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Abstract :

The black-lip pearl oyster (Pinctada margaritifera) is cultured extensively to produce black pearls,
especially in French Polynesia atoll lagoons. This aquaculture relies on spat collection, a process that
experiences spatial and temporal variability and needs to be optimized by understanding which factors
influence recruitment. Here, we investigate the sensitivity of P. margaritifera larval dispersal to both
physical and biological factors in the lagoon of Ahe atoll. Coupling a validated 3D larval dispersal model,
a bioenergetics larval growth model following the Dynamic Energy Budget (DEB) theory, and a
population dynamics model, the variability of lagoon-scale connectivity patterns and recruitment
potential is investigated. The relative contribution of reared and wild broodstock to the lagoon-scale
recruitment potential is also investigated. Sensitivity analyses pointed out the major effect of the
broodstock population structure as well as the sensitivity to larval mortality rate and inter-individual
growth variability to larval supply and to the subsequent settlement potential. The application of the
growth model clarifies how trophic conditions determine the larval supply and connectivity patterns.
These results provide new cues to understand the dynamics of bottom-dwelling populations in atoll
lagoons, their recruitment, and discuss how to take advantage of these findings and numerical models
for pearl oyster management.

Highlights

» We coupled a bioenergetics growth model (DEB) with A 3D lagrangian transport model. » Larval
dispersal and recruitment were simulated in two real contrasted conditions. » Spat supply and
connectivity pattern were mainly affected by trophic heterogeneity. » Despite an unbalanced sex-ratio
the reared broodstock mostly supplied spatfall. » We offer key clues for pearl oyster population
management in atoll lagoons.
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1 Introduction

The extensive fishing pressure and aquaculture demand worldwide reinforces the need to understand
recruitment dynamics for enhanced resource management. In marine ecosystems, larval recruitment is
a critical process for the maintenance and resilience of populations which are submitted to multiple
stressors and hazards, both pre- and post-settlement (Eckman, 1996; Pineda, 2000). Knowledge of
recruitment is challenging for the management of marine area and species conservation, but is definitely
a high priority. Recently, coupled biophysical models have proved to be suitable tools for the
conservation, management and recovery of marine species stocks (Hinrichsen et al., 2011; Kim et al,,
2012). Modelling approaches benefit from technological developments and enhanced computation
power, which allows exploring a large amount of hypotheses at various spatial and temporal resolutions.
As such, the development of models is useful to study the relative effects of the physical, biological and
behavioural variables and their interactions on recruitment variability. For



instance, models have helped assessing the relative effects of larval behaviour, pelagic larval duration
(PLD), hydrodynamics and broodstock location for bottom-dwelling species (e.g. North et al., 2008;
Kim et al., 2010; Thomas et al., 2014). Depending on the coastal location (extent, bathymetry, degree
of openness, tidal regime, weather conditions) and species considered (PLD, behaviour), the
contribution of the biophysical variables to the larval dispersal and recruitment patterns will likely be
different (Nicolle et al., 2013).

Despite its potential, modelling is not trivial, and to understand mechanistically the recruitment
patterns, it is necessary to reduce the complexity of the system by focusing first on the core processes
(Pineda et al., 2009). The larval supply, larval dynamics (including growth, dispersal and mortality),
settlement and post-settlement factors are the main drivers of benthic species recruitment (Metaxas &
Saunders, 2009). To be able to accurately predict recruitment, we need to correctly parameterize these
processes at the right temporal and spatial scales. In French Polynesia, pearl culture relies entirely on
the supply of wild juveniles of only one species Pinctada margaritifera, collected on artificial
substrates. Hatchery production currently provides only a marginal proportion of the spat production.
In the French Polynesian archipelagos, the pearl culture spread in 27 atolls and islands, among which
15 developed only a spat collecting activity. However, the pearl oyster producers have experienced
variable success rates, with significant spatial and temporal variability in spat supply, both within and
between lagoons (Thomas et al., 2012a). This uncertain process has a number of ecological,
economical and societal consequences in Polynesian lagoons. For instance, spat's supply variability
led the producers to increase the density of collectors to achieve a minimum success rate, which
generates a large amount of derelict gears and plastic pollution. (Andréfouét et al., 2014). Moreover,
poor spat production increases inter-lagoon transfers. In addition to higher costs for farmers, these
transfers have been responsible for the spread of epibiotic species and pathogens. For all these reasons,
an intensive research effort has been undertaken since 2009 to model accurately spat collection and
understand its variability, with in fine the development of spatially-explicit management tools (e.g.,
Andréfouét et al., 2012; Thomas et al., 2014). As such, in situ studies recently described the multi-
scale variability of pearl oyster's larval dispersal and spat collection (Thomas et al., 2012a) and
concurrent research designed and validated a 3D larval dispersal model integrating an empirical
behavioural sub-model (Dumas et al., 2012; Thomas et al., 2012b, 2014). These studies highlighted
the heterogeneous pathways of larval connectivity in the Ahe atoll lagoon and a strong effect of the
PLD was empirically evidenced.

The heterogeneity of environmental parameters and food availability can affect development,
metamorphosis success and survival of the larvae, especially by slowing down its growth, which itself
can increase predation risks (Hofmann et al., 2004). To better understand the consequences of
environmental heterogeneity on pearl oyster larval development, a bioenergetics model following the
Dynamic Energy Budget (DEB) theory has been parameterized and validated (Thomas et al., 2011).
The DEB model offers a generic framework to describe the energy flow through an organism in its
environment (Kooijman, 2010). It covers the full life cycle of an individual and provides quantitative
information on mass and energy balances. In Ahe atoll, the DEB model allowed quantifying the
consequences of heterogeneity in food source and thermal conditions on larval growth, and also
showed the potential consequences of food limitation (Thomas et al., 2011). The next logical step was
to couple the 3D connectivity model with the DEB model in order to evaluate how larvae could
simultaneously grow and disperse under realistic environmental conditions.

This study reports for Ahe atoll lagoon the connectivity results achieved when coupling the 3D
larval Lagrangian dispersal model with the DEB model used to control the growth of each larvae. The
larval supply, mortality and settlement processes were added in a population dynamics module to
realistically estimate and compare the settlement potential. In addition, since previous studies have
shown how the broodstock location determine larval connectivity (Thomas et al., 2014), the recent
assessment of the Ahe atoll oyster standing stock by Andréfouét et al. (this issue) was also used here
in conjunction with the reared stock to achieve a more realistic model.



2 MATERIALS AND METHODS

2.1 Study area

Ahe atoll is located in the northwestern part of the Tuamotu Archipelago, in French Polynesia
(14°48°S — 146°30°W:; Fig. 1a). The lagoon is an almost closed water body of 142-km? connected to
the ocean through a 11-meter deep, 200-meter wide, pass located in the north-west side of the atoll
rim, and with a low ratio of functional reef flats and spillways along the southern and northwestern
side of the rim (Andréfouét et al., 2001). Ahe is much deeper than most atolls previously investigated
in French Polynesia with an average depth of 41 m, reaching up to 70 m depth. The lagoon bathymetry
was mapped after interpolation of tide-corrected acoustic tracks. The deeper areas are made of
honeycomb-like cellular structures and the southwestern part of the lagoon is much shallower than the
rest of the lagoon.

2.2 The biophysical model

The biophysical model combined a transport model with a vertical swimming sub-model to account
for larval behaviour, and a bioenergetics growth model simulating the larval growth. A population
dynamics model was applied in post processing in order to account for the larval supply, mortality and
settlement processes, and then compute the spatio-temporal settlement potential.

2.2.1 The larval transport model

Larval transport was simulated with the 3-D hydrodynamic model MARS3D (Lazure & Dumas,
2008). A full description of the hydrodynamic model implementation and its validation can be found
in Dumas et al. (2012) and first applications to larval transport modelling are reported by Thomas et
al. (2012b, 2014). The model horizontal cell size was 100 m by 100 m. The vertical resolution
included 23 sigma-vertical layers tightened close to the bottom and to the surface in order to better
catch the bottom and surface boundary layers. The hydrodynamic model is coupled with a lagrangian
advection/dispersal module. The lagrangian vertical dispersion was computed thanks to a non-naive
random walk procedure following Visser (1997). Besides, the lagrangian model mimicked the larvae
dial vertical migration by adding a swimming velocity: a positive velocity (going up) during the night
and a negative velocity (going down) during the day, following a sinusoid signal (Thomas et al.,
2012b). Thus, larval trajectories were simulated in three dimensions through advection diffusion and
by the vertical swimming displacement.

At the initial t=0 state, 12 particles were released in each grid cell into the lagoon (4 particles at 3
depth levels: 5, 6 and 7 m depth), giving a total number of 166,692 particles released.

2.2.2  The larval growth model

The Dynamics Energy Budget (DEB) model used to simulate the larval growth was derived from
the standard DEB model described by Kooijman (2010). The model equations and parameter values
were based on the study performed by Thomas et al. (2011). The DEB model differentiates three life
stages: the embryo, which does not feed nor reproduce; the juvenile, which eats but does not
reproduce; and the adult, which eats and reproduces. The larval stage corresponded to the DEB
juvenile life stage. The dynamics of three state variables were described: the energy allocated to build
the somatic tissues Ey, the reserve energy E, and the energy allocated to development to reach
adulthood Eg, which corresponded to the extra energy needed to achieve complexity (e.g. development
of the eye spot, foot or gills). The state variables dynamics depended on two forcing variables: the
food concentration and the water temperature. As described by Thomas et al. (2011), we used in vivo
chlorophyll-a measurements as food source (see following section) and in situ temperature.

The 3D Lagrangian transport model and DEB model were coupled by simulating the DEB state
variables (i.e., E, Ey and Eg) dynamics for each particle released, according to the trophic and thermal
conditions found by this particle during its advection, diffusion and behaviour.



The DEB model simulated the growth of a mean individual. In order to take into account the inter-
individual growth variability, we calculated a standard deviation (o.) at each time step corresponding
to 15% of the mean length simulated. This inter-individual size-dependent percentage has been
estimated from in situ growth data obtained experimentally and from the sampling of a wild cohort
(Thomas et al., 2011). This allowed computing the probability (P) that larvae of mean length (L)
reached the competent stage, defined by a length threshold (Lgy):

Lfix
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2.2.3  The population dynamics model

The population dynamics of one cohort was computed off-line according to the larval supply,
growth and settlement processes, in order to simulate the spatial and temporal potential of pearl oyster
recruitment. The larval supply depends on: (1) the broodstock density, with two scenarios: the reared
oysters, W,, and wild oysters, W,, (Fig. A.1); (2) the mean sex-ratio, Sr (%), estimated after Chavez-
Villalba et al. (2011) according to the mean length of the broodstock (i.e., Ly for the reared
broodstock and Ly, for the wild broodstock), and (3) the fecundity, Fy, (oocyte ind.™), depending on
the mean length of the females oysters, itself estimated from the mean length of the broodstock:
Fo, = (5.26e77 - L3%1)/15e~2 (Pouvreau et al., 2000b).

According to Andréfouét et al. (this issue), the mean length of the wild broodstock was 13 cm. For
the reared oysters, we considered a 3-years old broodstock, with an average length of 10 cm (Pouvreau
& Prasil, 2001).

The initial number of larvae released Ny, is computed for the two scenarios (i.e. reared and wild) in
each model cell using:

Ny =W -Sr-E,

To simulate the larval life-history traits (i.e. dispersal, growth, mortality and settlement), this initial
number of larvae (No) was dispatched between the 12 particles released by model cell in the 3D
dispersal model. Thus, each particle released from a grid cell containing adult oysters corresponded to
a sub-population of larvae, submitted to an individual growth and to a mortality and settlement
probability.

A standard exponential mortality model was applied to estimate the number of larvae at each time
step following:

N(t) = Nye ™t

With N(t) the number of larvae at time (t) and (M) the daily mortality rate, which was estimated at
0.2 d*, and corresponded to the mortality rate estimation of most of the invertebrate larvae (Rumrill,
1990). By combining the number of larvae (N) and the settlement probability (P), the number of
competent larvae (N.) was computed at each time step, in each of the sectors of the connectivity study
(see below), such as:

p=n
Nei() = ) Npi(®) - Ppi®)
p=1

with Nci(t), the number of competent larvae at time (t) in the arrival sector (i), Nyi(t) the total number
of larvae bound to the particle (p) at time (t) in arrival sector (i), with (n) the total number of particles
in arrival sector (i), and Py(t) the probability of fixing of the larvae bound to the particle (p) at time (t)
in arrival sector (i). At each time step, the larvae having reached the length threshold was considered
ready to settle and remained at their position. The cumulated number of larvae settled in each arrival



sector was computed. Results were expressed in number of larvae settled per hectare, by dividing the
total number of settled larvae by the arrival sector surface.

2.3 Forcing variables

2.3.1 Physical forcing

To model Ahe lagoon, four ranks of nesting were required: three shallow water levels to describe
the open boundary conditions of the atoll model itself, including astronomical and meteorological
tides (i.e. Rank 0O for all the Polynesia (3 km grid). Rank 1 modelled the vicinity of Ahe and the nearby
Manihi atolls (1 km grid) and Rank 2 provided a close-up on these two atolls (300 m grid). The third
wider model was forced by the sea level coming out an harmonical composition deduced form the
tidal wave components of the FES2004 atlas (Lyard et al., 2006). An inverse barometric correction
estimated from pressure fields (ERA-Interim analysis: http://www.ecmwf.int/research/era/do/get/era-
interim) was added to the previous sea level. The wind fields for the detailed lagoon model came from
the same analysis with a 6-hour time step at the closest Ahe lagoon grid point for the periods
simulated (Fig. A.2).

2.3.2 Food and temperature data

The biophysical DEB model implied to get tridimensional forcing by Chl-a concentration and
water temperature. Theses data came from field data previously described by Thomas et al. (2010a).
Daily vertical profiles of temperature (°C) and in vivo Chl-a (ug I™) were carried out with a multi-
parameter probe (SBE S19Plus, Sea-Bird Electronics) at 12 locations distributed all over the lagoon.
Data were collected during two 28 days periods: in April-May 2007 and February-March 2008.

The daily Chl-a concentration and temperature data were interpolated and extrapolated by using the
inverse distance weighting (IDW) method in the boundaries of the lagoon rim and on the entire water
column, by 1-m depth steps, in order to get forcing at the scale of the transport model. The IDW
method assumed that the value at a non sampling point is the average of the overall data, weighted by
the distance to the sample point considered, such as:
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with C(Sp) the predicted value at point (Sy), d; the distance from S, to the sampled point S;, N being the

total number of sampling station and C(S;) the value recorded at sampling point S;. All the calculations

were made using the R programming environment (R Development Core Team, 2012).

2.4 Modelling strategy

We aimed to compare dispersal, growth performance and patterns of realized connectivity potential
(i.e. after the settlement) of the pearl oyster larvae, for two measured biophysical conditions, in 2007
and 2008. In addition, the contribution of the reared and wild broodstocks to these patterns was
estimated and compared. Finally, to estimate the consequences of the spatial heterogeneity of the food
and thermal conditions, two scenarios were tested: one with the observed conditions and one with
spatially homogenized conditions. For the later scenario, food and temperature were spatially averaged
at a daily scale, in order to maintain the temporal variability while avoiding spatial heterogeneity.

As in Thomas et al. (2012b, 2014), the connectivity was synthesized by dividing the lagoon in 12
sectors, covering the entire lagoon surface, excluding shallow areas (<5 m depth) along the atoll rim
(Fig. 1). At each time step, the realized connectivity pattern was computed by cumulating the number
of larvae settled in the destination location (d) coming from the spawning site (s).

A sensitivity analysis was performed on the parameters with the greatest uncertainty: the
broodstock mean lengths (Lnr and Lpy), the larval length standard deviation factor (1) and the larval



mortality rate (M). These parameters were modified by +10% and subsequent consequences on the
settlement potential were computed by calculating a sensitivity index (SI) such as:
R, —R
s1=—_—2.100
R

where (Ro) is the predicted cumulated settlement potential (total number of larvae settled after 28 days
of simulations) with the standard simulation and (Rs) the predicted cumulated settlement potential
with a new parameter value.

3 RESULTS

3.1 Forcing variables

Meteorological conditions were very close between the two studied periods, with averaged wind
direction and speed of 89° at 5.6 m s™ and 86° at 5.4 m s for 2007 and 2008, respectively (Fig. A.2).
However, the two considered periods showed contrasting trophic conditions, with an overall average
of 0.4 + 0.18 pgcna L™ in 2007, versus 0.24 + 0.14 pgcm L™ in 2008 (Fig. A.3a-c). Thermal
conditions were also warmer in 2007 with 29.3 £ 0.17 °C versus 28.6 + 0.19 °C in 2008 (Fig. A.3b-d).
At the scale of the Ahe atoll lagoon, the trophic conditions appeared heterogeneous and closely related
to the bathymetry, with an increasing gradient toward deep and southwest waters (Fig. A.4 and A.5).
Thermal conditions were less vertically-structured and the west-east gradient dominated, with warmer
water in the southwest sector.

3.2  Settlement potential

The temporal variability (i.e. 2007 versus 2008) and spatial heterogeneity (real versus
homogenized) of the environmental conditions, and the broodstock factor (i.e. reared versus wild), all
led to significant differences in the settlement potential dynamics (Fig. 2). The final settlement
densities with realistic conditions were 15,900 and 3,950 oysters per ha for the reared and wild
broodstock respectively in 2007 and 394 and 105 oysters per ha for the reared and wild broodstock
respectively in 2008. In 2007, the settlement started earlier, with 10% of the final settlement density
reached after 16 days, against 20 days in 2008. Homogenized conditions led to higher settlement
potential, with +65%, +70%, +114% and +115% after 28 days of simulations for the 4 scenarios (i.e.,
2007 reared, 2007 wild, 2008 reared, 2008 wild, respectively), and lower spatial variability, with a
coefficient of variation (i.e., standard deviation / mean) of 45%, 50%, 34% and 35% for the realistic
conditions against 10%, 11%, 7%, 8% for the homogenized conditions.

The cumulated settlement potential showed intra-lagoon spatial heterogeneity with differences
depending on time (i.e. 2007 versus 2008) and space (real versus homogenized) environmental
conditions (Fig. 3). Only slight differences were recorded between the spatial patterns of larval
settlement coming from the wild and reared broodstocks. With 2007 realistic conditions, the central
destination locations (DL) 6 and 9 showed the higher settlement potential, whereas the western DL 2
was highly promoted with the 2008 scenario. With homogenized 2007 conditions, the settlement
increased in the western DLs and decreased in the eastern DLs. With the 2008 scenario, opposite
consequences were found, with a decrease in the western DLs and an increase in the eastern DLs.

The contribution of the 12 spawning sites (SS) to the overall settlement after 28 days appeared
quite similar between realistic conditions in 2007 and 2008 (Fig. 4): SS 7 and 8 were the largest
contributors for the reared broodstock and SS 1 for the wild broodstock. However, with homogenized
conditions, only slight differences were recorded in 2007 in the contribution pattern while in 2008, the
eastern SS had a higher contribution.



3.3 Connectivity patterns

The connectivity matrices gave a complete picture of the exchanges between lagoon sectors (Fig.
5). Beyond the absolute variability in settlement density described above, the two simulated periods
exhibited different patterns of connectivity under realistic conditions, both for reared and wild
broodstocks. Low self-recruitment is suggested by the asymmetry along the diagonal.

The reared broodstock enriched in 2007 the central and eastern sectors, which were highly supplied
by the spawning sector 7 (Fig. 5a). SS 7 also exhibited the higher retention potential. In 2008,
settlement was more symmetric with more retention in the western sectors DL 2 and 3 (Fig. 5b).
Spawning sectors 7 and 8 supplied most of the settled oysters all over the lagoon.

From the wild broodstock, in 2007 and 2008, the settlement was mostly sustained by the western
SS 1 and, to a lesser extend by eastern SS 11 and 12, as observed in the Fig. 4 (Fig. 5¢-d). Differences
between the 2007 and 2008 scenarios were the same as for the reared broodstock: eastern western DL
were promoted in 2007 and 2008 respectively.

The differences achieved between connectivity matrices from the homogenized and the realistic
environmental conditions, respectively, are shown in the form of connectivity matrix ratios (Fig. 6).
These ratios were quite similar between the reared and wild broodstock scenarios. In 2007,
homogenization led to increase the settlement potential in the western sectors, with a high self-
recruitment in the DL 1 to 5 (Fig. 6a-c). In 2008, homogeneous conditions led to increase the
contribution of the eastern sectors to the settlement in all sectors of the lagoon, except in western DL 1
and 2 (Fig. 6b-d).

3.4 Sensitivity analysis

The sensitivity of the model to three parameters was estimated: the broodstock mean length (Ly,
and L), the larval length standard deviation (o) and the larval mortality rate (M). A £10% variation
of these three parameters led to significant differences in the final settlement potential (Fig. 7). The
only difference between the two environmental scenarios (2007 and 2008) was recorded for the larval
length standard deviation parameter (o), whereas the sensitivity was the same for the two other
parameters (broodstock mean length and mortality rate). Moreover, the effects appeared asymmetrical
for these three parameters, with differences between +10% and -10%.

In 2007, +10% in o led to +66 £ 6 % in final settlement density and -10% led to -47 + 2 % in final
settlement density, whereas in 2008 +10% or -10% in o, led to stronger effect with +169 + 14 % and -
73 + 1 %, respectively (Fig. 7b-e). Just as for 4, sensitivity results were also asymmetrical for the
broodstock mean length: +10% increased the final settlement potential by 94 + 5 % whereas -10%
decreased it by 53 + 1 % (Fig. 7a-d). Similarly, 10% increase or decrease of larval mortality rate
yielded respectively -41 + 1 % and +69 £ 2 % change in settlement potential (Fig. 7c-f).

4  DISCUSSION

Biophysical models are increasingly used in population connectivity studies, including to estimate
the respective contribution of biological and physical factors to benthic invertebrates population
dynamics (Metaxas & Saunders, 2009). Here, we coupled a 3D larval transport model with a
bioenergetics growth model to understand the consequences of environmental heterogeneity on pearl
oyster larval development, settlement potential and subsequent intra-lagoon connectivity patterns. This
work was the logical next step after several years of modelling which led to the calibration and
validation of the models taken separately (Thomas et al., 2011, 2012b; Dumas et al., 2012). Both
models have highlighted how biological and physical factors influence and can explain the
heterogeneity in pearl oyster larval settlement. These factors included wind conditions, broodstock
location and pelagic larval duration. However, without the dynamics of the larval life-history traits, we
remained unable to estimate realistically the consequences of changing trophic and thermal conditions



on the settlement patterns until now. Coupling a 3D transport model with a mechanistic growth model
using 3D forcing data from in situ measurements provided the opportunity to tackle this challenge.

In vivo chlorophyll-a (Chl-a) is a good descriptor of the food of P. margaritifera larvae in the
natural environment (Thomas et al., 2011). Nonetheless, phytoplankton composition in atoll lagoons
may vary temporally and spatially (Charpy & Blanchot, 1998; Gonzalez et al., 1998; Thomas et al.,
2010b; Charpy et al., 2012), and the same amount of Chl-a may come from various panel of species,
such as pico- or nano-phytoplankton, which are not equally ingested by the larvae. However, co-
variations in the abundance of the phytoplankton communities have been shown consistently. Further
investigation might be needed to exactly describe the larval physiology and possible shifts in nutrition
preferences, but phytoplankton composition in atoll lagoons seems to be stable enough at our relevant
spatial and temporal scales, so that total Chl-a can be a relevant proxy of the trophic environment and
its consequences on larval life-history traits.

Both spatial and temporal heterogeneity in trophic conditions proved to be determinant for the
larval settlement potential, creating a range of spatially and temporally explicit patterns. However, we
found a much higher temporal variability in potential recruitment than spatial variability. Averaged
settlement potential was 40 times higher in 2007 than 2008 (19,853 larvae ha™ versus 500 larvae ha™,
giving 4000% of variation), compared to the spatial coefficients of variation of 46% and 34% in 2007
and 2008 respectively. This temporal difference is explained by more favourable trophic conditions in
2007, with an overall average of 0.4 + 0.18 ugcni-a L? against 0.24 + 0.14 pgchi-a L™ in 2008. Thermal
conditions were also warmer in 2007, but for both years the range of conditions were close to the
optimal range of the black-lip pearl oyster larval development (Doroudi et al., 1999). The two
contrasted conditions found in 2007 and 2008 in fact provided a representative view of the range of
seasonal, inter-annual and inter-lagoon variability recorded in phytoplankton concentration in
Polynesian atoll lagoons (Charpy & Blanchot, 1998; Pages et al., 2001; Thomas et al., 2010b). Only
completely closed atoll lagoons like Taiaro (1.17 pgen-a L™ recorded), and transient bloom events may
provide conditions outside our studied range.

Differences in larval connectivity patterns between the realistic and homogeneous trophic and
thermal scenarios highlighted the significant effect that a heterogeneous environment can have on
recruitment. Settlement densities increased by a factor between 1.6 and 2.2 from heterogeneous
(realistic) to homogeneous conditions. The overall population of larvae thus experiences a growth
deficit during their pelagic life history, when the environmental conditions are heterogeneous. High-
food concentrations are found in the bottom layers (as shown in Fig A4). Due to the combination of
the water circulation and behaviour, larvae seem to stay less time in these bottom layers and more time
in “poor” waters, which could lead to starving conditions. This observation has strong implication for
monitoring: if heterogeneous and homogeneous conditions had provided similar results, then only one
monitoring point in the lagoon would be sufficient to represent the overall lagoon characteristics. This
is not the case, as one could have expected from the actual rates of collecting experienced by farmers.
Our results also imply that it is necessary to closely monitor, or model, at fairly high-resolution
changes in environmental conditions to be able to accurately and finely predict pearl oyster population
dynamics.

Patterns of realized connectivity showed the potential differences in the contribution of each lagoon
sector to the recruitment. The connectivity matrices with homogenized conditions suggested that
eastern wind in 2007 promoted retention and thus self-recruitment, whereas east-north-eastern winds
observed in 2008 increased east-west transfers. But these differences were small in the present case,
mainly due to very similar meteorological conditions between the two studied periods (see Fig. S2).
Previous results have shown that drastic wind differences are needed to strongly modify the
connectivity patterns (Thomas et al., 2014). We can thus argue that most of the differences in the
patterns of realized connectivity are due to biological factors, associated with the trophic
heterogeneity.

The broodstock location and its characteristics (i.e., individual mean length and related sex-ratio
and fecundity) significantly affected settlement potential at the scale of the Ahe lagoon. The reared
broodstock contributed to settlement four times more than the wild broodstock, regardless of the



environmental conditions. P. margaritifera is a protandrous hermaphrodite, male in early life and
female later on, with sex ratio being balanced by age (Chavez-Villalba et al., 2011). Considering a
mean length of 100 and 130 mm for respectively the reared and wild broodstock, the corresponding
sex-ratios were 0.06 and 0.16, fecundity was 23 millions and 50 millions oocytes per female, with a
total of 1.4 millions and 0.2 millions females for the reared and wild broodstocks respectively. Thus,
with an older aging population, the wild pearl oysters support 20% of the spatfall with only 12.5% of
the female population. The sensitivity analysis showed the strong effect of the broodstock length, with
a 100% spatfall increase with adults only 10% larger. This result has immediate consequences for
pearl oyster farming management. Indeed, during the last decades, reared oysters were gradually
grafted at smaller and smaller length, and less supplementary graft were done with the same oyster.
Indeed, one oyster giving pearls of good quality may be grafted from 1 to 4 times, with nucleus of
increasing size, which gives pearls of increasing size. Nonetheless, due to the decrease of oyster
growth rate with increasing size, oysters of large size take much more time to produce a pearl. That is
why producers are more focused on fast growing oysters, which produce pearls faster. This reduces
the duration of the production process and increase productivity. But this practice eventually
decreased the overall length of cultured oysters, and consequently decreased the female ratio,
fecundity and ultimately the subsequent recruitment potential. If an evolution of the farming practices
seems economically and politically compromised, spawning sanctuaries could be created instead.
Sanctuaries are effective for population replenishment (Schulte et al., 2009), and they may incidentally
promote pearl oyster recruitment. Cultured oysters, which are discarded and killed right after the pearl
harvest, could be used instead to create sanctuaries. However, the creation of sanctuaries may warrant
further investigation considering their origins, since there are evidences that the genetic pool of P.
margaritifera in the Tuamotu Archipelago have been impacted by inter-atoll translocation (Lemer &
Planes, 2012). The modelling tools used here would indicate the best sectors for these sanctuaries if
they also aim to enhance professional spat collection. The stock replenishment strategy will also on
the long term contribute to the maintenance of a wild population, which is in many lagoons now
marginal compared to the reared one (Andréfouét et al., this issue).

Just as for larval development, availability of food affects the adult reproductive efficiency. Indeed,
P. margaritifera is an opportunistic species with very low energy storage abilities. It invests all surplus
of energy into its reproduction, and spawning are tightly linked to variation of food availability
(Pouvreau et al., 2000a; Fournier et al., 2012). The spatial and temporal patterns of pearl oyster
reproduction may thus lead to contrasting patterns of recruitment. A mechanistic and spatially explicit
understanding of the pearl oyster reproductive output clearly warrants further investigation. For this,
the development and parameterization of a DEB model for the adult stage of the pearl oyster will be a
next priority to complete our integrative modelling strategy. A first approach has been developed by
Fournier (2011), and will need to be completed, validated and coupled with the 3D model used here.

The inter-individual larval growth and mortality rates were also important drivers of the final
recruitment results. Estimating larval mortality rate and inter-individual growth variability is
extremely challenging in the field, because tracking dispersing larvae is not an easy task. Larval
mortality of benthic species is a major player on larval recruitment potential and population dynamics
(Cowen et al., 2000; Ellien et al., 2004; Levin, 2006). This research confirms this. The main source of
mortality is often assumed to be predation, but starvation and physiological stress due to salinity
and/or temperature may also contribute (Hofmann et al., 2004). Here, the mortality rate was fixed, but
a sensitivity analysis clarified the potential consequences of larval mortality on recruitment potential.
The DEB model provides a mechanistic framework giving the possibility to take into account
starvation and physiological stress that lead to death (Kooijman, 2010). However, further
investigations will be needed to properly calibrate the model. Future field studies will need to use
recent tools to measure larval mortality, especially to assess the predation factor (White et al., 2014).

Finally, individual-based-modelling (IBM) approaches offers an interesting perspective to take into
account inter-individual heterogeneity and estimate the consequences at the population level
(DeAngelis & Mooij, 2005). Our results suggest a significant effect of larval population growth
variability, mainly due to the food limitation, which slowed growth. Only largest larvae were able to
settle. Several studies successfully developed IBM-DEB approaches to model species population
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dynamics (Martin et al., 2012; Pethybridge et al., 2013; Saraiva et al., 2014). An IBM-DEB approach
including a mechanistic and spatially explicit understanding of the mortality process would be a major
improvement of this work, towards a better understanding and modelling of black-lip pearl oyster
population dynamics.

5 CONCLUSION

The biophysical modelling approach presented here to simulate Pinctada margaritifera
recruitment potential according to realistic environmental and population factors identified and
quantified the significant effect of trophic resource. We found that 40 times more spatfall can be
recruited between a food-abundant period and a less abundant period. We show how the spatial
heterogeneity of trophic resources penalized larval growth, and modified the intra-lagoon connectivity
pattern. Future priorities point to the integration of biogeochemical models able to accurately provide
3D fields of food resource for long-term application and inter-site comparison (Pinazo et al., 2004;
Baklouti et al., 2006). Finally, the influence of the broodstock location and its intrinsic characteristics
(i.e. sex-ratio, fecundity) on recruitment potential is also clarified. This research provides clear
recommendations for lagoon management and enhanced spat collection practices, in particular the
relevance of setting sanctuaries in adequate locations that can be identified from connectivity matrices.
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Figures caption

Fig. 1. (a) Location map of the Ahe atoll lagoon and (b) maps of the 12 sectors of the
connectivity study. The extent of each connectivity sector was obtained through a clustering method
performed on the longitudes and latitudes of the model grid (Thomas et al. 2012b). Only the near
shore sectors, with less than 5 m depth, were not included. Numbers identify the spawning sites and
destination locations described in the results section.

Fig. 2. Temporal settlement potential of the pearl oyster larvae; according to the two biophysical
scenarios (i.e., 2007 and 2008), the two broodstocks types (i.e., reared and wild) and the two trophic
and thermal conditions (i.e., real and homogenized). Data shows the cumulated number of settled
larvae at each time step + the spatial standard deviation (grey shading). Note the difference in Y-axis
scale.

Fig. 3. Spatial settlement potential of the pearl oyster larvae in the 12 destination locations;
according to the two biophysical scenarios (i.e., 2007 and 2008), the two broodstocks types (i.e.,
reared and wild) and the two trophic and thermal conditions (i.e., real and homogenized). Vertical bars
show the scaled cumulated number of settled larvae simulated after 28 days.

Fig. 4. Contribution of the 12 spawning sites to the pearl oyster settlement potential; according
to the two biophysical scenarios (i.e., 2007 and 2008), the two broodstocks types (i.e., reared and wild)
and the two trophic and thermal conditions (i.e., real and homogenized). Vertical bars show the scaled
cumulated number of settled larvae simulated after 28 days, coming from each of the 12 spawning
sites.

Fig. 5. Realized connectivity matrix (i.e., cumulated number of settled larvae after 28 days of
simulation) for the biophysical scenarios 2007 and 2008. a, reared broodstock and 2007 real trophic
and thermal conditions, b, reared broodstock and 2008 real trophic and thermal conditions, c, wild
broodstock and 2007 real trophic and thermal conditions, d, wild broodstock and 2008 real trophic and
thermal conditions.

Fig. 6. Matrix of the ratio between realistic and homogenized realized connectivity matrix for
the biophysical scenario 2007 and 2008. a, reared broodstock and 2007 trophic and thermal
conditions, b, reared broodstock and 2008 trophic and thermal conditions, ¢, wild broodstock and
2007 real trophic and thermal conditions, d, wild broodstock and 2008 trophic and thermal conditions.

Fig. 7. Sensitivity analysis performed on the broodstock length and larval length standard
deviation and mortality rate parameters (top: 2007 scenario, down: 2008 scenario). a-d,
sensitivity to the broodstock lengths, b-e, sensitivity to the larval length standard deviation factor and
c-f, sensitivity to the larval mortality rate (M). Results are shown for the reared broodstock and real
(Rr) and homogenized (Rh) conditions and for the wild broodstock and real (Wr) and homogenized
(Wh) conditions.
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Appendix A: Additional figures (Figures Al, A2, A3, A4 and A5) describing the forcing variables.
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al. (This issue).



V component

-10

-15

a

o

“|—=—April-May 2007
Feb.-March 2008

U component

. 2 \o 'v.
.'.\. .o. \. *
’.. ‘. .\ ' |
‘e ° o’ 7
\iz® .
e "
T T T
-150 -100 -50 0

Atm. pressure

1016

1012

1008

b
“|—— April-May 2007
e Feb.-March 2008
- ) J . B d :. /:‘\ ...:
1. . o\. * . j'. \'\. .
- . . .\ /.
B T T T T
0 5 10 15 20 25 30
Time (d)

24

Fig. A2 Daily averages of the meteorological data from ERA-Interim, for the two scenarios: 2007 and
2008. a, wind hodogram and b, mean sea level pressure. Averaged wind direction and speed were of 89° at 5.6 m

s-1 and 86° at 5.4 m s-1 for 2007 and 2008, respectively.
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Fig. A4 Spatial averages of interpolated Chl-a and temperature measurements in Ahe atoll lagoon, for the
scenario 2007; a-b, Chl-a and temperature averages at the lagoon surface (vertical average), c-d, Chl-a and
temperature vertical profiles along the SW to NE transect identified by the dash lines on surface plot (top). Block
dots on the maps correspond to the 12 sampling stations.
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Fig. A5 Spatial averages of interpolated Chl-a and temperature measurements in Ahe atoll lagoon, for the
scenario 2008; a-b, Chl-a and temperature averages at the lagoon surface (vertical average), c-d, Chl-a and
temperature vertical profiles along the SW to NE transect identified by the dash lines on surface plot (top). Block
dots on the maps correspond to the 12 sampling stations.





