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ABSTRACT

Mass-mortality events of marine species can disturb the structure of communities. While identifying
the causes of mass-mortality events is crucial for implementing recovery strategies, monitoring is
challenging in remote locations. Black-lip pearl oysters (Pinctada margaritifera) are farmed for
producing black pearls within remote atolls of French Polynesia. Previous mass-mortality events have
resulted in the collapse of oysters and other species; however, the causes and conditions that favour
recovery are unclear. We investigated the potential for oyster population recovery 5 years after a
mortality event at Takaroa Atoll (Tuamotu Archipelago). Temperature, total chlorophyll-a (food),
growth and reproduction were monitored, and growth was simulated using a Dynamic Energy Budget
model. Despite favourable conditions, reduced growth and reproduction signalled an energetic deficit.
The model overpredicted growth, and supported the hypotheses that individuals are unable to profit
from the phytoplankton available and maintenance costs are high in Takaroa, ultimately explaining

their poor physiological condition.
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https://creativecommons.org/licenses/by-nc/4.0/
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1. Introduction

Mass-mortality events of marine organisms have been increasingly documented across the world, due
to an intensification of both natural and anthropogenic-related stressors (Andréfouét et al., 2015;
Jackson, 2008; Sara et al., 2021; Seuront et al., 2019). Should the affected species be important
ecological players and/or if they hold commercial or cultural value, the collapse of local populations
can have long-lasting negative consequences (Keenan et al., 2008). For resource managers and
producers, the strategies to manage the risk and impact of mass-mortality events include preventive
measures (e.g., considering the natural productivity of potential rearing sites), mitigative measures
(e.g., methods to reduce parasite load), and post-event measures (e.g., facilitating the recovery via

translocation campaigns) (McAfee et al., 2020; Nel et al., 1996; Nielsen and Petersen, 2019).

The population collapse of many important bivalve species due to overexploitation (e.g., rock
oysters globally; Beck et al., 2011) has recently led to major restoration efforts aiming to reattain
baseline population densities (McAfee et al., 2020). The success of these post-event measures
invariably depends on whether the new environmental conditions satisfy the requirements of the target
species. An alternative scenario emerges when the cause of the mass mortality is unknown, for
example, following microbial infections (Lallias et al., 2008; Samain and McCombie, 2008). In such
cases, because the culprit might effectively linger undetected in the system long after the event, the
success of restoration campaigns is often uncertain (McAfee et al., 2020). While a comprehensive
characterization of the bio-physical habitat can help gauge the suitability of the new habitat, the
practical constraints of examining every relevant variable, and the challenge of establishing cause-
effect relationships calls for complementary approaches. Individual-level indicators of physiological
condition, including both direct empirical observations and indirect model estimates of growth and
reproduction, can help assess the potential for recovery of populations after mass-mortality events

(Sawusdee et al., 2015).
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The black-lip pearl oyster (Pinctada margaritifera Linnaeus 1758), which occurs naturally
across the tropical Indian and Pacific Oceans, supports the pearl-culture industry of French Polynesia
(Andréfouét et al., 2012). Farmers rely on the collection of wild oyster spats to produce pearls, but
because the activities are concentrated on a few atolls, most of which are located in the northern
Tuamotu Archipelago, the production of pearls is highly susceptible to environmental stochasticity of
natural and anthropogenic origin (Andréfouét et al., 2012). Since the onset of commercial pearl
farming in French Polynesia in the 1970s, two major mass-mortality events of P. margaritifera
populations have been documented in pearl-farming atolls: at Takapoto in 1985 and Takaroa in 2014,
with profound knock-on effects on the livelihoods of producers and their families (Cabral, 1989;
Rodier et al., 2019). At Hikueru Atoll, where no pearl farming occurs, a wholesale community-level
mortality event was documented in 1994 (Adjeroud et al., 2001). Hypotheses to explain these events
include the detrimental effects of microalgae blooms and microbial infections (Cabral, 1989; Harris
and Fichez, 1995, Intes 1995) often associated with periods of reduced wind intensity and water
exchange between the lagoon and the open ocean (Andréfouét et al., 2015), but conclusive evidence is
unavailable. The historical recovery of a healthy stock of P. margaritifera at Takapoto within a period
of five years (G Haumani [agent of the Direction des ressources marines], personal communication)

suggests that the population might also recover functionally at Takaroa.

Before the 2014 collapse, the wild population at Takaroa was among the largest producers of
P. margaritifera spats and black pearls (Andréfouét et al., 2012). Although some pearl-farming
activity has been maintained after the mass-mortality event by translocating animals collected from
neighbouring atolls, the productivity has remained negligible compared to previous years. There is a
pressing need to determine the true potential for recovery of the wild stocks of the Takaroa Atoll.
While no man-made strategies for population recovery have been implemented 5 years after the
population collapse, the introduction of mature individuals for pearl farming might effectively operate
as such, despite a male-biased sex ratio due to the species’ protandric life cycle (Andréfouét et al.

2016; Thomas et al. 2016).
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As a first approach for determining the potential for recovery of the Takaroa population of P.
margaritifera, we investigated the suitability of environmental conditions 5 years post mass-mortality
event, while explicitly considering the species’ physiological requirements. Our analysis and data
included (1) in situ time series of seawater temperature and chlorophyll-a (Chl-a, proxy for food
availability), (2) measurements of individual growth and reproduction, and (3) energy budget
modelling based on the Dynamic Energy Budget (DEB) theory (Kooijman, 2010; Sangare et al. 2020;
Sousa et al., 2010). The empirical data (i.e., environmental and life-history traits) allowed direct
comparison of our observations against previous growth and reproduction data from neighbouring
atolls, while DEB modelling provided an indirect tool to examine physiological mechanisms
underlying the observed growth response. Assuming that the culprit of the mass-mortality event had
receded after 5 years, we expected that suitable environmental conditions would have yielded values

of growth and reproduction comparable to previous records from neighbouring atolls.

2. Materials and methods
2.1. Sampling location and environmental conditions

The Takaroa Atoll is part of the north-western Tuamotu Archipelago (French Polynesia). Our study
was done at the SCA QLES pearl-farm’s concession, which is centrally located along the northeast-
southwest axis of the atoll, and skewed towards the wind-protected eastern boundary (14°27°34.4” S,
144°57°34.3” W). Takaroa is a semi-enclosed atoll with an area of 85 km?, and average and maximum

depths of 26 and 47.5 m, respectively (Andréfouét et al., 2020) (Fig. 1).

Between January 30" and November 6" 2019, seawater temperature and total Chl-a were
recorded using a multiparameter sensor (NKE Smatch™) deployed at 5 m depth on a pearl-farm line.
Temperature and Chl-a data were averaged daily for the analyses. Because measurements of Chl-a
were subject to photoinhibition due to daylight (Charpy et al., 2012; Thomas et al., 2010), we only

used nocturnal measurements taken between 18:00 and 06:00. We excluded the Chl-a data between
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17 and 26 April because the probe was covered with fouling agents. Linear interpolation was used to

fill this gap in data.

2.2. Empirical observations of growth and reproduction

We quantified the growth and reproductive potential of pearl oysters reared by a farmer in Takaroa
during 2019. Animals had been previously translocated to Takaroa as spats from the neighbouring
atoll of Takapoto (10 km south-west), and grown to an adult stage. Individuals were kept in standard
pearl-farming cages (Netlon™, 3-cm mesh size) attached to vertical ropes suspended ~5 m deep.
Cages were cleaned periodically to remove the biofouling. Animals used to examine growth were
marked with plastic tags and arranged in groups of 10 individuals per cage. Individuals used to asses

reproductive potential were sampled directly from the pearl-farm’s stock (SCA QLES).

To quantify shell growth, we used 100 individuals measured on four dates (30/01/2019,
24/04/2019, 15/08/2019, and 06/11/2019), yielding three successive time intervals (interval 1, 84 d;
interval 2: 113 d; interval 3: 84 d). On each date, we measured the dorso-ventral length using callipers
(0.01-cm resolution). The initial shell length (mean + SD) was 8.84 + 1.14 cm (range = 7.1 — 11.5
cm). The absolute growth rate (mm d') was calculated as the difference in shell length between
successive measurements, divided by the number of days. The specific growth (% d') was calculated
by logio-transforming the two lengths, dividing by the number of days, and multiplying by 100
(Lugert et al., 2016). Note that growth was seemingly negative for several individuals, an artefact due
to the difficulty of successively measuring the shells along exactly the same axis. We were forced to

assume that this observation error was constant over time.

We examined the reproductive potential (gonad-development index) of animals collected
across six months (12/02/2019 — 23/07/2019), covering an important portion of the most active
reproductive period reported for P. margaritifera in French Polynesia (Fournier et al., 2012b). Thirty
individuals were collected weekly (total = 720 individuals), transported live to the laboratory
(IFREMER, Centre du Pacifique, Tahiti) and dissected. The gonado-visceral mass was fixed in 5%

saline formalin, rinsed after two days, and preserved in 70% ethanol for posterior analyses. Because
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the gonads of pearl oysters are imbedded in the gonado-visceral mass, their contribution to the total
volume was estimated as the relative surface area of gonad tissues on a sagittal slide (Fournier et al.,
2012b; Moullac et al., 2013). We measured the surface area of gonads using images captured and
digitalized at 300 dpi with a scanner (Epson Perfection 4990 Photo) and processed using Adobe
Photoshop (CS3) and ImageJ (v.1.51j8). The shell length (mean + SD) of the animals used for

estimating gonad-development index was 9.36 + 0.89 cm (range = 6.20 — 12.20 cm).

2.3. Dynamic Energy Budget (DEB) model growth predictions

Rooted in the robust Dynamic Energy Budget (DEB) theory, DEB models allow quantification of the
energy flow between the environment and an organism, and the dynamics of energy allocation
towards reserves, structure (i.e., growth), maintenance, maturation, and reproduction (Kooijman,
2010; Sousa et al., 2010). For a detailed perspective of the DEB model structure and assumptions see
Kooijman (2010) and Sousa et al. (2010). Here we highlight that DEB models can elegantly account
for both the influence of changes in food availability and body temperature on energy fluxes (e.g.,
Monaco et al., 2014; Monaco and McQuaid, 2018; Troost et al., 2010). We used the most recently-
parameterized DEB model for P. margaritifera, which was previously validated using populations
from the Tuamotu and Gambier Archipelagoes (Sangare et al., 2020, 2019), to predict changes in shell
length in response to the variability in seawater temperature and Chl-a. In this model, temperature
affects the rates at which energy is allocated among physiological functions (e.g., growth) following a
left-skewed thermal-performance curve (Fig. 2a). The parameter values that describe the curve were
estimated by Sangare et al. (2020), considering long-term responses by the species (Sangare et al.,
2020, 2019). The feeding process is described by a type-II functional response model, which predicts
relative ingestion as a function of food availability (Fig. 2b). The standard form of this curve depends
on the half-saturation coefficient parameter (X.), which defines the food level that yields 50% of the
feeding capacity (0.2 pug Chl-a L™ for P. margaritifera, Sangare et al., 2020). The model also includes
the somatic maintenance rate, [pM], a parameter that defines the volume-specific energy expenditure
of the individual (5.4 J cm d"! for P. margaritifera, Sangare et al., 2020). Departures from the

species-specific [pM] values can indicate physiological stress (Pousse et al., 2019).
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We used the DEB model, along with the daily measurements of temperature and Chl-a (see
2.1. Sampling location and environmental conditions), to predict the growth of each of the 100
individuals measured for the empirical growth determination (see 2.2. Empirical observations of
growth and reproduction). Because each animal was measured on four occasions, we examined the
growth over time in three successive intervals. We began the simulations assuming the initial size of
each animal at the beginning of each interval, while setting the reserves and reproduction state
variables at maximum and mean-observed levels, respectively (Monaco and McQuaid, 2018; Sangare

et al., 2020).

2.4. Data analyses

All data were analysed using R v3.6.2 (R Core Team, 2019).

We analysed the empirical growth data (shell length) for the 3 time intervals in two ways:
based on the absolute rate of change (i.e., mm d!), and based on the specific growth rate (i.e., % d™').
The former allowed comparing the observed values directly against those in the literature, while the
latter is a more robust estimate for comparing growth among individuals of different initial lengths
(Lugert et al., 2016). Animals were smaller than the asymptotic length reported for the species in
French Polynesia (~15-30 cm; Coeroli et al., 1984). To test for the effect of time interval on growth
rates and gonad-development index, we used the Kruskal-Wallis test (as data were non-parametric),

followed by a Dunn test for multiple comparisons.

To estimate the model fit we used the mean absolute error (MAE), computed as the mean
absolute difference between the empirical and predicted final shell lengths. We additionally tested the
hypotheses that modifying both the feeding functional response curve and the somatic maintenance
rate could further improve the model performance, and inform about unaccounted processes related to
feeding (e.g., Alunno-Bruscia et al., 2011; Thomas and Bacher, 2018) and/or physiological stress
(e.g., Pousse et al., 2019). Specifically, we ran 3 million additional simulations (100 individuals x 3
time intervals x 100 X, values x 100 [pM] values) allowing the half-saturation coefficient parameter

(X) to vary between 0 and 5 (0.05-unit intervals) pg Chl-a L', and the volume-specific somatic
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maintenance rate ([pM]) ranging between 0 and 20 (0.2-unit intervals) J cm™ d'!. The best values for

X, and [pM] were judged based on the lowest MAE.

3. Results
3.1. Environmental variables

We found differences in environmental drivers across the time intervals considered, particularly
regarding temperature dynamics (Fig. 3). Temperatures were highest and least variable during interval
1 (mean £ SD =30.1 + 0.5 °C). As temperature decreased gradually during interval 2, the mean was
intermediate, but the variability was highest (mean + SD =27.8 £ 1.1 °C). Interval 3 was in turn the

coolest, with intermediate variability (mean + SD =27.3 £ 0.6 °C).

While the mean Chl-a was comparable across time intervals, the variability increased
progressively from interval 1 (mean = SD = 0.766 + 0.195 pg Chl-a L') to interval 2 (mean + SD =

0.919 + 0.468 pg Chl-a L) and interval 3 (mean = SD = 0.943 + 0.767 pg Chl-a L) (Fig. 3).
3.2. Empirical observations of growth and reproduction

Time interval affected both estimates of empirical growth rate, absolute (Kruskal-Wallis test:
df =2, %> =38.15, p < 0.001) and specific (df =2, y* =39.91, p < 0.001) (Figs. 4a and 4b). Individuals
grew the fastest during interval 2, at intermediate level during interval 1, and the slowest during
interval 3 (Dunn test: specific growth, p < 0.05 for all contrasts) (Fig. 4a). The mean (+ SD) absolute
shell growth was relatively low for the study location: 0.04 mm d! (x 0.05), 0.06 mm d! (+ 0.05), and
0.01 mm d! (£ 0.09) for intervals 1, 2, and 3, respectively (Fig. 4b). Mortality was negligible during

the growth-measurement period (only one of the 100 individuals died).

As growth, the gonad-development index was relatively low for the region, with an overall
mean (+ SD) of 0.13 (+ 0.11). Gonad-development index was higher during interval 1 (mean + SD =
0.20 £ 0.11) than 2 (mean = SD = 0.08 + 0.07) (Kruskal-Wallis test: df = 1, %> = 234.81, p < 0.001)

(Fig. 4b), suggesting a spawning event at the population scale.
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3.3. Dynamic Energy Budget (DEB) model growth predictions

Mean (% SD) predicted absolute growth was 0.21 mm d! (= 0.02), 0.18 mm d™!' (+ 0.01), and 0.16 mm
d! (£0.01) for intervals 1, 2, and 3, respectively. Compared to the empirical growth data, the model
overpredicted the final shell length of oysters for intervals 1 (MAE = 1.46 cm), 2 (MAE = 1.42 cm),

and 3 (MAE = 1.34 cm) (Fig. 5). The overall MAE across intervals was 1.41 cm (Fig. 6).

Increasing the values of both the half-saturation coefficient parameter, X,, and the somatic-
maintenance rate, [pM], improved the overall model fit, reaching the lowest MAE (0.42 cm) with X, =
0.56 ug Chl-a L' and [pM] =9.70 J cm™ d''. At higher values of both parameters, the model fit was

relatively insensitive to changes in X, and [pM] (Fig. 6).

4. Discussion

We found that although temperature and total Chl-a in Takaroa appeared propitious for the
physiological performance of P. margaritifera in 2019, individuals grew remarkably slowly and
exhibited a relatively low reproductive effort, revealing an overall deteriorated energetic condition.
The DEB model simulations suggested that the underlying cause could be associated with both
individuals’ inability to effectively consume the phytoplankton available in the water column, and
augmented physiological-stress levels. The finding that organisms continued to invest energy towards
reproduction supports the notion that energy allocation to growth and reproduction are not competing
processes in P. margaritifera, as previously demonstrated both empirically and theoretically (Sousa et
al., 2010). Ultimately, however, even if able to reproduce, the Takaroa population’s recovery is

unlikely if individual growth is limited.
4.1. Environmental drivers

Temperature varied seasonally across the duration of the study, with a particularly warm brief
period (i.e., interval 1), and a protracted cooler period (intervals 2 and 3) (Fig. 3). The temperature

amplitude was within those reported previously for the same lagoon (min—-max, 26.0-30.5 °C), and the
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neighbouring atolls of Takapoto (min—max, 25.7-30.4 °C) and Manihi (min—max, 26.5-30.6 °C)
(Pouvreau and Prasil, 2001). Based on the thermal sensitivity of P. margaritifera, the thermal range at
which energy fluxes are maximised is ~28-32 °C (Fig. 2). Accordingly, the relative thermal
performance of individuals in Takaroa was consistently close to the optimal for the duration of our
study. Short-term thermal acclimation experiments suggest that temperatures above 30 °C, as those we
recorded during two months, are detrimental to the growth of P. margaritifera (Le Moullac et al.,
2016). However, the thermal-sensitivity curve we used, which was fitted through the DEB parameter
estimation protocol, integrates thermal responses across the whole life cycle of the organism
(Kooijman, 2010; Sangare et al., 2020, 2019), and thus represents a more accurate measure

characterization of the animals’ thermal performance across periods longer than one or two weeks.

The mean values of food availability (i.e., total Chl-a) at Takaroa were stable across the 3
time intervals considered (Fig. 3), and considerably higher in 2019 than those reported previously for
other locations. At Takapoto, a study that compiled mean measurements from 1974 to 1998 reported
values ranging between 0.20 and 0.30 pug Chl-a L' (Delesalle et al., 2001). At the lagoon of Ahe,
values from 2007 to 2010 ranged between 0.08 and 1.76 pg Chl-a L' (Charpy et al., 2012; Fournier et
al., 2012b, 2012a; Thomas et al., 2010), and in 2013 between 0.30 and 0.80 pg Chl-a L' (Pagano et
al., 2017). The temporal variability in our measurements, however, differed across time intervals (Fig.
3). The higher variability detected during intervals 2 and 3 reflects the recurrent presence of important

peaks in Chl-a values, which we did not observe in interval 1.

4.2. Empirical observations of growth and reproduction

Our empirical observations showed that animals could grow and reproduce throughout the duration of
the study (Fig. 4). Together with the observation that minimal mortalities were recorded during the
study, this might suggest that individuals maintained a positive energy balance, presumably pointing
to an auspicious population recovery (Sawusdee et al., 2015). However, relative to previous studies,
the observed growth rate was extremely low. Based on the von Bertalanffy growth model estimates
reported by Pouvreau and Prasil (2001) for the Takaroa and Takapoto Atolls, the expected growth
rates of our animals were ~0.10 and ~0.09 mm d"!, respectively, more than twice as fast as our

10
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observations (~0.04 mm d!). In situ measurements at Takapoto (Coeroli et al., 1984) and Ahe
(Sangare et al., 2020) Atolls suggest growth rates ~0.09 mm d! for pearl oysters of similar size than
ours. Our growth rate observations were even lower than the estimated ~0.08 mm d' reported for the
lagoon of Vairao (Tahiti, French Polynesia), an area characterized by low primary production (Ky and
Le Moullac, 2017). These data revealed that, while individuals at Takaroa had a positive scope for

growth, their energy budget was nevertheless strongly diminished.

The gonad-development index was lower (overall mean 0.13; Fig. 4b) than previously
reported. For the oligotrophic lagoon of Vairao (Tahiti), the mean value was 0.15, ranging between
0.05 and 0.23 (Lacoste et al., 2014). Additionally, at the more productive lagoon of Ahe, which
exhibits similar hydrobiological conditions to the Takaroa Lagoon, the mean gonad-development
index was 0.17, ranging between 0.09 and 0.30 (Fournier et al., 2012b). The temporal variability in
the gonad-development index showed two distinct periods during our observations; high reproductive
potential before April and relatively low values thereafter. A similar trend was also documented by
Fournier et al. (2012b), who found higher values (0.22) between January and April, followed by a
period of lower gonad-development index (0.12) between April and July. This was attributed to a
strong and synchronous spawning event associated with a decrease in phytoplankton availability
(Fournier et al., 2012b). While we found no support for this relationship at Takaroa, as mean Chl-a
did not change drastically across time intervals, the apparent spawning event we found between time
intervals 1 and 2 further supports the idea that despite the energetic constraints, individual

reproduction could be maintained.

The result that growth was relatively more affected than reproduction is particularly
interesting because it shows that these processes need not to compete for available energy resources,
as demonstrated empirically and theoretically for animals that exhibit indeterminate growth, including
invertebrates, fishes, reptiles, and amphibians (Heino and Kaitala, 1999; Kozlowski, 1996). But to
further understand why growth was more affected by the energy deficit than reproduction, it is
necessary to consider the process of energy allocation quantitatively. DEB formulations explicitly

remove the direct competition between these processes based on the k-rule, where a fixed proportion

11



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

of mobilized reserves (k) is directed to growth and somatic maintenance, and the rest (1- k) goes to
reproduction and maturity maintenance (Kooijman, 2010; Sousa et al., 2010). The costs of somatic
and maturity maintenance have priority over growth and reproduction, which is especially relevant if
the energy mobilized from reserves becomes limited (Monaco et al., 2014). Because somatic
maintenance is substantially costlier than maturity maintenance in P. margaritifera (Sangare et al.,
2020), its growth dynamics can be more sensitive to periods of reduced food availability than its
reproductive capabilities (Monaco et al., 2014). This scenario is consistent with the different
responses of growth and reproduction we found, and supports the notion that animals were indeed

nutritionally deprived.

4.3. Perspective from the Dynamic Energy Budget (DEB) model

The question of how to reconcile the seemingly abundant food availability (total Chl-a) at Takaroa
with the poor physiological condition in P. margaritifera individuals arises. A plausible explanation is
that the available food was not accessible by the organisms, for example, due to unmet requirements
of food particle size or nutritional quality (Dubois and Colombo, 2014; Ward and Shumway, 2004).
The DEB model simulations, using in situ measurements of total Chl-a and temperature as drivers,
allowed effectively testing this. By predicting faster growth than what was actually observed (Fig. 5),
the original model (Sangare et al., 2020) suggested either limitations to the organism’s feeding (i.e.,
energy provisioning) or increased maintenance costs associated with physiological stress (i.e., energy
allocation). Minimizing the prediction error resulted in increases in the half-saturation coefficient by
1.8 fold and the somatic maintenance rate by 0.8 fold (Fig. 6), both being plausible explanations.
Because tropical lagoons are characteristically poor in nutrients, P. margaritifera exhibits a low half-
saturation coefficient that reflects its ability to profit from small increases in food, even at low
phytoplankton concentration (Pouvreau et al., 1999). The higher new estimate of the half-saturation
coefficient suggests a plastic response of the individual to adjust consumption of the microalgae
species available. The current model implementation, however, for simplicity assumes that food
availability is represented by total chlorophyll-a, and therefore cannot fully capture the complexities

of the feeding process in the wild (Dubois and Colombo, 2014; Sara et al., 2003; Ward and Shumway,
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2004). The finding that somatic maintenance cost was also higher than for the generalized P.
margaritifera, suggests the presence of an unknown stressor that reduced the physiological
performance of individuals in Takaroa. For example, somatic maintenance can increase when bivalves

are exposed to low salinity or microalgae-related toxins (Lavaud et al., 2017; Pousse et al., 2019).

To improve the DEB model’s ability to describe variability in the ingestion/assimilation of
food and somatic maintenance costs in P. margaritifera, further work is required in two axes: (1)
adequate characterization of the trophic (e.g., type, size, nutritional value of food items) and
physicochemical environment, and (2) restructuring the model to explicitly capture phenotypic
plasticity in the feeding and maintenance components (Sangare et al., 2020). Regarding feeding, the
literature, suggests that a likely culprit for the poor condition of P. margaritifera would be the
dominance of picophytoplankton (i.e., microalgae 0.2-2-pm cell size) in the water column, which is
too small for the organism to ingest (Loret et al., 2000; Pouvreau et al., 1999). Picophytoplankton
cells have been associated with previous mass-mortality events in the region (Cabral, 1989), and their
dominance over larger microalgae (i.e., nano and microphytoplankton) has increased over time in
Takapoto (Delesalle et al., 2001). Similarly, the quality of the diet of filter feeders also depends on the
inorganic content of the seston and the presence of non-chlorophyll-containing particles, some of
which could be digested (Ward and Shumway, 2004). Microplastics, another form of non-chlorophyll-
containing particles whose concentration is high in pearl-farming atolls, can in turn negatively affect
the physiological condition of pearl oysters (Gardon et al., 2018). It is also possible that regardless of
the food particle characteristics, the excess amount of food in Takaroa (as suggested by high total Chl-
a) could have clogged the organism’s cirri and labial palps, interfering with ingestion and assimilation
(Chévez-Villalba et al., 2013). Regarding the augmented somatic maintenance, two conceivable
drivers can be proposed for the Takaroa Atoll: microplastics and toxic algae, both of which can

increase physiological stress (Gardon et al., 2018; Pousse et al., 2019).

Specific characteristics of the trophic and physicochemical environment can be
accommodated into DEB models. For instance, for benthic filter-feeder species whose ingestion of

carbon is dampened by the amount of inorganic matter in the water, the half-saturation coefficient is
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calculated based on both organic and inorganic particles in the water (Thomas and Bacher, 2018;
Troost et al., 2010). Similarly, the dose-dependent toxic effects of microplastics or phytotoxins can be
computed on the basis of a variable somatic maintenance rate parameter (Pousse et al., 2019). Similar
developments could be implemented in the model of P. margaritifera to account for variation in food
type, including the presence of natural and exotic (e.g., microplastics; Gardon et al., 2018; Stamataki
et al., 2020) inorganic matter, and toxic compounds in tropical lagoons. Resolving these components

will improve the model’s accuracy and broaden its scope (Sangare et al., 2020).

Finally, efforts that integrate the two working axes outlined above (i.e., characterizing the
trophic and physicochemical environment and improving the DEB model structure) are essential.
Comprehensive in situ descriptions of the environment is of course ideal. However, the remote nature
and difficulty in accessing many pearl-farming atolls call for practical approaches that can produce
data at high spatial and temporal resolution. While the rapid development of logging devices and
remote-sensing technologies is currently satisfying much of the demand for environmental data, their
estimates often depart significantly from the conditions truly experienced by the organism (Van
Wynsberge et al., 2017, 2020). Chl-a concentration estimates from fluorescent probes, for instance, do
not discriminate between the contribution of different phytoplankton groups, a development that
would likely help to greatly improve the DEB model predictions for P. margaritifera. Ultimately, the
accuracy and precision of this and other mechanistic models used across large and remote areas
depends on innovations to our in situ and possibly remote-sensing technologies (Canonico et al.,

2019).

4.4. Conclusion and future direction

Understanding the processes driving tropical marine mass-mortality events and the eventual recovery
of populations is particularly challenging when diagnostic data are difficult to produce, as is the case
for many Indo-pacific atolls and islands (Adjeroud et al., 2001; Cabral, 1989). Nevertheless,
understanding their underlying mechanisms is necessary to improve the management practices of
commercially-important and ecologically-relevant species, and to potentially prevent, or at least,
anticipate, similar episodes in the future.
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Our study demonstrates that the physiological condition of P. margaritifera in the Takaroa
Atoll was suboptimal 5 years following a mass-mortality event, despite suitable temperatures and high
food availability in the years that followed. This was confirmed empirically by the relatively poor
growth and reproduction, and by DEB model simulations which overpredicted the final size of
animals raised in the lagoon. The apparent contradiction of having sufficient food but poor
performance indicated that the model deviation could be explained by an inadequate handling of the
feeding and physiological-stress processes by the predictive model. And finally, refitting the
functional response curve by modifying the half-saturation coefficient and the somatic maintenance
rate parameters demonstrated that a more nuanced formulation of these processes is needed for P.
margaritifera, if we are to accurately capture the physiological mechanisms underlying their slow
growth rate. By combining empirical evidence and the indirect inferences from DEB modelling, we
can formally propose the hypotheses that the currently unknown characteristics of the phytoplankton

community and physicochemical environment in Takaroa will delay the population’s recovery.
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Figure legends

Figure 1 Map of the Takaroa Atoll (Tuamotu Archipelago, French Polynesia), with our study location

indicated with a black point. The inset shows the position of the atoll within the Pacific Ocean.

Figure 2 Dynamic Energy Budget model curves to describe the influence of (a) body temperature and
(b) total chlorophyll-a (proxy for food availability) on the rates of energy allocation of Pinctada
margaritifera. Parameter values that define the curves are from Sangare et al. (2020). Only the half-
saturation coefficient (X,) is indicated (by an arrow), as this is the only parameter we examined in this

study.

Figure 3 Seawater temperature (°C) and total chlorophyll-a (ug Chl-a L) recorded in Takaroa during
three consecutive time intervals (interval 1, black, 30/01/2019 - 24/04/2019; interval 2, orange,
24/04/2019 - 15/08/2019; interval 3, light blue, 15/08/2019 - 06/11/2019). Panels (a) and (b) show
mean (+ SD) daily values of temperature and chlorophyll-a, respectively. Panel (c) shows the overall

mean (+ SD) temperature and total chlorophyll-a for each time interval.

Figure 4 Empirical growth and reproductive output of Pinctada margaritifera maintained in Takaroa.
(a) Specific and (b) absolute shell growth measured for 100 individuals during three consecutive time
intervals (interval 1, black, 30/01/2019 - 24/04/2019; interval 2, orange, 24/04/2019 - 15/08/2019;
interval 3, light blue, 15/08/2019 - 06/11/2019). (b) Gonado-somatic index measured weekly for 30
individuals between 12/02/2019 and 23/07/2019. Different letters above the boxplots indicate
significant differences between time intervals (Kruskal-Wallis test, Dunn test for multiple
comparisons, o = 0.05). Boxes show the 25" and 75" percentiles, and horizontal lines the medians.
The whiskers illustrate the extreme values that are within 1.5 times the interquartile range. Points

represent outliers.

Figure S Dynamic Energy Budget model predictions of growth (shell length, cm) for 100 Pinctada
margaritifera simulated for three consecutive time intervals (interval 1, black, 30/01/2019 -
24/04/2019; interval 2, orange, 24/04/2019 - 15/08/2019; interval 3, light blue, 15/08/2019 -

06/11/2019). The initial shell length for each individual was the ones of the animals used in the
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empirical growth measurements. Lines illustrate model predictions. The box plots and points describe

the empirical measurements. The components of the box plots are as in Fig. 4.

Figure 6 Overall mean absolute errors (MAESs) for 10000 Dynamic Energy Budget (DEB) model
simulations of Pinctada margaritifera shell lengths. Each simulation was computed using a different
value for the parameters half-saturation coefficient (X, ug Chl-a L"), ranging between 0 and 5 (0.05-
unit intervals) pg Chl-a L', and the volume-specific somatic maintenance rate ([pM], J cm™ d!)
ranging between 0 and 20 (0.2-unit intervals) J cm™ d-!. The circle indicates the X, and [pM]
combination used in the original DEB model (Sangare et al., 2020), and the triangle indicates the
value that yields the lowest MAE. Cyan and red colours in the background represent low and high

MAE: , respectively. Blue contour lines separate MAE bins of 0.15-cm widths.
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Figure 6
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