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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 

 

Keywords : Bivalve, Physiology, Bioenergetics, Dynamic energy budget theory, Environmental change, 
Pearl farming 
 
 

 

 



and reproductive effort is highlighted. The model showed the lower performances 39 
associated with recovery time between food-rich and starvation periods. The 40 
implications of these findings in the context of black pearl farming in a changing 41 
environment are discussed. 42 
 43 
Key-words: Bivalve; Physiology; Bioenergetics; Dynamic Energy Budget theory; 44 
Environmental change; Pearl farming 45 
 46 
Introduction 47 
 48 

In French Polynesia, pearl production is based on the culture of a single 49 
species: the black-lipped pearl oyster (Pinctada margaritifera, Linnaeus, 1758) 50 
(Andréfouët et al., 2012), a suspension-feeding bivalve living in the oligotrophic waters 51 
of atoll lagoons and coral reefs. Pearl oyster aquaculture takes place mostly in atoll 52 
lagoons, and has a major economic and social function since it employs about 1500 53 
workers in remote atolls and represents the second income of the territory behind 54 
tourism (ISPF, 2016). Supply of juvenile oysters to farmers is largely dependent on the 55 
natural collection of larvae on artificial substrates and spat collecting variability and 56 
effectiveness impact the pearl industry. At the lagoon scale, spatio-temporal spat 57 
collection variability depends on the multiple factors that drive reproduction, larval 58 
development and recruitment success. 59 

Tropical atolls lagoons are often described as stable and homogenous 60 
environments, with high temperature and low biomass of the different planktonic 61 
communities and with small seasonal variations (e.g. Charpy et al., 1997; Dufour et 62 
al., 1999; Torréton and Dufour, 1996). Behind this apparent stability, French 63 
Polynesian atoll lagoons experience spatial and temporal variations of temperature 64 
and food availability at both intra and inter-lagoon scales according to seasons and 65 
geographical positions (Charpy et al., 1997; Lefebvre et al., 2012; Thomas et al., 66 
2010). Previous studies (Fournier et al., 2012b; Thomas et al., 2012) suggested that 67 
these environmental variations impact oyster’s life history traits such as the 68 
reproduction efficiency and pelagic larval duration, which are two key life steps for spat 69 
collection success. However, in these remote exploited ecosystems, the influence of 70 
these local environmental conditions on this oyster’s life history, and ultimately on 71 
black-pearl farming sustainability, has remained poorly studied so far. 72 

Besides the individual differences of metabolic process inherent to the oyster, 73 
such as nutrition capacity, growth or reproduction rates (Long KY and Le Moullac, 74 



2017), the growth and development of the pearl oyster depend on complex interactions 75 
between physiology, environmental conditions and food availability (e.g. Chávez-76 
Villalba et al., 2013; Doroudi et al., 1999; Pouvreau et al., 2000b). To quantify the 77 
consequences of environmental variability on P. margaritifera physiology, Fournier, 78 
(2011) and Thomas et al., (2011) built two distinct Dynamic Energy Budget (DEB) 79 
models for the adult and the larval stages respectively. At that time, the most suitable 80 
method for parameter estimation (van der Meer, 2006) constrained the authors to 81 
partially calibrate their models based on Crassostrea gigas parameters. These models 82 
have shown their ability to realistically simulate various physiological processes, and 83 
thus have laid a solid foundation for a comprehensive understanding of the factors 84 
underlying pearl oyster sensitivity to environmental fluctuations, such as recruitment 85 
variations in space and time (Thomas et al., 2016a). However, an integrative model 86 
for the full P. margaritifera life cycle, able to describe continuously growth, 87 
reproduction, larval development and recruitment potential was still missing. As the 88 
sustainable management of marine resources relies on the estimation of the species’ 89 
current and future sizes, fitness, abundances and distributions, a full life cycle model 90 
is critical to model future population dynamics and the influence of changes in 91 
environmental factors. 92 

DEB theory (Kooijman, 2010) offers a framework that describes the metabolic 93 
organization underlying the physiological functions of an organism in a fluctuating 94 
environment. Based on a restricted number of assumptions, written out as 95 
mathematical formulas, this theory allows the description of growth, development and 96 
reproduction throughout an organism’s life cycle, as a function of available food and 97 
temperature. Its application is challenging because the state variables and parameters 98 
are abstract quantities that are not directly observable. Recent developments allow 99 
estimating all parameters of a DEB model using standard empirical datasets (Marques 100 
et al., 2018). Such calibrated DEB models have already been useful to predict the 101 
effects of global change, and better understand species geographical patterns, 102 
environmental stressors effects, bio-production optimization and management of 103 
exploited resources (e.g. Desforges et al., 2017; Molnár et al., 2011; Muller et al., 104 
2019). 105 

Here, DEB theory was applied to assess the pearl oyster’s life cycle sensitivity 106 
to the spatial and temporal variations of temperature and food, with a particular 107 
emphasis on growth, reproduction, and larval development. The parameters were 108 
estimated using a wide range of datasets provided by the literature and supplemented 109 
by a specific laboratory experiment (Sangare et al., 2019). The model was then 110 



validated using data specifically acquired for this study, as well as independent 111 
historical in situ data from three contrasted environments. Finally, a sensitivity analysis 112 
was performed to investigate how life history traits can vary within a wide range of 113 
environmental conditions known to occur (or that may potentially occur) in French 114 
Polynesian atoll lagoons. The implications in the context of black pearl farming are 115 
discussed. 116 

 117 
Material and methods 118 

 119 

An approach combining in situ monitoring, laboratory experiment and modelling 120 
(with observation, calibration, validation and application), was used for our objectives. 121 
We provide here a short overview of our method before developing it in the next 122 
sections. A recent development, specifically “the AmP project”, was used to fully 123 
calibrate the model (Marques et al., 2018). A field survey took place in the lagoon of 124 
Ahe (Tuamotu, French Polynesia) where oyster’s reproduction, growth and 125 
environmental data were monitored simultaneously. The collected data were used 126 
jointly with literature data to validate the model ability to describe oyster’s life history 127 
traits in three contrasted environments across the French Polynesian latitudes (Ahe, 128 
Takapoto and Gambier). Then, scenarios of food and temperature fluctuations were 129 
implemented to investigate the theoretical pearl oyster’s response to environmental 130 
variations. These steps are detailed below.  131 

 132 

Study site 133 

The Ahe atoll is located at 14°29’S–146°18’W, 500 km Northeast of Tahiti 134 
Island in the northern Tuamotu Archipelago (Figure 1). Ahe lagoon is a 142 km2 semi-135 
enclosed atoll with a mean depth close to 42 m and a lagoon-wide e-flushing time of 136 
approximately 80-days (Dumas et al., 2012). The only active deep pass is located in 137 
the north western part of the lagoon and several shallow reef-flat spillways (less than 138 
50 cm depth) are distributed along the reef rim, mainly on the south facing side of the 139 
rim. Ahe is a pilot site for pearl farming research program since 15 years (Andréfouët 140 
et al., 2012) as it hosts an important pearl farming activity. The atoll already benefits 141 
from a 3D hydrodynamical model (Dumas et al., 2012) which was extensively used for 142 
larval dispersal investigations (Thomas et al., 2016a). 143 

 144 



Field work: adult growth, reproduction and environment data in Ahe atoll 145 

Chlorophyll a (chl-a) concentration, as a proxy for food availability, and 146 
temperature were monitored during a six months field survey (February to August 147 
2017) at 2 different sampling stations (Figure 1) assumed to be environmentally 148 
contrasted (Thomas et al., 2012). All measuring devices were placed at a depth of 5 149 
m, directly on the rearing lines where the animals sampled were attached (see below). 150 
Temperature was recorded every 4 hours by iBcode22L temperature sensor. Food 151 
conditions were monitored hourly by two multi-parameter SMATCH® probes during 152 
four sampling periods: 02/24/2017 - 03/13/2017; 04/10/2017 - 04/19/2017; 05/26/2017 153 
- 06/05/2017 and 07/02/2017 - 08/15/2017.  154 

SMATCH® probes measurements accuracy was controlled by comparing with 155 

direct measurement of chl-a every 6 weeks. Water samples (500 ml) were taken and 156 
filtered on GF/F Whatman filters (ca. 0.7 µm pore size). Chl-a was extracted from 157 
phytoplankton cells during 8h in the dark in 6 ml of ethanol 70%. Concentration of chl-158 
a was then quantified by chl-a fluorescence determined using a Trilogy® fluorimeter 159 
calibrated with chl-a standard (Sigma) and equipped with the appropriates optical 160 
filters (Welschmeyer, 1994). 161 

Three cohorts of oysters per sampling site were used to monitor growth and 162 
reproductive effort. In the first two ones, 2 groups of 30 oysters, with initial average 163 
lengths equal to 9.5 ± 1 cm (mean ± standard deviation) and 12 ± 1 cm were monitored 164 
for growth measurement. Four measurements were performed at the beginning of 165 
each of the aforementioned sampling period. The measurement of shell length (Hynd, 166 
1955) was carried out according to a conservative method of individual labeling. For 167 
the third cohort, a total of 1440 P. margaritifera at the adult stage (mean size = 11 ± 1 168 
cm) was divided on 48 batches of 30 individuals, and 24 batches were placed at each 169 
station on rearing lines. The measurement of the reproductive effort was weekly 170 
recorded at each station during 6 months. Every 7 days, at each station, from February 171 
to August 2017, the Gonado-Digital Index (GDI, %) was measured on 30 individuals. 172 
GDI measurements were obtained by image analysis of the sagittal section of the 173 
gonado-visceral mass (image processing on Adobe® Photoshop® CS3 then analysis 174 
by ImageJ® 1.51j8). A description of the present sampling schemes and methods are 175 
also detailed in Fournier et al., (2012). Finally, for comparison with DEB model outputs, 176 
the GDI, which is a surface area ratio, was converted to a Gameto-Somatic Index 177 
(GamSI, %), which is a mass ratio between reproduction buffer and flesh weight. 178 
Assuming no relative differences in weights between the components of the gonado-179 



visceral mass, the following relationship was used to calculate GamSI from field data: 180 

𝐺𝑎𝑚𝑆𝐼 = '()	∙	,-_/012
,-

  (1) 181 

where 𝑊4_5678 is the wet weight of the visceral mass and 𝑊4 the total flesh wet weight. 182 

 183 
Model description 184 
 185 
 To describe the growth, development and reproduction of P. margaritifera as a 186 
function of temperature and food conditions, we developed a bioenergetic model, 187 
which relies on the concepts of DEB theory (Kooijman, 2010) (Figure 2  and see 188 
Appendix A for the general description and equations of the different fluxes). The 189 
model revisits with new data and parameterization design (Marques et al., 2018) the 190 
works of Thomas et al., (2011) and Fournier, (2011) who applied the standard DEB 191 
model to P. margaritifera at the larval and adult stage respectively. Our objective was 192 
to obtain a single set of parameters, with some stage-specific ones, to represent the 193 
full life cycle of P. margaritifera. 194 

 According to the DEB models previously developed for bivalves (Bourlès et al., 195 
2009) in case of starvation, the maintenance costs were prioritized over reproduction 196 
then growth if needed. When the mobilized reserve does not cover all maintenances 197 
costs, the reproduction buffer takes over. Note that no lysis of the structure was 198 
allowed in our model, hence the individual dies if the reserve and the reproduction 199 
buffer cannot cover maintenance costs. 200 

Spawning is triggered according to an opportunistic strategy (Le Moullac et al., 201 
2012; Pouvreau et al., 2000a, 2000c), regardless of the environmental conditions i.e. 202 
no food nor temperature threshold are required for spawning. When GamSI, the ratio 203 
between the gonadic and total dry flesh mass (see Eq. 7 below), reaches a given 204 
threshold (GamSIThreshold) a part of the reproduction buffer is released. The parameter 205 
“SpawnRatio” defines this amount of stored energy, which is released at each spawn. 206 
According to Fournier, (2011) and our own unpublished data of GamSI and histological 207 
analysis for 40 individuals right after spawning triggered by thermal choc, 80% of the 208 
spawners had a GamSI close to 0.15, while the other 20% totally emptied their stored 209 
gonad products. 210 

 The DEB model presented here specifies the complete life cycle of P. 211 
margaritifera. It is of the asj type which takes into account the delayed acceleration of 212 



growth rate that is reported by Sangare et al. (2019) to occur right after settlement. 213 
The model assumed isomorphy except between the settlement and juvenile stage, 214 
where metabolism accelerates following the rules for V1-morphy (Kooijman, 2014) until 215 
the oyster reaches the juvenile stage. The consequence is that growth is not only 216 
accelerated by a larger intake, but also by a larger mobilization from reserve in 217 
comparison to an isomorph. Under this assumption, values of surface-area-specific 218 
assimilation rate ({pAm}) and energy conductance (𝑣̇) after the metamorphosis depend 219 
on the feeding history during the larval stage, which may partly explain the natural 220 
variability in parameters between individuals of the same species (Kooijman et al., 221 
2011). This phase is called type M acceleration (sM) and we refer the reader to 222 
Kooijman (2014) for a detailed description. 223 

The egg energy content 𝐸< is fixed from calculations made by Acosta-Salmón 224 
(2004). Stage transitions occur at defined thresholds of the cumulated energy into 225 

maturation EH (Figure 3). An embryo becomes a larva at 𝐸= = 𝐸=>, settles and 226 
metamorphoses (changes its shape) at 𝐸= = 𝐸=7 , reaches juvenile stage (without 227 

change in morphology) at 𝐸= = 𝐸=
? , and matures into an adult at 𝐸= = 𝐸=

@. Metabolic 228 

acceleration occurs from settlement until juvenile stage. In addition, the model 229 
incorporates one shape coefficient for the adult (δM) and a different one for the larvae 230 
(δM.larv) since larvae morphometry changes at settlement (Southgate and Lucas, 2011). 231 

Finally, the full model of the temperature correction was used with high and low 232 
boundaries of the optimal temperature range being specified and parameterized (see 233 
Appendix A & B). A simpler form (with one parameter) is often used in DEB studies 234 
when solely temperature conditions within the optimal range are considered. This is 235 
the case in the older version of the DEB model for P. margaritifera (Fournier, 2011) 236 
and most bivalves studies with the exception of Thomas et al. (2011). Throughout the 237 
manuscript, all rates are given at the reference temperature of 20°C (= 293.15 K). 238 

 239 
Link between DEB state variables and observable quantities 240 

State variables of DEB models can be related to quantities typically used in 241 
aquaculture science or ecophysiological experiments, specifically: shell length, body 242 
dry weight and batch fecundity, using auxiliary equations. Shell length Lw (cm) (Hynd, 243 
1955) is computed from the structural volume V (cm3) and the shape coefficient 𝛿B or 244 
𝛿B	CDE5 according to the maturity stage: 245 



𝐿4 =
GH/J

KL
  (2) 246 

 The flesh dry weight (Wd, g) is the sum of the dry weight of structure WV, reserve 247 
WE and reproduction buffer WER that can be defined as: 248 
 249 

𝑊G = 𝑑G ∙ 𝑉 (3) 250 

𝑊O =
4P
QP
∙ 𝐸 (4) 251 

𝑊OR =
4P
QP
∙ 𝐸R (5) 252 

𝑊S = 𝑊G +𝑊O+𝑊OR (6) 253 

with 𝑑G the specific (dry) density of structure (g cm3), 𝑤O the reserve specific dry weight 254 
(g mol-1) and 𝜇O the reserve chemical potential (J mol-1). 255 

 The gameto-somatic index (GamSI, %) is then computed using the following 256 
formula: 257 

𝐺𝑎𝑚𝑆𝐼 = ,PW
,X

  (7) 258 

 259 

Model parameters estimation 260 

The “AmP” procedure was applied with MATLAB® (R2017b) to infer the DEB 261 
model parameters (Marques et al., 2018). This method uses experimental and field 262 
observations at different life stages and calibrates the parameters thanks to a Nelder-263 
Mead numerical optimization that minimizes the difference between observed and 264 
predicted values, based on a weighted least-squares criterion. Initial values of the 265 
parameters were set following Thomas et al., (2011) and Fournier, (2011). Thirty 266 
datasets from the literature were used for model calibration ranging from length or age 267 
at different life stages, to respiration rate at different conditions of food and temperature 268 
(Sangare et al., 2019). The list of input data extracted from the literature is available at 269 
(Nathanael Sangare. 2019. AmP Pinctada margaritifera, version 2019/05/06): 270 
https://www.bio.vu.nl/thb/deb/deblab/add_my_pet/entries_web/Pinctada_margaritifer271 
a/Pinctada_margaritifera_res.html  272 

The parameter Xk, a component of the law governing ingestion, is the only 273 

parameter of the P. margaritifera-DEB model that can be tuned freely for further 274 



applications in contrasting environments (Alunno-Bruscia et al., 2011; Fournier et al., 275 
2012a; Thomas et al., 2011) This environment-specific coefficient reflects the variability 276 
in oyster food, and specifically the quantitative and qualitative effects of inorganic 277 
material and phytoplankton species on the feeding response of P. margaritifera. In this 278 
way, the simulation of oyster growth in different Pacific tropical ecosystems is possible 279 
with a single set of parameters, with Xk, as the only free-fitting parameter. 280 

 281 

Model validation 282 

To assess the accuracy of the model simulations and its generalization to other 283 
French Polynesian atoll lagoons, modelled description of the pearl oyster life cycle was 284 
tested on four in situ datasets of growth and reproduction at different life stages and in 285 
contrasted environments (Table 1). These datasets were all independent from those 286 
used for model parametrization. 287 

The data from lot 3, allowed to test the model ability to describe pearl oyster 288 
performances at different life stage and latitudes and longitudes far from the pilot site 289 
of Ahe, since Gambier island is located by 23°S. Conversely, Tapakoto atoll is only 115 290 
km away from Ahe. 291 

Validation simulations were run in the conditions of food and temperature that 292 
were monitored simultaneously, along with the respective biological dataset. The 293 
parameter XK was readjusted for each atoll according to the description of the food 294 
conditions and/or the age of the oysters. Several missing values of chl-a concentration 295 
during the 2017 Ahe study (Dataset 4) were filled using Fourier series (Curve fitting 296 
Toolbox 3.5.6 Copyright 2001-2017 The MathWorks, Inc.) fitted on the chl-a data 297 
available at each station. 298 

To account for the inter-individual variability of the validation datasets 2, 3 & 4, 299 
the DEB model was applied using a multi-individual-based modelling strategy. The 300 
initial individual conditions of the simulations were computed according to the real 301 
oyster’s length and flesh weights measured individually on each sampled oyster at the 302 
first sampling point of each dataset. Individual simulations were performed and then 303 
pooled together to compute average patterns. 304 

The agreement between field observations and model simulations was 305 
evaluated by linear regression between the samples’ mean value of observations (X) 306 
and the mean value of individual simulations (Y), which was tested against the Y=X 307 



model at the alpha error threshold of 5%. The R² coefficient of determination allowed 308 
us to evaluate how much of the variance was explained by the model. 309 

 310 

Sensitivity analysis to environmental conditions  311 

The sensitivity of the pearl oyster life history traits to environmental conditions 312 
was assessed with three theoretical environmental scenarios taking into account a 313 
wide range of temperatures and food concentrations that occur in tropical atoll lagoons, 314 
especially in French Polynesia. The effect of temperature on P. margaritifera growth 315 
and reproduction was investigated within the range 23 to 34 °C. This range brackets 316 
the French Polynesia typical seasonal variations, ranging from 27 to 30 °C in the 317 
northern Tuamotu Archipelago and 23.5 to 28.5 °C in the Gambier islands (Le Moullac 318 
et al., 2012; Pouvreau et al., 2000), and also includes temperature maxima observed 319 
during El Niño events (Andréfouët et al., 2018). The effects of food availability on P. 320 
margaritifera growth and reproduction were investigated within the range 0.05 to 1 321 
µgChl-a l-1. In French Polynesian atoll lagoon, chl-a concentrations range from 0.1 to 0.7 322 
µgChl-a l-1 with extreme values of 0.05 µgChl-a l-1 in the open ocean and 1.2 µgChl-a l-1 in 323 
Mataiva atoll (Andréfouët et al., 2001; Delesalle and Sournia, 1992). Independently of 324 
the atoll mean annual concentration, important variations of the planktonic ecosystem 325 
may occur at different time-scales and have been mostly related to grazing pressure 326 
(Delesalle et al., 2001; Fournier, 2011; Sakka et al., 1999; Thomas et al., 2010). Basic 327 
spectral analysis (“Fast Fourier transform” function from MATLAB® R2107b) on food 328 
concentrations time series provided by the 4 validation datasets (see above) were 329 
performed, for further representation of food variations. 330 

Thereby, three theoretical scenarios were performed: 331 

1) The influence of temperature and food concentrations were assessed by 332 
comparing oysters’ life history traits in constant environmental conditions ranging 333 
from 0.05 to 1 µgChl-a l-1 for food and 23 to 34°C for temperature. 334 

2) The effect of yearly seasonal temperature variations on life history traits was 335 
investigated using sinusoid functions (period = 365 days) with a total amplitude 336 
ranging from 2 to 8°C and that oscillated around several values ranging from 22 to 337 
35°C. Minimum and maximum temperatures occurred respectively in the middle of 338 
austral winter and summer. Here, the food concentration was fixed, and set at the 339 
average value of 0.2 µgChl-a l-1 based on observations by Charpy et al. (1997) from 340 
16 Tuamotu atoll lagoons.  341 



3) The influence of phytoplankton biomass variations was investigated by considering 342 
oscillations around the reference values of 0.1; 0.2 and 0.3 µgChl-a l-1 at a mean 343 
temperature of 28.5 °C (Charpy et al., 1997; Fournier, 2011; Thomas et al., 2010). 344 
Amplitude variations were set to vary from 0.1 to 1 µgChl-a l-1. Note that the minimum 345 
values were set to 0.01 µgChl-a l-1 to keep realistic the dynamic equilibrium of the 346 
grazer/phytoplankton system. The phytoplankton biomass turnover rate was 347 
investigated by setting the oscillation periods from once a year, to two days. 348 

Simulations were first performed with the values for Xk calibrated in laboratory 349 
on larvae and adults feeding on cultivated micro-algae Isochrysis lutea and 350 
Chaetoceros gracilis (Table 2). This assumption does not represent the real variability 351 
of food quality and/or appetence of the oysters when considering total chl-a 352 
measurements (Alunno-Bruscia et al., 2011). Thus, simulations 1 and 2 were also 353 
performed with the values for Xk adjusted during in situ model validation. 354 

Life history traits of interest were set according to the constraints inherent to 355 
spat collection and pearl production. Namely, these are 1) the reproductive effort within 356 
a year for a 13 cm-shell length individual initialized with an empty reproduction buffer 357 
at day 0, 2) the pelagic larval duration (PLD) that begin at gamete released and end 358 
when the maturity threshold 𝐸= = 𝐸=7  is reached and 3) the time needed to reach 359 
commercial size, established at 9 cm, size at which grafting can be performed (Grand 360 
and Hauti, 1993). 361 
 362 
Results 363 
 364 
Parameterization 365 

Parameters values are summarized in Table 2. The overall fit of the AmP 366 
method resulted in a mean absolute relative error (MRE) of 0.273 and a mean squared 367 
error (SMSE) of 0.294. In general, the calibrated model accurately described the 368 
calibration datasets and reproduced well many observations such as growth, filtering 369 
or respiration rates, and length/weight ratio reported in the field and laboratory 370 
experiments. It also successfully captured the acceleration of growth rate at juvenile 371 
stage. The complete set of table and graphics that compared simulation vs. calibration 372 
data are available at (Nathanael Sangare. 2019. AmP Pinctada margaritifera, version 373 
2019/05/06) : 374 

https://www.bio.vu.nl/thb/deb/deblab/add_my_pet/entries_web/Pinctada_margaritifer375 
a/Pinctada_margaritifera_res.html 376 



During the model parameterization, the scaled functional response was 377 
assumed to be equal to 0.3 and 0.1 for in situ data representing the austral summer 378 
and winter respectively. The functional response for the ad libitum experimental data 379 
sets was set to 0.9 instead of the possible maximum f = 1 because it was rather unclear 380 
how optimal the nutritional value of the cultivated phytoplankton used for the rearing 381 
was for the needs of the animals. 382 

 383 

Model validation 384 

Dataset 1 385 

In the case of larval rearing with cultured algae (Figure 4 A), the value of the 386 
half-saturation coefficient, Xk, corresponded to that calibrated for larvae 387 
experimentally: 0.6 μgChl-a l−1 (Table 2). For in situ rearing, not supplied with cultured 388 
algae (Figure 4 B, C and D), the half-saturation parameter was calibrated at 0.2 μgChl-389 

a l−1 to obtain a better fit between simulations and observations. Despite a slight 390 
underestimation of the growth rate after day 11 for the rearing in mesocosm (Figure 4 391 
C), the simulation fits were highly significant, with R2 equal to 0.995; 0.937; 0.943 0.967 392 
respectively for the simulations A, B, C and D with p-values < 0.0001. 393 
 394 
Dataset 2 395 

Simulations compared with the validation dataset 2 are presented in Figure 5. 396 
Here, the half saturation coefficients were adjusted at 0.7 mg POM l−1 for the age group 397 
1 and 0.5 mg POM l−1 for age group 2 and 3 to obtain better fits. This way R2 were 398 
equal to 0.864 and 0.884 respectively for the age group 1 and 2 with p-values < 0.0001 399 
and simulations for age group 3 gave an R2 equal to 0.373 with a p-value of 0.015. 400 
Pouvreau et al., (2000a) suggested from their study respectively 1, 2 and 4 spawning 401 
events for the age group 1, 2 and 3 represented by blue arrows on the Figure 5. These 402 
conclusions are not confirmed by the new simulations that suggested for each age 403 
group one spawning event per individual during the year of survey (marked by drops 404 
in the thin lines on Figure 5). Individuals spawned continuously during several months 405 
(Figure 5 : braces) from August to January for the age groups 1 and 3 (Figure 5 A & 406 
C) and from mid-September to mid-January for the age group 2 (Figure 5 B). In any 407 
case, 80% or more of the spawning events occurred between mid-September and mid-408 
December. 409 



 410 
Dataset 3 411 

Simulations of shell length and dry flesh mass evolution in Gambier Islands are 412 
compared with the validation dataset 3 in Figure 6. Here, the value of the half-413 
saturation coefficient, Xk, was readjusted at 0.1 μgChl-a l−1 to improve the fits. The 414 
simulations usually remained in the range of the observed values except for the large 415 
underestimation of the flesh dry mass between February and May (Figure 6 A; R2 = 416 
0.561; p-value = 0.0277) and an overestimation of the shell length from June to August 417 
(Figure 6 B; R2 = 0.904; p-value = 0.001). Le Moullac et al., (2012) suggested 3 418 
spawning events (Figure 6 blue arrows) in December, March and June. Here, these 419 
conclusions are not confirmed by the simulations that suggested one spawn per 420 
individual occurring asynchronously throughout the year (sharp decrease in the thin 421 
lines). 422 

 423 
Dataset 4 424 

Environmental conditions from stations 1 & 3 (Figure 1), are shown Figure 7 A 425 
& B respectively. Time-series of gameto-somatic index variations are plotted on Figure 426 
7 C & D. No readjustment of Xk from the value calibrated in laboratory (Xk = 0.2 μgChl-a 427 
l−1) were needed to obtain better fits. A steady decrease of temperature from about 30 428 
to 27 °C was recorded during the period of observation (February to August or the 429 
middle of the austral summer and winter respectively). According to the observations, 430 
food concentration and biological measurements did not show clearly defined seasonal 431 
variations. Peaks of chl-a concentration happened occasionally during the year. 432 
Gametogenesis occurred when food availability allowed it and spawning took place 433 
asynchronously the whole year (Figure 7). No massive spawning event could be 434 
clearly identified during the field survey.  435 

Here, the model did not accurately reproduce GamSI variations, with R2 equals 436 
to 0.057 and 0.125 and p-value equals to 0.1841 and 0.1679 respectively to the Figure 437 
7 C & D. However, the mean value remained relevant within the general range of 438 
fluctuations, and clusters of asynchronous spawns occurred when observed GamSI 439 
decreased (Figure 7 arrows). Note that a slight decrease of GamSI occurred at station 440 
3 between mid-April and mid-May without associated spawning events. According to 441 
the model simulations, this decrease was due to a low food concentration which led 442 
the organisms to pay maintenance costs from the reproduction buffer. Individuals 443 
simulated at the station 1 were able to reproduce once or twice depending on the initial 444 



conditions of their gonads, while individuals from station 3 spawned only once during 445 
the simulation. 446 

The model accurately described shell growth at different ages and contrasted 447 
location within the lagoon of Ahe (Figure 8) with R2 very close to 0.99 and p-value 448 
<0.0001. Since individual shell length values and dynamics were very close to each 449 
other, only the mean values of the observed and simulated data are plotted for the 450 
sake of clarity. 451 

 452 

Sensitivity analysis to environmental conditions  453 

Generally, the model predicted low oysters’ performances at low temperature 454 
and food, and improved physiological performances with rising conditions until the 455 
temperature reached 34.5°C (Figure 9 & Appendix B) after which degrading 456 
performances prevented oysters long term survival. 457 

 458 

Simulation 1: sensitivity to mean environmental values 459 

Simulation 1 assessed the influence of constant food and temperature levels 460 
set at their mean values. Half saturation coefficients were set to 0.2 and 0.6 µgChl-a l-1 461 
for adults and larvae respectively. The temperature from 24 to 30°C and food 462 
availability from 0.1 to 0.9 µg Chl-a l-1 is represented by rectangles on the Figure 9 to 463 
highlight the range of French Polynesian atoll lagoon conditions (Delesalle and 464 
Sournia, 1992). Within these ranges, we predicted a possible theoretic PLD from 10 to 465 
70 days (Figure 9 A), 2 to 14 spawning events a year for a 13 cm shell length oyster 466 
(Figure 9 B) and a commercial size was reached at 12 to 40 months after egg 467 
fertilization (Figure 9 C). 468 

According to the dataset 2, Gambier Islands experienced annually a mean food 469 
of 0.19 µgChl-a l-1, a mean temperature of 25.5 °C and a half saturation coefficient (Xk) 470 
suitable for validation equal to 0.1 µgChl-a l-1. In these conditions a 13 cm shell length 471 
oyster would be able to spawn six times a year and the fertilized eggs would reach a 472 
commercial size after 23 months (not shown). Up north, in Ahe atoll, the dataset 4 473 
framed food and temperature at 0.21 µgChl-a l-1 and 28.5 °C respectively with a Xk equal 474 
to 0.2 µgChl-a l-1. Thus, a 13 cm shell length oyster could reproduce 5 times a year and 475 
fertilized eggs would reach a commercial size after 24 months. 476 



Similarly, for the value of Xk = 0.2 µgChl-a l-1 which was reported in situ for larvae 477 
in Ahe (Dataset 1), PLD would range between10 to 20 days in the northern Tuamotu 478 
archipelago (not shown) when respectively released in austral summer (30°C) and 479 
winter (27 °C). No larvae datasets were available to assess Xk in Gambier Island, thus 480 
under the assumption that the half saturation coefficient does not differ between 481 
locations, the PLD in Gambier would range from 17 to 27 days depending on whether 482 
spawning occurred in the summer (28.5 °C) or winter (23.5 °C). 483 

 484 

Simulation 2: sensitivity to seasonal temperature variations 485 

Simulation 2 informs on how the seasonal temperature variations affect the 486 
growth and reproductive effort of oysters, with simulations performed at constant food 487 
levels (0.2 µgChl-a l-1), but at various mean temperatures and amplitude variations 488 
Figure 10. Seasonal changes occurred at a slow time-scale that did not influence larval 489 
development, which is more sensitive to the relative variations at the time of 490 
development (see Figure 9 A). Seasonal amplitudes affected oysters’ growth and 491 
reproduction differently depending on the average annual temperature. For instance, 492 
for a mean temperature value of 26 °C, no effect of the seasonal variations was 493 
reported on growth or reproduction, but at 29 °C the time to reach commercial size 494 
slowed to 5 months and reproduction effort was divided by 1.5 along the gradient of 495 
temperature amplitude (Figure 10). According to the actual range of temperature 496 
conditions occurring in French Polynesia (Figure 10: rectangles), oysters needed from 497 
23 to 26 months to reach a commercial size (Figure 10 A) and spawners of 13 cm shell 498 
length could reproduce 4 to 5 times a year (Figure 10 B).  499 

A mean fluctuation of 2 to 3 °C occur in the northern Tuamotu Archipelago 500 
where the mean annual temperature comes close to 28.5 °C; whereas a mean 501 
variation of 5 to 6 °C for an average annual temperature of 25.5 °C is recorded in the 502 
Gambier Islands. Then, using Xk values suitable (see above) for Ahe atoll and Gambier 503 
islands, it appeared that oysters needed 23 months to reach a commercial size, while 504 
spawners can reproduce 5 times a year in any case.  505 

Seasonal fluctuations of temperatures introduced seasonality of reproductive 506 
outputs. For a mean annual temperature of 28 °C and seasonal amplitude greater than 507 
4 °C, three of the five spawning events reported by the simulations occurred when 508 
temperature is above 28 °C. On the other hand, reproduction occurred at more regular 509 



intervals over the year when the temperature difference between austral summer and 510 
winter is below 4 °C. 511 

 512 
Simulation 3: sensitivity to phytoplankton biomass stability 513 
 514 

The preliminary spectral analysis of the environmental conditions of the 515 
validation datasets (datasets 1; 2; 3 and 4) did not reveal any periodic signal in food 516 
variations (not shown). The absence of a regular time interval between food-rich and 517 
starvation periods suggested that fluctuation can be approximated by random variation 518 
in the field.  519 

Here, only results for oscillations that ranged from 0.1 to 1 µgChl-a l-1 around the 520 

reference value of 0.2 µgChl-a l-1 are represented. Changing the reference food 521 
concentration had qualitatively no impact on the general pattern of the life history traits. 522 
Indeed, the shape of the isoclines would just be redrawn around the horizontal line 523 

defined by the chosen reference value (Figure 11, dotted lines = reference value of 0.2 524 

µgChl-a l-1). 525 

The amplitude of food variations was related to the total amount of food 526 
available for oysters and a food variation lower than the reference value reflected 527 
stable food conditions over time (below 0.2 µgChl-a l-1: Figure 11 dotted lines). Below 528 
this reference, oysters’ energy management induced small growth variations (Figure 529 
11 A) and reproductive efforts (Figure 11 B). Within these limits the time required to 530 
reach commercial size varied from 23 to 26 months and the yearly number of spawns 531 
varied from 3 to 5 events. Conversely, if the cycle amplitude was greater than the 532 
reference value for food, variations of life history traits became mainly driven by the 533 
oscillation period. 534 

Oscillation period was related to alternating plentiful and starvation phases. At 535 
high cycle amplitudes (above 0.2 µgChl-a l-1: Figure 11 dotted lines) when this oscillation 536 
period decreases (i.e. from yearly to 2 days), the duration of extreme condition periods 537 
(ad libitum or starvation) decreases. Thus, an increase in the duration of these extreme 538 
conditions results in a decrease in the time required to reach commercial size (29 to 539 
24 months; Figure 11A) and, at the same time, a decrease in reproductive effort (4 to 540 
0 spawning events; Figure 11B.  541 

 542 
For the above food scenarios, the total amount of food available on a given 543 

period of time is mostly driven by the duration of the oscillations rather than the 544 



amplitude of the oscillations. Consequently, for a given amplitude, the differences 545 
between life history traits is driven by recovery after starvation. This had a major impact 546 
on reproduction. For instance, for an amplitude cycle of 0.6 µgChl-a l-1 no reproduction 547 
is allowed for oscillation periods between 1.5 to 3 months (Figure 11 B). Conversely, 548 
energy distribution lead oysters to slow growth at high oscillation period and vice versa 549 
(Figure 11 A). 550 

No differences were reported on the PLD for amplitude of variations under 0.2 551 
µg Chl-a l-1 and/or turnover rates faster than one month with a time of 20 days required 552 
to reach settlement (not shown). Otherwise, PLD ranged from 20 to 70 days if the cycle 553 
of food variation started with a decrease and ranked from 10 to 20 in case of an 554 
increase. 555 

Discussion 556 
 557 
Critical examination of the new DEB model calibration 558 

 559 
The new DEB calibration for P. margaritifera leads to one single model with 560 

primary parameters applicable all along the life cycle. Compared to previous DEB 561 
models applied to P. margaritifera that described separately larvae and adult phases 562 
(Fournier, 2011; Thomas et al., 2011), the new full life cycle calibration brings together 563 
a wide range of datasets ranging from simple age at birth to respiration curve at 564 
different food level and temperature. By considering all life stages in a single model, 565 
this new DEB model for P. margaritifera is more suitable for future ecotoxicological, 566 
physiological or biophysical ecology investigation. This is also a first step towards 567 
integrated population and ecosystem dynamic models. 568 

Compared to the larval and adult phase DEB models (Fournier, 2011; Thomas 569 
et al., 2011), we obtained different parameter values for the metabolic rates at the 570 
reference temperature of 20°C. For instance; the general specific cost of maintenance 571 
[ṗB]	that was previously calibrated at 24 and 54 J cm-3 d-1 for the larvae and adults 572 
respectively dropped to a common value of 5.4 J cm-3 d-1 in this study. This compound 573 
parameter is directly related to the allocation fraction to soma (k) and the maximum 574 
surface-specific assimilation rate ({pAm}), thus the new calibration induces an increase 575 
of k from 0.45 and 0.53 respectively for larvae and adult to 0.75, and a decrease of 576 
{pAm} from 13 and 795 respectively for larvae and adult to 3.06 J cm-2 d-1. The newly 577 
calibrated value of k and {pAm} remain consistent with the general patterns identified 578 



for bivalves (Kooijman, 2013) e.g., Tridacna gigas, a tropical bivalve had a k of 0.83 579 
and a {pAm} of 5.11 J cm-2 d-1 at the reference temperature of 20°C. 580 

Moving from two separated models to one single model did not affect thus far 581 
the description of the different life stages. Growth curves were well captured with R2 > 582 
0.9. Previous (Fournier, 2011) and new DEB models respected the general patterns 583 
of observed mean flesh mass and reproductive effort. Model construction prioritized 584 
maintenance before growth and reproduction, and no maintenance cost could be paid 585 
from structure. Therefore in poor conditions, shell growth (that is a proxy for structural 586 
growth) stopped while flesh mass or reproduction buffer decreased, which is in 587 
agreement with observed patterns (Chávez-Villalba et al., 2013; Linard et al., 2011). 588 
In the model, the differences between compartment (reserve, structure and 589 
reproduction buffer) dynamics implied that the various life history traits were not 590 
reproduced with the same accuracy along the entire life cycle. For instance, shell 591 
growths were the best fitted measurements at any life stage and for any type of 592 
environments (Figure 4; Figure 8). Conversely, flesh dry masses accuracy was more 593 
variable across time, with achieved R2 depending on the age class ranging from 0.56 594 
to 0.91 (Figure 5; Figure 6 A). This is consistent with the idea that weight fluctuates 595 
within individual of the same length and that inter-individual variability increases with 596 
age (Pace et al., 2006). 597 

Regarding gameto-somatic index (GamSI) evolution, the model was less 598 
accurate (Figure 7 C & D), with low R2 and substantial dissimilarity between observed 599 
and simulated patterns. The discrepancies translate some difficulties for the model to 600 
accurately capture gametogenesis variations and spawning events in a variable 601 
environment. Part of the variance might be due to the sampling mode, which is lethal. 602 
Hence, the measured cohorts were different at each time-step, while simulations 603 
referred to a single cohort only. Thus, the initial conditions of each sampling point could 604 
differ. In addition, the sensitivity to this initial condition was likely more acute, 605 
considering the chosen reproduction “opportunistic strategy” (Le Moullac et al., 2012; 606 
Pouvreau et al., 2000c). This modelling strategy does not consider endogenous or 607 
exogenous factors assumed to favor the synchronicity of spawning (Southgate and 608 
Lucas, 2011) and it is thus difficult to reproduce accurately the sudden decrease of 609 
GamSI as observed in the field. A non-lethal sampling mode such as the high-610 
frequency non-invasive (HFNI) valvometry that can record spawning event from the 611 
valves activity (Bernard et al., 2016) might improve model outputs and general 612 
understanding of spawning determinism. 613 

Conservative versus lethal sampling and simulation strategies cannot explain 614 
alone the general underestimation of flesh dry mass that was modeled in Gambier for 615 



several months, e.g. from February to May (Figure 6 A). A more likely explanation 616 
could be a lack of accuracy regarding the description of the amount of energy available 617 
in the field by using total chlorophyll-a as proxy for food. This last hypothesis is 618 
reinforced by the need to keep the half saturation coefficient (Xk) as a free-fitting 619 
parameter. As Alunno-Bruscia et al. (2011) has previously described for C. gigas, Xk 620 
integrates all variations related to the trophic environment. This includes food sources, 621 
variations of food nutritive quality, different selection of the filtered particles and 622 
variability in assimilation efficiency according to the particles actually ingested. As 623 
such, the presence of a food source that is poorly or not captured by the chlorophyll-a 624 
might explain the disagreement between observations and simulations of weight 625 
(Picoche et al., 2014). It is known for other bivalves (Sauriau and Kang, 2000) that 626 
filtration, selection, and ingestion capacities depend on life stage or on prey sizes. 627 
Overall, high values correspond to poor trophic quality or low appetence for the 628 
available food. From there, the model suggests that cultivated micro-algae are less 629 
appropriate to feed pearl oysters than in situ species (Validation dataset 1) and in situ 630 
phytoplankton is more palatable for growing oysters (Validation dataset 2). These 631 
results remain consistent with the fact that P. margaritifera also feed in situ on 632 
achlorophyllous organisms. Following the work of Fournier (2011) and Picoche et al. 633 
(2014), further work on pearl oyster trophic regime, planktonic communities and their 634 
nutritional value would be warranted, jointly with weight measurement. 635 

 636 

Sensitivity analysis to environmental conditions  637 

The constant behavior of temperature and food availability conditions in 638 
simulation 1 did not correspond to a real environment. However, as mean annual 639 
temperature is function of the latitude and mean chl-a concentration function of the 640 
lagoon water residence time (Andréfouët et al., 2001; Delesalle and Sournia, 1992) 641 
fixing in such a way the mean annual values created a partition between lagoons with 642 
different potentials and modes for oyster production. Lagoons from the northern 643 
Tuamotu Archipelago experience higher mean annual temperature than those 644 
experienced by the Gambier Islands and first appear to be more suitable for oysters’ 645 
growth (Figure 9). However due to different food qualities (suggested by different 646 
values of Xk and based on the standard mean annual value of 0.2 µgChl-a l-1), the 647 
performances are better in Gambier than northern Tuamotu. Thus far, PLD data are 648 
unavailable for Gambier. This prevents the appropriate adjustment of Xk and the 649 
assessment of model predictions. But for growth until commercial sizes are reached, 650 



the simulations agreed with Pouvreau and Prasil (2001) observations, with 24 and 25 651 
months respectively in the Gambier and northern Tuamotu to reach 10 cm. These 652 
results highlight the need to take into account food quality jointly with temperature to 653 
explain past pearl farming performances, and in anticipation of environmental changes 654 
for planning future farming. 655 

High seasonal temperature fluctuation had for general impact to decrease 656 
growth and reproductive effort, modulo the mean annual value (Figure 10). From 657 
simulation 2, performances decreased jointly with rising seasonal variations but this 658 
sensitivity to seasonal fluctuation declined when the mean temperature dropped. In 659 
French Polynesia, small seasonal variations are associated with high mean annual 660 
temperatures and vice versa. According to energetic dynamics, increasing 661 
temperatures accelerate energetic flux until an optimum, thus high temperature 662 
variations introduce a seasonality in reproduction with increased spawning during the 663 
warm season. The role of seasonal temperature variations and phytoplankton blooms 664 
on bivalve reproduction and synchronicity has been demonstrated for species in 665 
temperate environments (e.g. Philippart et al., 2012; Ruiz et al., 1992). To assess the 666 
influence of the environment on the P. margaritifera reproduction “opportunistic 667 
strategy” described by Fournier et al., (2012), it could be useful to sample GamSI along 668 
a gradient of atolls that experiment various temperature seasonal differences. This 669 
way, it would be also easier to further assess the influence of various endogenous or 670 
exogenous factors in spawning synchronicity. 671 
 672 

Simulation 3 suggested contrasted responses of the black-lipped pearl oyster 673 
to phytoplankton biomass fluctuations. Energetic dynamics implies that oysters 674 
accessing similar amount of food (cumulative) but with different variations of 675 
concentrations across time will react differently. In particular, the duration of extreme 676 
condition periods implies different recovery needs after starvation and the 677 
consequences are expressed in the life history traits. For instance, gametogenesis 678 
duration has to be taken into consideration to explain the patchy results in simulation 679 
3. Above the reference food concentration, the proximity between gametogenesis 680 
completion time and oscillation period prevented the reproduction buffer from filling up 681 
completely during the plenty period. The oyster became unable to reproduce, while in 682 
the same time the cumulative amount of food available in the environment is supposed 683 
to allow 5 spawns within a year (Figure 9 B). In agreement with Fournier et al. (2012) 684 
and Pouvreau et al. (2000c) who linked food concentration with reproductive effort and 685 



synchronicity, simulation 3 confirms that food availability is the main driver of 686 
reproduction. 687 

 688 
The results from the three theoretical scenarios highlight the importance of 689 

environmental variations rather than mean annual conditions to model and infer 690 
physiological traits. Food and temperature variations have significant impact on energy 691 
dynamics since temperature drives the speed of exchanges between compartments 692 
and food controls the amount of energy in circulation. Simulating a constant 693 
environment cannot reproduce the low physiological performances induced by 694 
environmental fluctuations, such as the compensation during starvation periods by 695 
reserves or the differences of energetic flux kinetics following temperature variation. 696 
Practically, the absence of a regular, predictable, time interval between plenty and 697 
starvation periods, makes difficult to infer the best possible locations for pearl farming. 698 

The range of conditions represented by the various simulations had no impact on 699 
larval development. This is due to the time scale which are significantly different 700 
between pelagic larval duration and environmental changes in our simulations. At 701 
small time scale, PLD ranging from 10 to 70 days (the maximal theoretical values from 702 
our simulations) are simulated depending on the season and/or the trajectory (up or 703 
down) taken by the food availability variation (simulations 1 & 3). The 70-day extreme 704 
PLD has never been observed and will probably seldom occur in realistic environment 705 
with all mortality causes present (disease, predation…). Significant variations of 706 
temperature and food concentration are reported at short space and time intervals 707 
within a given lagoon (Thomas et al., 2010). Thus, mortality rate, environmental 708 
heterogeneity and larval behavior partly explain the 15 to 35 days PLD reported in the 709 
literature (Sangare et al., 2019; Thomas et al., 2014). Here, the results indirectly 710 
confirm that a spatial environmental heterogeneity plays a significant role in 711 
recruitment, by influencing growth rate, and indirectly mortality and dispersion time. 712 
High frequency monitoring of the environment in space and time emerge as a critical 713 
bottleneck for realistic modeling of larvae development and dispersal. 714 

 715 

Perspectives 716 

According to this study, most of the existing data on in situ growth and 717 
reproduction for P. margaritifera agree with the results of the DEB model when 718 
considering adequate food and temperature variations. Thus, adequately considering 719 



future environmental conditions may provide insights in the future trends of P. 720 
margaritifera life history traits expression. In the next few decades, changes in ocean 721 
currents and temperature are projected to alter the surface and productivity of 722 
ecological areas near the South Pacific subtropical gyre leading to reduced 723 
phytoplankton biomass and average size in the ocean, which may also impact lagoons 724 
(Bell et al., 2013). Adult P. margaritifera feed preferentially on planktonic organism 725 
larger than 2 µm (Fournier et al., 2012a; Loret et al., 2000) and according to our model 726 
simulations, such changes could affect pearl oyster reproduction and growth, and 727 
eventually pearl farming yields. It would be interesting in the future to monitor the 728 
environmental changes and track the trajectories followed by each lagoon ecosystem 729 
within our simulation space, and infer possible problems. Obviously, simulations 730 
remain coarse simplification of the real environment, and various other factors might 731 
temperate the results. This could include fast environmental variations as well as 732 
physiological or genetical adaptations. Few studies have looked at the role of genetics 733 
in shaping pearl oyster life traits and thus on the potential of adaptation to changing 734 
conditions. Joubert et al. (2014) investigated the environmental control underlying the 735 
molecular mechanisms of shell growth, and Ky and Le Moullac (2017) highlighted the 736 
non negligible part of genetics on growth variability. We suggest that further work on 737 
these aspects is warranted. 738 

At the intra-lagoon scale, phytoplankton abundance is highly dependent on 739 
water exchange from the ocean through the atoll rim but the influence of pearl farming 740 
activity itself on plankton concentration should not be overlooked. Lefebvre et al. 741 
(2012),  Pagano et al. (2017) and Hulot et al. (2018) suggested significant depletion of 742 
planktonic organism concentration in aquaculture areas, which can be induced by tidal 743 
flushing and by the grazing pressure of the filter-feeder communities. Long periods of 744 
low phytoplankton biomass followed by intense sporadic blooms have been reported 745 
in French Polynesian atolls lagoons (Sakka et al., 1999) but, lack of high frequency 746 
data on phytoplankton communities and biomass makes difficult to accurately 747 
characterize the magnitudes and periods of these events, and the role of pearl farming 748 
itself on these mechanisms. 749 

Finally, to scale-up the limit of the black-lipped pearl oyster response to the 750 
environment conditions, a suggested approach would be i) the integration of the DEB 751 
model into an individual-based model for the population level (Bacher and Gangnery, 752 
2006; Thomas et al., 2016b, Sangare et al. in prep.) ii) coupling this population model 753 
with a biogeochemical and an environmental model able to provide food, temperature 754 
and the conditions of larval transport. Such design would expand the work of Thomas 755 
et al. (2016a) on P. margaritifera who characterized larval growth and dispersal in a 756 



dynamic environment by coupling the DEB model for larvae with a hydrodynamic 757 
model. 758 

 759 

Conclusion 760 

By its ability to accurately describe a wide range of P. margaritifera physiological 761 
traits in contrasted environment, the calibrated full life cycle DEB model provides new 762 
opportunities to address questions spanning from physiological limits and adaptations 763 
to pearl farming sustainability. From the tested environmental scenarios, the 764 
simulations shed light on the influence of variations of temperature, food availability 765 
and quality on P. margaritifera life history traits expression. From both the 766 
environmental and physiological point of view, more observations are required for a 767 
better assessment of reproduction potential. Adequately considering future 768 
environmental conditions and testing them within this new calibrated DEB model may 769 
provide a powerful tool contributing to the sustainable management of marine 770 
resources and their associated ecological issues. 771 
 772 
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Table 1 Datasets used for model validation. 783 
Dataset Site Observation Life stage Survey period Environment Reference 

1 

A 

Ahe Shell length Larvae 
End of Austral 

summer 
(April-May) 

Larval rearing of 20 days in an open circuit with a 
diet of cultured algae Isochrisis affinis galbana and 

Chaetoceros sp. jonquieri in a 1:1 cell ratio 

(Thomas et al., 
2011) 

B 
Larval rearing of 15 days conducted in the Ahe 

lagoon, with an open circuit rearing system supplied 
with lagoon water pre-filtered at 40 μm 

C 
Larval rearing of 15 days conducted in the lagoon, 
performed in microcosm (net mesh 40 μm, volume 

250 l) in the water of the Ahe lagoon 

D Cohort of ‘wild’ larvae collected in water samples 
taken every two days in the Ahe lagoon 

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 

Ahe 

Reproductive 
effort Adults 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) 

B Shell length 
Adults (2 

cohorts of 1.5 & 
3.5 years old) 
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Table 2 Symbols and parameters values at the reference temperature Tref = 293.15 °K. 786 
Values annotated by a letter have been calibrated directly using literature data, other 787 
values were calibrated according to the AmP procedure (Marques et al., 2018). 788 

 789 
Symbol Value Units Description 

Primary DEB parameters 

{ṗ^_} 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 
𝑣̇ 0.0002 - 0.01 cm d-1 Energy conductance before (left) and after (right) 

acceleration 
[ṗB] 5.39 J d -1 cm-3 Volume-spec. somatic maintenance 

𝑘ḃ 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 
𝛿B 0.27 - Shape coefficient 

𝛿B	CDE5 0.59 - Shape coefficient before metamorphosis 
𝑑G 0.09 g.cm-3 Specific dry density of structure 
𝑤O 23.9 g.mol-1 Specific dry weight of reserve 
𝜇O 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 
laboratory 

XK larv 0.6 e µgChl-a l-1 Half-saturation coefficient for larvae fed ad libitum in 
laboratory 

GamSIThreshold 0.29 c - 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 
(Sangare et al., 2019); f personal unpublished data 
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 793 

Figure 1 Location of Ahe atoll and location of experimental sampling stations in the 794 

lagoon. 795 
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 797 

 798 

Figure 2 Schematic representation of a dynamic energy budget of black-lipped pearl 799 

oyster. Energy fluxes (solid arrows) and state variables (orange boxes) are defined in 800 

Appendix A. Overheads are represented by dotted arrows. 801 
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 803 

 804 

Figure 3 Definition of the different life stages in the DEB model. Between conception 805 

(EH = 0) and birth (EH = EHb) there is no external assimilation. Assimilation is switched 806 

on after birth. After birth at maturity level EH = EHs the organism metamorphosis and 807 

starts metabolic acceleration which ends at juvenile stage (EH = EHj). After puberty (EH 808 

= EHp), i.e. the adult stage, allocation towards maturation stops and allocation towards 809 

reproduction starts (modified from Augustine et al., 2014). 810 
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 812 

 813 

Figure 4 Comparison of observed (points ± standard deviation) and simulated (line) 814 

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

algae as a food supply (Xk= 0.60 μgChl-a l−1), (B) rearing in an open circuit with water 816 

from the Ahe lagoon (Xk= 0.20 μgChl-a l−1), (C) rearing in a microcosm in the Ahe lagoon 817 

(Xk= 0.20 μgChl-a l−1), (D) cohort identified in situ, in the Ahe lagoon (Xk= 0.20 μgChl-a 818 

l−1). 819 
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 821 

 822 

Figure 5 Growth in dry weight for age group 1 (A), 2 (B) and 3 (C) of pearl oysters 823 

(observed mean ± standard deviation = symbols; individual simulations = thin lines) in 824 

Takapoto atoll lagoon during 365 days. The bold lines represent the mean value of the 825 

individual simulations (n = 30), the braces refers to the simulation based spawning 826 

periods and arrows refer to spawning events identified by Pouvreau et al., 2000a. 827 
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 829 

 830 
Figure 6 Evolution of flesh dry mass (A) and shell length (B) in Gambier Islands. Points and bars represent 831 
the observed mean ± standard deviation; thin lines refer to individual simulations and the bold lines 832 
represent the mean value of the individual simulations. Arrows refer to spawning events recorded by Le 833 
Moullac et al., 2012. 834 
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 836 

 837 

Figure 7 Variation of temperature (dashed line) and chlorophyll-a concentration from Fourier series (solid 838 
line) computed from in situ measurements (points) at the station 1 (A) and 3 (B). Comparison of observed 839 
mean GamSI ± standard deviation (points) and individual simulations (thin lines) at the sampling stations 1 840 
(C) and 3 (D); bold solid lines represent the mean value of the individual simulations. Individual spawning 841 
events correspond to drops in the thin lines and arrows refer to potential spawning events. 842 

  843 



 844 

 845 
Figure 8 Shell length evolution of the mean observed values at sampling station 1 (diamonds) and 3 (circles) 846 
and simulations at sampling station 1 (solid lines) and 3 (dotted lines) for two classes of sizes in the lagoon of 847 
Ahe in 2017. 848 
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 850 

 851 

Figure 9 Theoretical simulations illustrating the influence of temperature an food concentration (assumed to 852 
be constant over time) on life-history traits: (A) pelagic larval duration (Xk = 0.6 µgChl-a l-1), (B) yearly 853 
reproductive effort (number of spawning events) for a 13 cm shell length individual (Xk = 0.2 µgChl-a l-1) and 854 
(C) time required to reach commercial size for a young collected spat (Xk = 0.2 µgChl-a l-1). Rectangles 855 
encapsulate the environmental conditions observed in French Polynesian atoll lagoons. 856 
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 858 

 859 

Figure 10 Influence of yearly temperature amplitude and yearly mean temperature on (A) the time required 860 
to reach commercial size for a young collected spat (B) reproductive effort (number of spawns) of a 13 cm 861 
shell length individual within a year. Simulation with constant food of 0.2 µgChl-a l-1 and Xk = µgChl-a l-1. 862 
Rectangles encapsulate the environmental conditions observed in French Polynesian atoll lagoons.  863 
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 865 

 866 

Figure 11 Influence of stability of phytoplankton biomass represented by the chl-a cycle amplitude (y-axis) 867 
and the oscillation period of chl-a cycles (x-axis) on (A) time required to reach commercial size for a young 868 
collected spat and (B) reproductive effort (number of spawns) of a 13 cm shell length individual within a year. 869 
Dotted lines refer to the reference value around which food variations (i.e. cycle amplitudes from 0.1 to 1 870 
µgChl-a l-1) oscillate. 871 
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Appendix A 873 
 874 

Equations of the metabolic fluxes 875 

DEB theory pictures an organism into mass and energy symbolized by four state 876 
variables: reserves (E, J), structural volume (V, cm3), maturity (EH, J) and reproduction 877 
buffer (ER, J). The conceptual scheme of the model is described in Figure 2. Energy 878 
enters the organism as food (X) thanks to a Holling type II functional response and is 879 
assimilated at a rate of (ṗA, J day-1) into reserves. The mobilization rate (ṗC, J day-1) 880 
controls the energy outflow from the reserve to cover somatic (ṗM, J day-1) and maturity 881 
(ṗJ, J day-1) maintenance, structural growth (ṗG, J day-1) and maturation then 882 
reproduction (ṗR, J day-1) before and after puberty respectively. Assimilation is a 883 
function of food availability, following functional response when mobilization is 884 
determined by the energy stored into the reserve compartment. κ is the proportion of 885 
the energy mobilized from the reserve compartment to the structural maintenance and 886 
growth ṗM and ṗG, while the rest (1 - κ) is used for maturity maintenance and 887 
reproduction buffer filling, ṗJ and ṗR. Physiological rates, such as ingestion and 888 
maintenance, depend on environmental temperature. This relation is described by an 889 
Arrhenius-type equation within a species-specific tolerance range between upper and 890 
lower temperature boundaries (Kooijman, 2010). 891 

 892 
Table S1 Dynamic energy budget model equations 893 

Fluxes (J d-1) 

Feeding rate ṗ𝐗 = {ṗ𝐗𝐦} ∙ 𝒇 ∙ 𝐕
𝟐
𝟑i  

Assimilation rate ṗ𝐀 = ṗ𝐗 ∙ 𝜿𝒙 ∙ 𝐬𝐌 

Utilization rate ṗ𝐂 = 𝐄 ∙ q
[𝐄𝐆] ∙ 𝐯 ∙̇ 	𝐕

𝟐
𝟑i ∙ 𝐬𝐌 + ṗ𝐌

𝛋 ∙ 𝐄 + [𝐄𝐆] ∙ 𝐕
u 

Somatic maintenance rate ṗ𝐌 = [ṗ𝐌] ∙ 𝑽 

Maturity maintenance rate ṗ𝐉 = 𝐤𝐉 ∙ 𝐄𝐇 

Growth rate ṗ𝐆 = 𝛋 ∙ ṗ𝐂 − ṗ𝐌 

Reproduction / maturity rate ṗ𝐑 = (𝟏 − 	𝛋) ∙ ṗ𝐂 − ṗ𝐣 

Correction factors 



Acceleration factor with: 

L = V1/3 ; Ls : length at settlement 

and Lj length at juvenile stage 

𝐬𝐌 =

⎩
⎪
⎨

⎪
⎧ 𝟏				,																					𝐄𝐇 < 𝐄𝐇𝐬
𝐋
𝐋𝐬i ,									𝐄𝐇𝐬 ≤ 𝐄𝐇 < 𝐄𝐇𝐣

𝐋𝐣
𝐋𝐬
� ,																						𝐄𝐇𝐣 ≤ 𝐄𝐇

 

Temperature correction factor 
𝑪𝑻 = 𝒆𝒙𝒑 �

𝑻𝑨
𝑻𝒓𝒆𝒇

−
𝑻𝑨
𝑻
� ∙ �𝟏 + 𝒆𝒙𝒑�

𝑻𝑨𝑳
𝑻𝒓𝒆𝒇

−
𝑻𝑨𝑳
𝑻𝑳
� + 𝒆𝒙𝒑 �

𝑻𝑨𝑯
𝑻𝑯

−
𝑻𝑨𝑯
𝑻𝒓𝒆𝒇

��

∙ �𝟏 + 𝒆𝒙𝒑 �
𝑻𝑨𝑳
𝑻 −

𝑻𝑨𝑳
𝑻𝑳
� + 𝒆𝒙𝒑 �

𝑻𝑨𝑯
𝑻𝑯

−
𝑻𝑨𝑯
𝑻
��
�𝟏

 

Differential equations 

Reserve dynamic 
𝒅
𝒅𝒕𝑬 = ṗ𝐀 − ṗ𝐂 

Structural body volume dynamic 
𝒅
𝒅𝒕𝑽 =

ṗ𝐆
[𝐄𝐆]

 

Dynamics for energy allocated to 

maturation, when 𝑬𝑯 < 𝑬𝑯
𝒑  

𝒅
𝒅𝒕𝑬𝑯 =

(𝟏 − 𝜿) ∙ 𝒑̇𝑪 − 𝒑̇𝑱	 

With 𝒅
𝒅𝒕
𝑬𝑹 = 𝟎 

Dynamics for energy allocated to 

reproduction, when 𝑬𝑯 ≥ 𝑬𝑯
𝒑  

𝒅
𝒅𝒕𝑬𝑹 = (𝟏 − 𝜿) ∙ 𝒑̇𝑪 − 𝒑̇𝑱 

With 𝒅
𝒅𝒕
𝑬𝑯 = 𝟎 
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 895 
Appendix B 896 
 897 

 898 
Figure S1 Effect of temperature on physiological rates. The temperature correction factor (see Appendix A 899 
Table S1 for formulation and Table 2 for parameter values) is applied on energy fluxes according to the body 900 
temperature. 901 
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