Throughout the

manuscript, all rates are given at the reference temperature of 20°C (= 293.15 K).

Link between DEB state variables and observable quantities

State variables of DEB models can be related to quantities typically used in
aquaculture science or ecophysiological experiments, specifically: shell length, body
dry weight and batch fecundity, using auxiliary equations. Shell length L. (cm) (Hynd,
1955) is computed from the structural volume V (cm®) and the shape coefficient &,, or

Oy 1av @ccording to the maturity stage:
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y1/3
Ly =% )

The flesh dry weight (W4, g) is the sum of the dry weight of structure Wy, reserve

WEe and reproduction buffer Wer that can be defined as:

WV=dV'V (3)

Wg=—-E (4)
Wgr =%'ER ()
E

Wd = WV + WE+WER (6)

with dy the specific (dry) density of structure (g cm?), wy the reserve specific dry weight

(g mol™) and uj the reserve chemical potential (J mol™).

The gameto-somatic index (GamSlI, %) is then computed using the following

formula:

GamsSI = ZER (7)
Wa

Model parameters estimation

The “AmP” procedure was applied with MATLAB® (R2017b) to infer the DEB
model parameters (Marques et al., 2018). This method uses experimental and field
observations at different life stages and calibrates the parameters thanks to a Nelder-
Mead numerical optimization that minimizes the difference between observed and
predicted values, based on a weighted least-squares criterion. Initial values of the
parameters were set following Thomas et al., (2011) and Fournier, (2011). Thirty
datasets from the literature were used for model calibration ranging from length or age
at different life stages, to respiration rate at different conditions of food and temperature
(Sangare et al., 2019). The list of input data extracted from the literature is available at
(Nathanael Sangare. 2019. AmP Pinctada margaritifera, version 2019/05/06):
https://www.bio.vu.nl/thb/deb/deblab/add_my_pet/entries web/Pinctada_margaritifer

a/Pinctada margqaritifera res.html

The parameter Xk, a component of the law governing ingestion, is the only

parameter of the P. margaritifera-DEB model that can be tuned freely for further
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applications in contrasting environments (Alunno-Bruscia et al., 2011; Fournier et al.,
2012a; Thomas et al., 2011) This environment-specific coefficient reflects the variability
in oyster food, and specifically the quantitative and qualitative effects of inorganic
material and phytoplankton species on the feeding response of P. margaritifera. In this
way, the simulation of oyster growth in different Pacific tropical ecosystems is possible

with a single set of parameters, with X, as the only free-fitting parameter.

Model validation

To assess the accuracy of the model simulations and its generalization to other
French Polynesian atoll lagoons, modelled description of the pearl oyster life cycle was
tested on four in situ datasets of growth and reproduction at different life stages and in
contrasted environments (Table 1). These datasets were all independent from those

used for model parametrization.

The data from lot 3, allowed to test the model ability to describe pearl oyster
performances at different life stage and latitudes and longitudes far from the pilot site
of Ahe, since Gambier island is located by 23°S. Conversely, Tapakoto atoll is only 115

km away from Ahe.

Validation simulations were run in the conditions of food and temperature that
were monitored simultaneously, along with the respective biological dataset. The
parameter Xk was readjusted for each atoll according to the description of the food
conditions and/or the age of the oysters. Several missing values of chl-a concentration
during the 2017 Ahe study (Dataset 4) were filled using Fourier series (Curve fitting
Toolbox 3.5.6 Copyright 2001-2017 The MathWorks, Inc.) fitted on the chl-a data

available at each station.

To account for the inter-individual variability of the validation datasets 2, 3 & 4,
the DEB model was applied using a multi-individual-based modelling strategy. The
initial individual conditions of the simulations were computed according to the real
oyster’s length and flesh weights measured individually on each sampled oyster at the
first sampling point of each dataset. Individual simulations were performed and then

pooled together to compute average patterns.

The agreement between field observations and model simulations was
evaluated by linear regression between the samples’ mean value of observations (X)

and the mean value of individual simulations (Y), which was tested against the Y=X
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model at the alpha error threshold of 5%. The R? coefficient of determination allowed

us to evaluate how much of the variance was explained by the model.

Sensitivity analysis to environmental conditions

The sensitivity of the pearl oyster life history traits to environmental conditions
was assessed with three theoretical environmental scenarios taking into account a
wide range of temperatures and food concentrations that occur in tropical atoll lagoons,
especially in French Polynesia. The effect of temperature on P. margatritifera growth
and reproduction was investigated within the range 23 to 34 °C. This range brackets
the French Polynesia typical seasonal variations, ranging from 27 to 30 °C in the
northern Tuamotu Archipelago and 23.5 to 28.5 °C in the Gambier islands (Le Moullac
et al., 2012; Pouvreau et al., 2000), and also includes temperature maxima observed
during EIl Nifio events (Andréfouét et al., 2018). The effects of food availability on P,
margaritifera growth and reproduction were investigated within the range 0.05 to 1
Mgcha I”'. In French Polynesian atoll lagoon, chl-a concentrations range from 0.1 to 0.7
Mgchia It with extreme values of 0.05 pgcna I in the open ocean and 1.2 pgchia I in
Mataiva atoll (Andréfouét et al., 2001; Delesalle and Sournia, 1992). Independently of
the atoll mean annual concentration, important variations of the planktonic ecosystem
may occur at different time-scales and have been mostly related to grazing pressure
(Delesalle et al., 2001; Fournier, 2011; Sakka et al., 1999; Thomas et al., 2010). Basic
spectral analysis (“Fast Fourier transform” function from MATLAB® R2107b) on food
concentrations time series provided by the 4 validation datasets (see above) were

performed, for further representation of food variations.
Thereby, three theoretical scenarios were performed:

1) The influence of temperature and food concentrations were assessed by
comparing oysters’ life history traits in constant environmental conditions ranging

from 0.05 to 1 pgch-a I”' for food and 23 to 34°C for temperature.

2) The effect of yearly seasonal temperature variations on life history traits was
investigated using sinusoid functions (period = 365 days) with a total amplitude
ranging from 2 to 8°C and that oscillated around several values ranging from 22 to
35°C. Minimum and maximum temperatures occurred respectively in the middle of
austral winter and summer. Here, the food concentration was fixed, and set at the
average value of 0.2 ugcn.a I based on observations by Charpy et al. (1997) from

16 Tuamotu atoll lagoons.
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3) The influence of phytoplankton biomass variations was investigated by considering
oscillations around the reference values of 0.1; 0.2 and 0.3 pgcn-a I at a mean
temperature of 28.5 °C (Charpy et al., 1997; Fournier, 2011; Thomas et al., 2010).
Amplitude variations were set to vary from 0.1 to 1 ugch.a I”. Note that the minimum

values were set to 0.01 ugcn-a I”' to keep realistic the dynamic equilibrium of the

grazer/phytoplankton system. The phytoplankton biomass turnover rate was

investigated by setting the oscillation periods from once a year, to two days.

Simulations were first performed with the values for X calibrated in laboratory
on larvae and adults feeding on cultivated micro-algae Isochrysis Ilutea and
Chaetoceros gracilis (Table 2). This assumption does not represent the real variability
of food quality and/or appetence of the oysters when considering total chl-a
measurements (Alunno-Bruscia et al., 2011). Thus, simulations 1 and 2 were also

performed with the values for X« adjusted during in situ model validation.

Life history traits of interest were set according to the constraints inherent to
spat collection and pearl production. Namely, these are 1) the reproductive effort within
a year for a 13 cm-shell length individual initialized with an empty reproduction buffer
at day 0, 2) the pelagic larval duration (PLD) that begin at gamete released and end
when the maturity threshold Ey = Ej; is reached and 3) the time needed to reach
commercial size, established at 9 cm, size at which grafting can be performed (Grand
and Hauti, 1993).

Results

Parameterization

Parameters values are summarized in Table 2. The overall fit of the AmP
method resulted in a mean absolute relative error (MRE) of 0.273 and a mean squared
error (SMSE) of 0.294. In general, the calibrated model accurately described the
calibration datasets and reproduced well many observations such as growth, filtering
or respiration rates, and length/weight ratio reported in the field and laboratory
experiments. It also successfully captured the acceleration of growth rate at juvenile
stage. The complete set of table and graphics that compared simulation vs. calibration
data are available at (Nathanael Sangare. 2019. AmP Pinctada margaritifera, version
2019/05/06) :

https://www.bio.vu.nl/thb/deb/deblab/add my pet/entries web/Pinctada margaritifer

a/Pinctada margqaritifera res.html




377
378
379
380
381
382

383

384

385

386
387
388
389
390
391
392
393

394
395

396
397
398
399
400
401
402
403
404
405
406
407
408
409

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.

Model validation

Dataset 1

In the case of larval rearing with cultured algae (Figure 4 A), the value of the
half-saturation coefficient, Xi, corresponded to that calibrated for larvae
experimentally: 0.6 ugcn-a I”' (Table 2). For in situ rearing, not supplied with cultured
algae (Figure 4 B, C and D), the half-saturation parameter was calibrated at 0.2 ugch-
a I”" 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? 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 | for the age group
1 and 0.5 mg POM | for age group 2 and 3 to obtain better fits. This way R? 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? 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 Figure 5. 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 Figure 5). Individuals spawned continuously during several months
(Figure 5 : braces) from August to January for the age groups 1 and 3 (Figure 5 A &
C) and from mid-September to mid-January for the age group 2 (Figure 5 B). In any
case, 80% or more of the spawning events occurred between mid-September and mid-

December.
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Dataset 3

Simulations of shell length and dry flesh mass evolution in Gambier Islands are
compared with the validation dataset 3 in Figure 6. Here, the value of the half-
saturation coefficient, X, was readjusted at 0.1 pgcna I’ to improve the fits. The
simulations usually remained in the range of the observed values except for the large
underestimation of the flesh dry mass between February and May (Figure 6 A; R? =
0.561; p-value = 0.0277) and an overestimation of the shell length from June to August
(Figure 6 B; R* = 0.904; p-value = 0.001). Le Moullac et al., (2012) suggested 3
spawning events (Figure 6 blue arrows) in December, March and June. Here, these
conclusions are not confirmed by the simulations that suggested one spawn per
individual occurring asynchronously throughout the year (sharp decrease in the thin

lines).

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 Figure
7 C & D. No readjustment of X, from the value calibrated in laboratory (Xx = 0.2 ugchi-a
I"") 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 (Figure 7). No massive spawning event could be
clearly identified during the field survey.

Here, the model did not accurately reproduce GamS/ variations, with R? equals
to 0.057 and 0.125 and p-value equals to 0.1841 and 0.1679 respectively to the Figure
7 C & D. However, the mean value remained relevant within the general range of
fluctuations, and clusters of asynchronous spawns occurred when observed GamSI/
decreased (Figure 7 arrows). Note that a slight decrease of GamS/ occurred at station
3 between mid-April and mid-May without associated spawning events. According to
the model simulations, this decrease was due to a low food concentration which led
the organisms to pay maintenance costs from the reproduction buffer. Individuals

simulated at the station 1 were able to reproduce once or twice depending on the initial
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conditions of their gonads, while individuals from station 3 spawned only once during
the simulation.

The model accurately described shell growth at different ages and contrasted
location within the lagoon of Ahe (Figure 8) with R? very close to 0.99 and p-value
<0.0001. Since individual shell length values and dynamics were very close to each
other, only the mean values of the observed and simulated data are plotted for the

sake of clarity.

Sensitivity analysis to environmental conditions

Generally, the model predicted low oysters’ performances at low temperature
and food, and improved physiological performances with rising conditions until the
temperature reached 34.5°C (Figure 9 & Appendix B) after which degrading

performances prevented oysters long term survival.

Simulation 1: sensitivity to mean environmental values

Simulation 1 assessed the influence of constant food and temperature levels
set at their mean values. Half saturation coefficients were set to 0.2 and 0.6 pgcnial™
for adults and larvae respectively. The temperature from 24 to 30°C and food
availability from 0.1 to 0.9 ug Chl-a I"" is represented by rectangles on the Figure 9 to
highlight the range of French Polynesian atoll lagoon conditions (Delesalle and
Sournia, 1992). 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 pgchia I”', @ mean temperature of 25.5 °C and a half saturation coefficient (Xx)
suitable for validation equal to 0.1 pgcna I'. 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 pgcna I and 28.5 °C respectively with a X equal
to 0.2 ugcna I, Thus, a 13 cm shell length oyster could reproduce 5 times a year and

fertilized eggs would reach a commercial size after 24 months.
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Similarly, for the value of Xx= 0.2 pgcn-a I'' which was reported in situ for 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« 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 variations

Simulation 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 ugcn-a I'), but at various mean temperatures and amplitude variations
Figure 10. 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 Figure 9 A). Seasonal amplitudes affected oysters’ growth and
reproduction differently depending 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 (Figure 10). According to the actual range of temperature
conditions occurring in French Polynesia (Figure 10: rectangles), oysters needed from
23 to 26 months to reach a commercial size (Figure 10 A) and spawners of 13 cm shell

length could reproduce 4 to 5 times a year (Figure 10 B).

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 Xk 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
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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 pgchia I around the
reference value of 0.2 pgcha I' 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

Mgchia I™).

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 pugcn.a I': Figure 11 dotted lines). Below
this reference, oysters’ energy management induced small growth variations (Figure
11 A) and reproductive efforts (Figure 11 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.

Oscillation period was related to alternating plentiful and starvation phases. At
high cycle amplitudes (above 0.2 pgcn-a I”': 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
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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 pgch.a I 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
ug Chl-a I'"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
(Fournier, 2011; Thomas et al., 2011), 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 (Fournier, 2011; Thomas
et al., 2011), we obtained different parameter values for the metabolic rates at the
reference temperature of 20°C. For instance; the general specific cost of maintenance
[p,]that was previously calibrated at 24 and 54 J cm™ d" for the larvae and adults
respectively dropped to a common value of 5.4 J cm=d™in this study. This compound
parameter is directly related to the allocation fraction to soma (x) and the maximum
surface-specific assimilation rate ({pam}), thus the new calibration induces an increase
of x from 0.45 and 0.53 respectively for larvae and adult to 0.75, and a decrease of
{pam} from 13 and 795 respectively for larvae and adult to 3.06 J cm? d™'. The newly

calibrated value of x and {pam} remain consistent with the general patterns identified
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for bivalves (Kooijman, 2013) e.qg., Tridacna gigas, a tropical bivalve had a x of 0.83
and a {pam} of 5.11 J cm? d' 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?>
0.9. Previous (Fournier, 2011) 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 (Chavez-Villalba et al., 2013; Linard et al., 2011).
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? 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 (Pace et al., 2006).

Regarding gameto-somatic index (GamSl/) evolution, the model was less
accurate (Figure 7 C & D), with low R? 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 reproduction “opportunistic strategy” (Le Moullac et al., 2012;
Pouvreau et al., 2000c). This modelling strategy does not consider endogenous or
exogenous factors assumed to favor the synchronicity of spawning (Southgate and
Lucas, 2011) and it is thus difficult to reproduce accurately the sudden decrease of
GamSlI 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 (Bernard et al.,, 2016) 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
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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 (Xx) as a free-fitting
parameter. As Alunno-Bruscia et al. (2011) has previously described for C. gigas, X«
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
(Picoche et al., 2014). It is known for other bivalves (Sauriau and Kang, 2000) 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 Fournier (2011) and Picoche et al.
(2014), further work on pearl oyster trophic regime, planktonic communities and their

nutritional value would be warranted, jointly with weight measurement.

Sensitivity analysis to environmental conditions

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 (Andréfouét et al., 2001; Delesalle and Sournia, 1992)
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 Gambier Islands and first appear to be more suitable for oysters’
growth (Figure 9). However due to different food qualities (suggested by different
values of X¢ and based on the standard mean annual value of 0.2 pgcn.a I'), the
performances are better in Gambier than northern Tuamotu. Thus far, PLD data are
unavailable for Gambier. This prevents the appropriate adjustment of X« and the

assessment of model predictions. But for growth until commercial sizes are reached,
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the simulations agreed with Pouvreau and Prasil (2001) 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. Philippart et al., 2012; Ruiz et al., 1992). To assess the
influence of the environment on the P. margaritifera reproduction “opportunistic
strategy” described by Fournier et al., (2012), it could be useful to sample GamS/ 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 B). In agreement with Fournier et al. (2012)

and Pouvreau et al. (2000c) who linked food concentration with reproductive effort and
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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 environment
with all mortality causes present (disease, predation...). Significant variations of
temperature and food concentration are reported at short space and time intervals
within a given lagoon (Thomas et al., 2010). Thus, mortality rate, environmental
heterogeneity and larval behavior partly explain the 15 to 35 days PLD reported in the
literature (Sangare et al., 2019; Thomas et al.,, 2014). 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
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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
(Bell et al., 2013). Adult P. margaritifera feed preferentially on planktonic organism
larger than 2 um (Fournier et al., 2012a; Loret et al., 2000) 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. Joubert et al. (2014) investigated the environmental control underlying the
molecular mechanisms of shell growth, and Ky and Le Moullac (2017) 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. Lefebvre et al.
(2012), Pagano et al. (2017) and Hulot et al. (2018) 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 (Sakka et al., 1999) 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 (Bacher and Gangnery,
2006; Thomas et al., 2016b, Sangare et al. in prep.) 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
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dynamic environment by coupling the DEB model for larvae with a hydrodynamic

model.

Conclusion

By 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.
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Table 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
A diet of cultured algae Isochrisis affinis galbana and
Chaetoceros sp. jonquieriin a 1:1 cell ratio
Larval rearing of 15 days conducted in the Ahe
B End of Austral lagoon, with an open circuit rearing system supplied (Thomas et al
1 Ahe Shell length Larvae summer with lagoon water pre-filtered at 40 ym 2011) "
(April-May) Larval rearing of 15 days conducted in the lagoon,
C performed in microcosm (net mesh 40 uym, volume
250 1) in the water of the Ahe lagoon
D Cohort of ‘wild’ larvae collected in water samples
taken every two days in the Ahe lagoon
Adults (3
2 Takapoto Fle§h dry cohorts of 1; 2 Full year In-situ rearing (Pouvreau et
weights 83 id al., 2000a)
years old)
3 Gambier Fvlvisigh(i;y Adults Full year In-situ rearing (LZMZ%IEC) et
A Rep;oﬁ%titctlve Adults 6 months from mid-
4 Ahe Adults (2 austral summer to In-situ rearing at 2 environmentally contrasted (This study)
mid-austral winter sampling stations (Fig. 1)
B Shell length cohorts of 1.5 & (February -August)
3.5 years old)
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Table 2 Symbols and parameters values at the reference temperature Trer = 293.15 °K.
Values annotated by a letter have been calibrated directly using literature data, other
values were calibrated according to the AmP procedure (Marques et al., 2018).

Symbol Value Units Description
Primary DEB parameters
{Pam} 0.055 - 3.065 Jem?2d'  Maximum surface-specific assimilation rate before (left)
and after (right) acceleration
Kx 0.416 - Digestion efficiency of food to reserve
[Eg] 2383.2 Jem? Volume-spec. cost for structure
v 0.0002 - 0.01 cmd’ Energy conductance before (left) and after (right)
acceleration
[Pum] 5.39 Jd-'em?®  Volume-spec. somatic maintenance
K, 1.638x103 a Maturity maintenance rate coefficient
K 0.75 - Allocation fraction to soma
KR 0.25 - Reproduction efficiency
Eo 2.764x104° J Egg energy content
Enp 6.326x107 J Maturity at settlement
Ens 3.537x10* J Maturity at settlement
Ey 3.011 J Maturity at metamorphosis
Enp 3015 J Maturity at puberty
Auxiliary parameters
Ta 5785 K Arrhenius temperature
T. 291.77 2 K Lower temperature boundary
Th 306.83 @ K Upper temperature boundary
TaL 137.61 K Arrhenius temperature for lower boundary
Tan 303407 K Arrhenius temperature for upper boundary
Su 0.27 - Shape coefficient
O 1arv 0.59 Shape coefficient before metamorphosis
dy 0.09 g.cm Specific dry density of structure
Wg 23.9 g.mol! Specific dry weight of reserve
Ug 550 000 J.mol"’ Chemical potential of reserve
Xk 02f Mdchia I Half-saturation coefficient for adults fed ad libitum in
laboratory
XK tarv 0.6¢° Mgchi-a I Half-saturation coefficient for larvae fed ad libitum in
laboratory
GamSlIthreshold 0.29¢ - Gonado-somatic index triggering spawning
SpawnRatio 0.854f - Proportion of the reproduction buffer emptied at each

spawning

a (Le Moullac et al., 2016); ® (Acosta-Salman, 2004); ¢ (Pouvreau et al., 2000a); ¢ (Fournier, 2011); ©

(Sangare et al., 2019); f personal unpublished data
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799  Figure 2 Schematic representation of a dynamic energy budget of black-lipped pearl
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Figure 3 Definition of the different life stages in the DEB model. Between conception
(Ex= 0) and birth (Ex = Ex) there is no external assimilation. Assimilation is switched
on after birth. After birth at maturity level Ey = Ey’ the organism metamorphosis and
starts metabolic acceleration which ends at juvenile stage (En = Er/). After puberty (En
= E#), 1.e. the adult stage, allocation towards maturation stops and allocation towards

reproduction starts (modified from Augustine et al., 2014).
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814  Figure 4 Comparison of observed (points £ standard deviation) and simulated (line)

815  larval shell growth of P. margaritifera: (A) rearing in an open circuit with cultured
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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 spawning

periods and arrows refer to spawning events identified by Pouvreau et al., 2000a.
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Appendix A

Equations of the metabolic fluxes

DEB theory pictures an organism into mass and energy symbolized by four state
variables: reserves (E, J), structural volume (V, cm®), maturity (Ex, J) and reproduction
buffer (Er, J). The conceptual scheme of the model is described in Figure 2. Energy
enters the organism as food (X) thanks to a Holling type Il functional response and is
assimilated at a rate of (pa, J day™) into reserves. The mobilization rate (pc, J day™)
controls the energy outflow from the reserve to cover somatic (6w, J day™) and maturity
(bs, J day') maintenance, structural growth (s, J day') and maturation then
reproduction (pr, J day™) before and after puberty respectively. Assimilation is a
function of food availability, following functional response when mobilization is
determined by the energy stored into the reserve compartment. k is the proportion of
the energy mobilized from the reserve compartment to the structural maintenance and
growth py and pg, while the rest (1 - k) is used for maturity maintenance and
reproduction buffer filling, p, and pr. Physiological rates, such as ingestion and
maintenance, depend on environmental temperature. This relation is described by an
Arrhenius-type equation within a species-specific tolerance range between upper and

lower temperature boundaries (Kooijman, 2010).

Table S1 Dynamic energy budget model equations

Fluxes (J d)
Feeding rate Px = (Pxm} - F- V3
Assimilation rate Pa = Px " Ky " Sm
Utilization rate pc=E- <[EG] KVEZZE;G]S '_“V+ p”)
Somatic maintenance rate pm = [pml -V
Maturity maintenance rate py = kj - Ey
Growth rate Pe = K Pc — Pm
Reproduction / maturity rate pr=(1— %) pc—pj
Correction factors
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Differential equations

Reserve dynamic 2t E=Pa—Pc
Structural body volume dynamic i = Pe_
dt [Ec]

Dynamics for energy allocated to

maturation, when Ey < E%,

d

thH=(1—K)'i7£—i7l

. d
With 2 E = 0

Dynamics for energy allocated to

reproduction, when Ey > E},
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Appendix B

25

o

Temperature correction factor

05—

20

Temperature (°C)

25 30

40

Figure S1 Effect of temperature on physiological rates. The temperature correction factor (see Appendix A
Table S1 for formulation and Table 2 for parameter values) is applied on energy fluxes according to the body
temperature.
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