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ABSTRACT: The natural productivity of ecosystems,
farming practices and mortality events drive the rearing density and growth of oysters in shellfish farming
areas. The variability of these drivers, which can be
of natural or anthropic origin, is therefore an important source of variation in the growth performance
and production of shellfish. Knowledge of these variabilities and their relative importance help producers to anticipate their effects and adapt aquaculture practices in order to limit negative impacts and
guarantee a constant, or at least acceptable, level of
production. In this paper, we implement a 3D model
coupling hydrodynamics, primary production and individual growth to predict oyster growth and production in Bourgneuf Bay (French Atlantic coast). We set
up numerous scenarios to compare and hierarchize
the impacts of aquaculture practices, environmental
variability and mortality events on shellfish production. Our results allowed us to propose a simplified
management tool, in the form of response functions,
to optimize shellfish farming practices interannually.
This tool will help shellfish farmers quickly recover
production levels in response to variations in mortality and/or environmental conditions.
KEY WORDS: 3D ecosystem modelling · Individual
growth model · Oyster · Environment variability ·
Mortality · Scenarios · Management tool

1. INTRODUCTION
With an annual production of around 80 million t,
among which 17 million t are represented by molluscs (FAO 2018), aquaculture contributes signifi*Corresponding author: philippe.cugier@ifremer.fr

Market-size oysters, farming area and simulated oyster
growth performance (blue: low, red: high) in Bourgneuf Bay.
Photos/Graphic: P. Cugier, Ifremer; SMIDAP; IGN 2022

cantly to the growing food needs of human populations around the world. The growth of cultured bivalves depends on food (e.g. phytoplankton) availability and quality as well as thermal conditions,
which play an important role in physiological processes (Cardoso et al. 2007, Dutertre et al. 2009,
Hollarsmith et al. 2020), with consequences for production and profitability. In addition, variations in
density associated with farming practices or natural
processes such as mortality may have feedback effects on production linked to local carrying capacity.
Local food depletion induced by high-density bivalve
filter-feeding activities can reduce the phytoplankton
concentration in the water column, thereby affecting
individual growth of the cultured bivalves (Ferreira
et al. 2007, Duarte et al. 2008, Mazón-Suástegui et
al. 2008, Cugier et al. 2010, Guyondet et al. 2010,
Guyondet et al. 2013, Filgueira et al. 2014b, Bacher et
© The authors 2022. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are unrestricted. Authors and original publication must be credited.
Publisher: Inter-Research · www.int-res.com
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al. 2019). During episodes of high mortality, oyster
farmers face drastic reductions in biomass, which can
impact the remaining oysters’ growth performance
due to changes in trophic balances, ultimately affecting the quantity and quality of marketable oysters.
Around the world in the last decades, oyster farmers
have had to face episodes of massive oyster mortality linked to various pathogens (EFSA AHAW 2015).
In many French farming sites, young oysters have
been affected by a microvariant of the ostreid
herpesvirus 1 (OsHV-1 μVar) and adult oysters by
the bacteria Vibrio aestuarianus, which caused the
death of more than 80% of the juveniles and 25% of
the adults in the farms (Pernet et al. 2012, 2019,
Gangnery et al. 2019).
Tools and management methods are needed to
help bivalve farmers adapt to multiple sources of
variation in production (Aubert et al. 2020). Different types of mathematical models have been developed to assess ecological carrying capacity (Weitzman & Filgueira 2020). Their complexity varies
both in the accuracy of the processes, state variables taken into account and the way they represent space (Dabrowski et al. 2013). Several process-based models detail the interactions between
bivalves and the ecosystem to assess the impact on
both individual performance and ecosystem functioning or to project system changes. These models
are widely applied in many mussel and oyster farming sites (Ferreira et al. 2008, Grangeré et al. 2009,
2010, Guyondet et al. 2010, Nunes et al. 2011,
Dabrowski et al. 2013). Regarding ecophysiological
models, many studies have applied the dynamic
energy budget (DEB) theory (Kooijman 2010) to
simulate growth and bio-energetics of individual
bivalves and explain the spatial and temporal variability in their physiological performances (Bourlès
et al. 2009, Rosland et al. 2009, Ren et al. 2010,
Alunno-Bruscia et al. 2011, Barillé et al. 2011,
Thomas et al. 2011). Some models have addressed
food depletion in the water column due to bivalve
filtration activity (Guyondet et al. 2005, 2013, Duarte
et al. 2008, Cugier et al. 2010). Other models have
dealt with ecological or shellfish carrying capacities
(Duarte et al. 2003, Guyondet et al. 2010, 2015,
Filgueira et al. 2014a). Several studies have assessed the impact of global changes, including those
related to climate, on the growth and biogeography
of cultivated bivalves (Guyondet et al. 2015, Filgueira et al. 2016, Thomas et al. 2016, 2018, Thomas
& Bacher 2018, Steeves et al. 2018). Modelling tools
have also been developed to assess disease propagation amongst individuals and between farms and

to potentially help the producers facing these phenomena (Thrush et al. 2017, Gangnery et al. 2019,
Lupo et al. 2019, 2020). Due to their complexity, few
models allow the combination of a large number of
changing scenarios to help with decision making.
This explains why models aimed to support production and management usually consider a limited
number of components or have low spatial accuracy
(Ferreira et al. 2007, Filgueira et al. 2014b). There
is, therefore, a challenge in designing a simple modelling tool to predict realistic responses at spatial
and temporal scales relevant for stakeholders.
On the French Atlantic coast, Bourgneuf Bay is a
region of extensive oyster Crassostrea gigas aquaculture. This site exhibits strong spatio-temporal
variability in food, turbidity and temperature that affects oyster growth performance (Palmer et al. 2020).
One of the specificities of this sector is the strong contribution of microphytobenthos to primary production, mainly in the north region of the bay (Méléder
et al. 2003, Barillé et al. 2011, Kazemipour et al.
2012). In this region, oyster farming has been facing
mortality events for many years, similar to many
other sites in France (Fleury et al. 2020a, Le Bihan
et al. 2020). Producers often have to adapt quickly
to these events. They mainly rely on their empirical
knowledge built on past experiences to anticipate
variations in production. The complexity of the interactions, spatial structuring and inter-annual variability, however, make it difficult to anticipate future
variations in production. To support producers in the
spatial planning of aquaculture activities which enable sustained production while maintaining control
of the impacts on ecosystem production, effective
management tools are needed.
This paper aims to assess the sensitivity of oyster
production in Bourgneuf Bay to mortality, stocking
density and variations in environmental conditions.
Our work is based on the coupling of a 3D model
of the bay ecosystem that simulates environmental
conditions and an individual oyster growth model
based on DEB theory. After validation of the model,
the definition of a set of scenarios crossing various
environmental, farming and mortality conditions
yielded a total of 48 simulations that allowed evaluation, quantification and ranking of their impacts
on oyster growth performance and production. We
also aimed to build a simple tool based on this
complex modelling approach to test management
options. To this end, simulations were combined to
produce a mathematical function that adapts rearing strategies to environmental variability and oyster mortality.
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2. MATERIALS AND METHODS
2.1. Study area
Bourgneuf Bay is a semi-enclosed coastal area
located along the Atlantic coast south of the Loire
estuary (Fig. 1). It is a macrotidal area with a semidiurnal tidal regime. The bay is largely open to the
ocean in the northwest and by a narrow channel in
the south. A large intertidal zone of 100 km2 covers
the eastern shore of the bay and is a region of extensive oyster Crassostrea gigas aquaculture, which
occupies an area of ca. 1000 ha (Fig. 1). Standing
stock is about 45 000 t, with an annual production of
10 000 t (Haure et al. 2003); we use these values as a
baseline scenario for our simulations
Based on a hydrodynamic model, Lazure (1992)
established the main hydrodynamic characteristics
of the bay. The strongest tidal currents occur in the
open channel in the northern part of the bay (~1 m s−1)
and in the narrower, southern channel (~1 m s−1). Inside the bay, velocities decrease to a maximum of
0.4−0.5 m s−1. Residual circulation follows a general
pattern, with a main transit from
north to south and the presence of an
eddy zone in the western part of the
bay along the coast of Noirmoutier
Island. In the eastern part of the bay,
along the intertidal areas, residual currents become extremely weak. Nevertheless, residual circulation in the bay
is highly variable, depending on wind
conditions. The overall turnover time
of water in the bay is about 2 mo. The
water column is globally well-mixed
thanks to the tidal currents and there
is little to no stratification.

Fig. 1. Bourgneuf Bay, France, showing the distribution of
cultivated oysters. The model was calibrated at Coupelasse (a)
and Graisselous (b) stations; Coupelasse was also used for
oyster growth validation

2.2. Modelling strategy
The modelling strategy is illustrated
in the workflow diagram in Fig. 2. It
is based on a 3D ecosystem model
coupled with an individual oyster
growth model based on the DEB theory. After a validation step, the model
was applied, with a series of scenarios aiming to quantify the impact of
stocking density, mortality and interannual environmental variability on
the annual growth of oysters. Results
were then used to establish an empir-

Fig. 2. Workflow of the modelling steps, with references to sections and figures
described in this paper
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ical response function that allows generalisation of
the predictions. This empirical function allowed us to
explore different management measures to achieve
production objectives in response to inter-annual
environmental variability and mortality. Each step
and tool are detailed in the following sections.

2.3. Ecosystem model
Hydrodynamic characteristics were computed with
the MARS 3D hydrodynamic model (Lazure & Dumas
2008). It uses a regular rectangular horizontal grid cell
of 800 × 800 m (Fig. S1 in Supplement 1 at www.intres.com/articles/suppl/q014p053_supp.pdf; for all supplements) with a vertical resolution of 10 sigma layers to compute the current velocity, temperature
and salinity fields of Bourgneuf Bay. The NutrientPhytoplankton-Zooplankton-Detritus (NPZD) model,
ECO-MARS3D, was coupled to hydrodynamics to
simulate primary production. The main processes
and equations of this module are described in Vanhoutte-Brunier et al. (2008) and were revisited and
recalibrated recently by Ménesguen et al. (2019) for
the English Channel and Bay of Biscay. This model
resolves the nutrient cycles of nitrogen (N), phosphorus and silica as well as the N content of 3 phytoplanktonic compartments: diatoms, dinoflagellates
and nanoflagellates. Total chlorophyll a (chl a) is derived from planktonic nitrogenous state variables
using an empirical chl a:N ratio, computed following
a Smith-like formula (Smith 1936) to account for local
light extinction.
In Bourgneuf Bay, microphytobenthic biomass is
particularly important, especially in the northeastern part of the bay and has been studied and
mapped for many years (Méléder et al. 2003, 2005,
Kazemipour et al. 2012). Microphytobenthos play a
crucial functional role in the bay, as they contribute
to oyster diet (Cognie et al. 2001, Decottignies et al.
2007). Since the ECO-MARS3D model does not simulate microphytobenthos production, a flux of
diatoms (Fmpb) was introduced at the bottom of the
water column and spatially distributed on the basis
of the known spatial distribution of microphytobenthos (Méléder et al. 2003, 2005, Kazemipour et al.
2012). Fmpb is expressed in μmol N l−1 d−1. Fmpb
depends on season and is included in the model
equation as follows:
dC diat
if U b >U bcrit then
= Fmpb
dt
(1)
dC diat
otherwise
=0
dt

where Cdiat is the water concentration of diatoms
(μmol l−1 of N), t is time (d), Ub is the bottom current
velocity and Ubcrit is the critical velocity above which
sediment resuspension occurs and the flux is activated in order to mimic resuspension of benthic
diatoms. Fmpb and Ubcrit were calibrated to reproduce
the realistic chl a levels observed at Coupelasse and
Graisselous, located in the north and south of the bay,
respectively (Figs. 1 & S2 in Supplement 2).
The northern part of the bay (Coupelasse sector) is
characterized by high turbidity, with very muddy sediment in the intertidal zone. Further south, in the
Graisselous sector, turbidity is lower and associated
with a coarser, sandy-muddy sediment (Dutertre et al.
2009). Similarly, chl a and particulate organic matter
concentrations are also higher in the north than in the
south (Dutertre et al. 2009). Studies have also shown
that the proportion of chl a related to resuspended microphytobenthos is important throughout the bay,
higher in the north and in spring tides when currents
are stronger (Haure & Baud 1995, Barille-Boyer et al.
1997). These observations guided the calibration of
the Ubcrit and Fmpb parameters in an attempt to reproduce the chl a levels observed at Coupelasse and
Graisselous as accurately as possible. This resulted in
a lower value of Ubcrit in the north, reflecting muddier
and more easily mobilized sediment than in the south
as well as a higher value of Fmpb in the north than in
the south, in accordance with the observations of chl a
concentrations in the water column. The introduction
of a difference in fluxes between summer and winter
allowed us to account for the natural cycle of microphytobenthic production.
In the northern part of the bay, Ubcrit = 0.05 m s−1;
Fmpb = 100 μmol N l−1 d−1 from April to September,
Fmpb = 20 μmol N l−1 d−1 otherwise. In the southern part
of the bay, Ubcrit = 0.1 m s−1; Fmpb = 10 μmol N l−1 d−1
from April to September, Fmpb = 2 μmol N l−1 d−1
otherwise.

2.4. Oyster growth model
Individual oyster growth was simulated using a
DEB model (Kooijman 2010). The DEB model allows
us to simulate, in a varying environment, the flow
of energy through an organism; from its uptake to
its use for structural growth, development, reproduction and maintenance. It offers a generic framework that covers the full life cycle, from embryo to
juvenile to adult. The DEB model provides a quantitative prediction of mass and energy balances and
was used here to simulate the physical length of oys-
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ters. Applied to adult oysters, the equations and
parameters are fully described in Thomas & Bacher
(2018). Values of parameters specific to the present
study are given in Table 1.
In the DEB model, ingestion rate was simulated
by a Holling Type II functional response (ƒ ∈ [0,1])
considering the particulate inorganic matter (PIM)
concentration (Kooijman 2006) and modulated by a
temperature correction function (TC; see Eq. 3):
ƒ=


X
Y 
with K (Y) = X k 1+

 X ky 
X + K (Y)

(2)

where X is the food concentration (mg C ml–1), Xk the
food half-saturation coefficient, Y is PIM concentration (mg l−1) and Xky is the PIM half-saturation coefficient. In previous applications of the DEB-oyster
model, Grangeré et al. (2009, 2010) showed that oyster dry weight was better simulated using phytoplankton C concentration instead of chl a concentration as a quantifier for food. The chl a output of the
model was converted to C through the empirical formulation of the chl a:C ratio given by Cloern et al.
(1995) and was dependent on temperature, nutrient
concentrations and irradiance. Since DEB model
variables are expressed in energy (J), a conversion
factor between energy and phytoplankton C is
required. As done by Grangeré et al. (2009, 2010), a
fixed ratio of 47.76 J mg−1 C, calculated from Platt &
Irwin (1973) was also used.
TC is formulated as follows:

(TT  TT )
) + exp (TT
) + exp (TT

TC = exp

(
T

1+ exp (

T

A

1

T
T

1+ exp AL  AL

T1
TL
AL

A



TAL
TL
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TAH 
T1 



TAH
T

H

AH
H

)
)



(3)
1

Table 1. Values of the dynamic energy budget (DEB) parameters used in the model to simulate individual oyster growth.
PIM: particulate inorganic matter
Parameter

Symbol Value Units

Food half saturation coefficient
PIM half saturation coefficient
Maximum surface specific
ingestion rate
Arrhenius temperature
Arrhenius temperature for
lower boundary
Arrhenius temperature for
upper boundary
Lower boundary tolerance range
Upper boundary tolerance range

Xk
310
Xky
10
IRmax 1027

μg C l−1
mg l−1
J cm−2 d−1

TA
TAL

5800 K
75000 K

TAH

30000 K

TL
TH

281
300

K
K
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where TA is the Arrhenius temperature within the
tolerance range of the oysters (i.e. without physiological damages); T1 is the temperature given TC = 1; TL
and TH the low and high boundaries of the tolerance
range; and TAL and TAH, the Arrhenius temperatures
beyond the lower and higher boundaries.
The NPZD and oyster models are fully coupled, as
the latter removes phytoplankton from the water column by the filtration process. The individual filtration rate (FR; J d−1) is calculated as a function of the
surface area of the organism (from structural volume,
V 2/3), the area maximum specific ingestion rate
(IRmax), temperature and food availability (Grangeré
et al. 2009):
X
FR = IR max
V 2/3 Tc
(4)
(K[Y])
In each grid cell of the model domain, an averaged
FR for the entire population was estimated by multiplying FR (corresponding to an average individual)
by the total number of individuals and then converting from J to chl a with the previously defined
coefficients.

2.5. Forcing variables and initial conditions
The French Naval Hydrographic and Oceanographic Service (SHOM) provided the bathymetry of
Bourgneuf Bay. The databases of the French water
agencies were queried to obtain the main river
inputs (average daily flows and nutrient concentrations based on monthly or bimonthly measurements).
Outputs from the ARPEGE meteorological model of
Météo-France (French weather forecasting service),
with a spatial resolution of 0.5° and a temporal resolution of 6 h, provided meteorological data (air temperature, atmospheric pressure, air humidity, cloud
cover, wind speed and direction) for forcing at the
ocean−atmosphere interface. SeaWiFS, MODIS and
MERIS satellite images were used to obtain daily
concentrations of PIM. These images were merged
as described in Saulquin et al. (2011) using a regional
algorithm specifically designed for the coastal waters
of the Bay of Biscay (Gohin 2011). They were interpolated on the computational grid and then used as
inputs to the ECO-MARS3D model to calculate light
extinction in the water acting on phytoplanktonic
production, but also as a factor influencing the FR of
oysters (see Eqs. 2 and 4).
The actual distribution of oyster densities was
obtained from a standing stock assessment made
by IFREMER in 2002 in Bourgneuf Bay (Haure et
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al. 2003) and spatially distributed in grid cells with
respect to farm locations and used in the model
validation step. Finally, theoretical stocking density
distributions were also used as described in Section 2.6.
A spin-up of 1 yr was run with the NPZD model in
order to obtain stable environmental conditions before coupling with the oyster model. Details on model
validation are given in Supplement 2.

cumulative annual mortality of 60 and 25% for cohorts
C1 and C2, respectively.
We assumed that individual growth is not af fected by the presence of a potential disease linked
to mortality. Thus, these scenarios corresponded to a
modulation of density that progressively decreases
through the year with different kinetics depending
on mortality rates.

2.6.3. Climatic conditions
2.6. Scenario building
The model was used to evaluate how the individual
growth and local biomass of C. gigas are affected
by variations in density and by interannual variation
of hydroclimatic conditions described in the following sections.

We compared 2 years with contrasting hydroclimatic conditions. The year 2005 was considered a dry
year, mainly characterized by a weak flow of the Loire
River compared to the average flow estimated for
the period 1950−2011 (see Fig. S5 in Supplement 3).
Conversely, 2008 was considered a stormy and wet
year, characterized by strong flows of Loire River in
spring and autumn (Gohin et al. 2015).

2.6.1. Density scenarios
In Bourgneuf Bay, oysters are grown in bags
placed on tables positioned about 1 m above the sea
floor. The stock is divided into 2 age classes (cohorts)
of 1 and 2 yr, respectively (Haure et al. 2003). For
each density scenario, the standing stock was divided
into 2 cohorts (C1 and C2) composed of individuals
initially 6 and 18 mo old, respectively. A reference
density (R) of 230 000 ind. ha−1 was set for each cohort.
This initial density allowed us to obtain a simulated
average standing stock of approximately 40 000 t,
which was close to the estimation of 46 000 t made in
2002 by Haure et al. (2003). We also considered 3 conditions covering a wide range of standing stock densities: (1) low density = R × 0.5 (115 000 ind. ha−1); (2)
high density = R × 2 (460 000 ind. ha−1); and (3) very
high density = R × 2.6 (600 000 ind. ha−1). For all scenarios, the oyster stocks were homogeneously distributed across the farming area in the bay, which represented 52 model grid cells.

2.6.2. Mortality scenarios
We considered 2 mortality rate scenarios based on
monthly observations made at Coupelasse station by
the national shellfish observation network (RESCO)
(Fleury et al. 2020b; Fig. S4 in Supplement 3): (1) a
reference standard monthly mortality rate corresponding to a cumulative annual mortality of around
20 and 10% for cohorts C1 and C2, respectively; and
(2) a high monthly mortality rate corresponding to a

2.6.4. Initial weight of C2 individuals
A first simulation was run for 1 yr with the initial
weight of C1 and C2 based on averaged observations. We built scenarios of initial weight of C2 using
the distribution of final weight of C1. The average
weight is taken as the reference weight, with the
10th and 90th percentiles as low and high weight,
respectively.

2.6.5. Simulation outputs
Simulations were run on an annual basis, from the
1st of January to the 31st of December. The growth
performance of oysters (i.e. final weight) and total biomass in each cell were evaluated at the end of each
simulated scenario.
Combinations of density, mortality, climatic conditions and initial weight scenarios were run for the
year 2005 (considered the reference year; Table 2).
Only few combinations were run for 2008, for comparison purposes. We defined the reference scenario as a
combination of reference density, reference mortality,
reference initial weight and year 2005 conditions.
Results of scenarios were interpreted by comparing
the final weight obtained in each grid cell with the final
weight of the reference scenario and by mapping the
percentage of the difference, DIFi, calculated as:
DIFi = 100 (Wfis WfiR ) /WfiR

(5)
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Table 2. Simulated oyster Crassostrea gigas growth and production scenarios. Simulations were repeated for the reference and high scenarios of mortality, giving a total of 58 simulations. C1: cohort 1; C2: cohort 2; Lw: low initial weight;
Rw: reference initial weight; Vw: very high initial weight; L:
low density; H: high density; V: very high density
Initial
weight
of C2

Initial
density
of C1

Initial
density
of C2

2005

Lw

L

L
V
L
V

X
X
X
X

L
R
H
V
L
R
H
V
L
R
H
V
L
R
H
V

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

L
V
L
V

X
X
X
X

V
Rw

L

R

H

V

Vw

L
V

2008

1
DIFi
n i=1,n

opportunity to examine new scenarios was limited.
Therefore, we combined the outputs of all of our simulations and built a simple response function that
predicts the final weights of the 2 cohorts in each cell
(see equations in Supplement 4). The function uses
initial numbers of oysters, initial oyster weights and
the mortality rates for the 2 cohorts as input data. We
obtained as many functions as there were cells and
years (2005 or 2008). Function outputs were the predicted number and weight of oysters in C1 and C2 at
the end of the year. The annual production was defined as the product of the number and the weight of
oysters in C2 at the end of the year

X

2.7.2. Management measures

X
X

X

X

where Wfis is the final weight in cell i in scenario s
and WfiR is the final weight in cell i in the reference
scenario. In order to compare scenarios, a mean sensitivity index (SI) was computed as:
SI =

59

(6)

where n is the total number of cells.

2.7. Response function deduced from simulated
scenarios
2.7.1. Function building
Our coupled 3D biogeochemical and oyster growth
models allowed us to map the responses in terms of
individual growth and production for a range of environmental changes, but there were limits to computing time and thus the number of simulations and the

We considered management measures based on
the seeding of C1 individuals. Our reference scenario
corresponded to low mortality rates and an environment similar to that of 2005. We applied the response
function to a series of seedings with the same mortality rates and environment. We summed the values
over all cells to assess annual production over the
cultivated area. Production was then plotted as a
function of seeding to show the relationship between
seeding and production. We also plotted average
final weight of C2 oysters as a function of seeding.
We then defined a new scenario with a high mortality rate for the 2 cohorts and repeated the same
calculations for a series of seedings. We compared
this new scenario to the reference scenario by plotting 2 curves showing the relationship between seeding and production and did the same for the 2 curves
linking seeding and the final weight of C2 oysters.
We assumed that farmers would increase seedings to
reach the same level of production in the scenario with
high mortality as in the reference scenario. Using the
curve plots derived from the series of calculations,
we assessed how much seeding should be increased
to achieve the same production or final weight as the
reference scenario.
We also compared the same reference scenario
with a scenario based on the same mortality rates but
a different environment. In this case, we repeated
the calculations using the parameters of the response
curve based on 2008 scenarios and again plotted the
annual production and the final individual weight
versus seeding.
Finally, we considered a series of scenarios based
on a combination of mortality rates for the 2 cohorts.
Using an optimization algorithm, in each case, we
calculated the optimal seeding which would allow
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the farmers to achieve the same level of production
as the reference production. Our objective function
was the absolute difference between production in
the reference scenario and the scenario with new
mortalities and depends only on seeding. All estimations were computed with the ‘optimize’ function in R
(R Core Team 2020). Data collected through the monitoring of oyster mortality in Bourgneuf Bay showed
that C1 mortality varied from < 0.1 to 0.8 and that C2
mortality varied from ca. 0.05 to 0.25. Using these
ranges of mortality, we displayed the results as a surface curve showing optimum seeding for any combination of mortality rates.

3. RESULTS
3.1. Spatial patterns of growth
Under reference conditions, simulated growth performance appeared strongly heterogeneous throughout the rearing area and exhibited similar patterns
for the 2 cohorts (Fig. 3A). Higher performances were
found in the northern and western parts of the bay,
with final individual total weights reaching 40 and
90 g for C1 and C2, respectively. Lower performances
were seen in the southern part of the bay, with final
total weights < 15 g for C1 and 40 g for C2.
This spatial heterogeneity of growth performance
was associated with strong heterogeneity in environmental conditions in the bay (Fig. 3B,C,D). These
conditions modulate the energy acquisition capacities of the oysters, here illustrated by the average
functional response in the rearing areas (Fig. 3E).

(Fig. 5A). However, the average anomalies remain at
low values. Significant differences between the 2
simulated years are found when the cumulative values of ƒ and TC are represented (Fig. 5B). The comparison of cumulated TC does not differ between 2005
and 2008, whereas a clear difference is observed for
cumulated ƒ. For 2008, the cumulated ƒ remains close
to zero until the end of April, reflecting very low
feeding rates, whereas for 2005 the cumulated ƒ increases rapidly from March. This delay in food acquisition is never compensated for, which results in a net
deficit for 2008, comparable to the observations made
on the final biomasses. A strong difference in the timing of the spring bloom was observed between the 2
years, with a higher and earlier peak in 2005 compared to 2008, which explains the direct effect on
oyster feeding potential. This difference in phytoplankton growth can be explained by light limitation
due to suspended matter load. The beginning of 2008
was characterized by storm events, high river discharge of the Loire River, located north of Bourgneuf
Bay (see Section 2.6.3), bringing higher turbidity to
the inner bay. The higher turbidity may also partly
explain the differences in growth, as it limits the food
intake of the oyster. Thus, spring bloom is a critical
period for oysters and supports a significant portion
of the annual growth. This is illustrated in Fig. S7 in
Supplement 5, which shows sea-surface suspended
matter measured by satellite and averaged from January to March as well as the time series of observed
suspended matter and simulated chl a averaged over
the bay for 2005 and 2008.

3.3. Response of final weight to initial density level
3.2. Inter-annual variability
Simulations showed strong differences in final
weights between the reference year (2005) and the
stormy and wetter year (2008), with an average (± SD)
reduction of −29 ± 6 and −18 ± 5% for C1 and C2,
respectively (Fig. 4). These changes were not homogeneous across the bay. The western and central
parts of the bay were more sensitive, with a decrease
in growth performance of −39 and −31% for C1 and
C2, respectively.
The simulated interannual variations in growth
potential and associated spatial heterogeneity were
mostly sustained by differences in feeding rates. The
mean annual functional response ( ƒ) anomaly is always negative when mean annual TC exhibits both
positive and negative values, depending on locations

Increased initial densities led to a general decrease
in final weight for the 2 cohorts, with higher reductions in lower food concentration areas located in the
south-eastern part of the bay (Fig. 6). C1 was more
affected than C2, with a final weight reduction between −15 and −35% for C1 and −5 and −20% for C2.

3.4. Response of final weight to mortality levels
Increased mortality reduced the density of the
oysters, which had a positive effect on individual
growth. An increase of 4−8% and 0−3% of the final
weight was seen for C1 and C2, respectively (Fig. 7).
This effect was greatest in the south-eastern part
of the bay, where growth performance is naturally
lower.
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Fig. 3. Oyster growth patterns in Bourgneuf Bay. (A) Oyster final weight simulated in each model cell for the 2 cohorts: C1 and
C2. Results are shown for 2005 and the reference scenarios of density, initial weight of C2 and mortality. (C–D) Annual averages of the 2 variables simulated by the model: (C) chl a, (D) temperature. (E) Annual average of suspended particulate inorganic matter (SPIM) observed by satellite and used as forcing in the model. Black dots: cells with oyster rearing activity. (F)
Yearly mean functional response (ƒ) modulated by the temperature correction factor (TC), applied in the DEB model
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Fig. 4. Inter-annual variability of oyster final weight expressed as a percentage of the difference between scenarios
in 2008 and 2005. Results are given for the 2 cohorts (C1 and C2) for reference initial densities and reference mortality
of C1 and C2

Fig. 5. Inter-annual variation in forcing variables. (A,B) Mean annual anomaly computed after the (A) daily-scaled functional
response ( ƒ) and (B) temperature correction factor (TC). (C,D) Time series of cumulated (C) ƒ and (D) TC for the scenarios in
2005 and 2008; Thin lines: single cells; thick lines: mean over all cells
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3.5. Response of final weight to initial weight of C2
Fig. 8 illustrates the effect of the initial weight of
individuals in C2 (see Section 2.6.4) on the annual
growth rate of C1 and C2 (expressed in g yr−1) depending on whether the initial density of C1 and C2
were low or very high. In this example, the mortality
was chosen as the reference mortality. As the initial
weight of individuals in C2 increases, the growth rate
of individuals in C1 decreases with a greater effect
for the high initial density of C2. As the biomass of
C2 increases (due to density or individual weight),
trophic competition increases, leading to less available resources for C1 individuals.
For C2, annual growth tends to increase slightly but
quickly reaches a maximum when the initial weight of
C2 increases. On the other hand, there was almost no
gain in growth, or even a decrease, when the initial
density of the C2 cohort was very high, as the reared
biomass has probably exceeded the trophic capacity.

3.6. Sensitivity analysis
SI was used to compare scenarios (Fig. 9) and
ranged from −30 to + 30%. The highest SI resulted
from the interannual comparison between the ‘wet’
year (2008) and the ‘dry’ year (2005). The SI reached
−30% for C1 and −20% for C2. An increase in C2
density had the second-largest impact and led to a
decrease of 12 and 18% in the final weight of C2 and
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C1, respectively. An increase in the initial mass of C2
individuals is a special case because this intrinsically
has a strong impact on the final weight of C2 individuals (>20%), especially as the annual growth rate increases with the initial weight (see the previous
section). The smallest variations in SI (<10%) were
related to mortality and density variations.

3.7. Scenarios of management measures
We used the response function to compute and plot
annual production and final individual weight for a
series of seedings. Calculations clearly showed the inverse relationship between the final individual weight
and seedings and the non-linear increase of production (Fig. 10, blue lines for reference scenario). We
then compared these relationships for the reference
scenario and a scenario with high mortality (Fig. 10,
red lines). Increasing mortality decreases oyster density and improves individual growth, which explains
the upwards shift of the curve relating seeding with
final weight. However, production with high mortality always remains below production with reference
mortality, which means that the gain in individual
weight is not sufficient to compensate for losses due
to mortality. The relationship between seeding and
production allows us to infer that seeding equal to ca.
5.6 × 105 ind. ha-1 would allow us to retrieve the production of the reference scenario corresponding to a
seeding of ca. 2.3 × 105 (Fig. 10, vertical lines).

Fig. 6. Effect of initial density scenarios on oyster growth. Oyster final weight variation was computed according to the high
and reference density scenarios for cohorts C1 and C2. Results are shown for year 2005, reference initial weight of C2 and
reference mortality
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Fig. 7. Effect of mortality scenarios on oyster growth. Oyster final weight variation is expressed as percentage variation
between the reference and high mortality scenarios for cohorts C1 and C2. Results are given for year 2005, reference initial
density of C1 and C2 and reference initial weight of C2

Similar patterns emerged when we carried out the
same analysis using different environmental conditions, i.e. environment corresponding to 2008, without
any change in mortality rate ind. ha–1 (Fig. 10, green
lines). Increasing density to ca. 3.9 × 105 ind. ha–1
would allow us to achieve the production of the reference scenario, but the final weight would remain
much lower, i.e. ca. 25 g instead of ca. 40 g as in the
reference scenario.

The positive relationship between seeding and
production makes it possible to estimate an exact
seeding rate, allowing us to achieve the same production as the reference scenario when mortality
rates of C1 and C2 vary. Combining sets of mortality
rates, we estimated that seeding would vary from 2 ×
105 to 9 × 105 ind. ha–1 (Fig. 11). Farmers could use
this rule, based on a new seeding, to precisely compensate for mortality loss. Similar calculations can

Fig. 8. Effect of initial weight of oyster cohort C2 on the individual growth rate of cohort C1 and C2. Two initial density scenarios
are compared: low density of C1 and C2 and low density of C1 and very high density of C2
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easily be implemented in other scenarios where the
growth rate is modified by environmental factors
(e.g. 2008). Not shown here but easy to implement
with our response function, another management
measure could consist of increasing the initial weight
of C1 individuals at seeding; this would modify the
time needed to reach marketable size.

4. DISCUSSION
4.1. Drivers of oyster growth

Fig. 9. Sensitivity of oyster growth to each factor tested (mean
[± SD] spatial variability of final weight expressed as the percentage of difference compared to the reference). Results of
the 5 factors tested are shown for the 2 cohorts (C1 and C2) We
distinguished the effect of C2 initial weight on C2 final weight
(hatched bar) which reflects the effect of a variable on itself

Fig. 10. (A) Production (t ha−1) and (B) final individual weight
(g) of cohort C2 computed for a series of seedings (ind. ha–1)
with an increase in mortality or change in environmental
conditions. Blue line: reference mortality and year 2005; red
line: increased mortality and year 2005; green line: reference
mortality and year 2008. Vertical blue line: seeding value
in the reference scenario (ca. 2.3 × 105 ind. ha–1); vertical
red and green lines: seedings required to achieve the same
level of production as the reference scenario. Dotted lines:
changes in seedings needed to maintain production

Our study allows a better understanding of the spatial variability of oyster growth in Bourgneuf Bay.
The best growth performances corresponded to
areas where accessibility to food is optimal. Growth
performance depends on the absolute availability of
chlorophyll (Ren & Ross 2001, Ren et al. 2 010ut also
on temperature and the concentration of suspended
matter (Bourlès et al. 2009, Barillé et al. 2011), which
influence physiology and physical assimilation processes. Since spatial gradients of temperature are
relatively weak, the analysis of the simulated functional responses clearly demonstrates that growth
patterns result from the combined gradients of chl a
and PIM. Simulations predicted that the best growth
performances are in the northern and western parts
of the bay. In the north, despite high turbidity linked
to strong resuspension, oyster growth is achieved
due to high concentrations of chl a, and it is likely
that the growth performance would be higher if turbidity was lower. The high levels of PIM in the north
certainly limit the capacity of bivalves to assimilate
the available food and thus restrict growth in that
area. Conversely, in the western part of the bay,
lower concentrations of chl a but very low levels of
turbidity result in good growth conditions comparable to those in the north. Spatial gradients of chl a are
characterised by high concentrations in the north
part of the bay linked to important microphytobenthic production on the wide foreshore of this area
(Méléder et al. 2003, 2005, Kazemipour et al. 2012),
which has been highlighted as a major component
of the oyster diet (Cognie et al. 2001, Decottignies et
al. 2007). Incorporating the microphytobenthos in an
ecosystem model, for the first time even empirically,
enabled a realistic simulation of the chlorophyll gradient (see validation in Supplement 2) with a direct
impact on the simulated growth of oysters.
Food depletion is a feedback mechanism that
can also affect food concentration and individual
growth. At high rearing densities, filtration pressure
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Fig. 11. Value of seeding cohort C1 (×105 ind. ha–1) that would allow us to achieve the same level of production as the reference
scenario when mortality of C1 (x-axis) or C2 (y-axis) varies. Dots: observed mortalities reported in the RESCO monitoring
network (Fleury et al. 2020b)

decreases food concentration in the water column
and, in extreme conditions, leads to trophic competition among individuals. For instance, Cugier et al.
(2010) showed that cultivated filter feeders (oysters
and mussels) can reduce the annual maximum
chlorophyll locally by half in Mont-Saint-Michel
Bay. They simulated scenarios with oyster and mussel rearing densities and showed that individual
final weight could vary by several tens of percentage points depending on the scenario (Bacher et al.
2019). In another macrotidal bay, Grangeré et al.
(2010) predicted that depletion due to filtration
could reduce the final weight 2−4 times, depending
on the area. In our study, simulations showed that
the final weight of individuals in the 2 age classes
decreased sharply, with a stronger effect on C1,
when the density of C2 was doubled. The most
affected areas are those in the south, close to the
coast, where oyster growth is naturally lower. The
rearing density is clearly too high compared to the
available resources, and thus the system exceeds its
carrying capacity. The spatial distribution of stocks
in a given area can therefore be an important key to
manage the growth of bivalves. However, we only
considered that oyster stocks and changes in rearing
densities were homogeneously distributed. Even
though hydrodynamic studies have shown weak
residual circulations on the foreshores (Lazure
1992), more complex scenarios could therefore be
useful to assess how local changes in rearing density affect growth in other locations.
Our study clearly shows that interannual variability
of hydroclimatic conditions is a major source of oyster
growth variability. In contrasting situations, these
variations can be much more important than those
related to cultivation practices. From one year to the

next, climate conditions can be very different and
can have a significant impact on key environmental
variables for oysters growth: phytoplankton, temperature and inorganic material load. In coastal areas,
the temporal variability of phytoplankton is usually
correlated with meteorological conditions which increase nutrient inputs from catchment areas during
rainy episodes and/or increase local turbidity during
storm events. Although the maximum chlorophyll
values reached in 2005 and 2008 in Bourgneuf Bay
were very similar, the bloom started much later in
2008 than in 2005. Higher turbidity delayed the start
of the spring growth of oysters, which was not compensated for during the rest of the year. In the
English Channel, Grangeré et al. (2009) also showed
that interannual fluctuations of oyster weight were
consistent with variations in food availability (phytoplankton) and therefore with fluctuations in food
assimilation. They also simulated a strong difference
in growth between years, particularly linked to time
shifts in spring blooms. Moreover, they showed that
oyster growth also depends on the physiological state
of the oysters at the beginning of spring (i.e. the status of their reserve) and therefore on the environmental conditions they experienced the previous fall
and/or winter. More generally, the intensity of the
oysters’ metabolic activity during this period enhances or lowers their vulnerability during the rest of
the year (Thomas et al. 2018). Thus, a low level of
reserves in spring combined with a late phytoplankton bloom can further reduce oyster growth. We propose that carrying out simulations on 2 consecutive
years with contrasting hydroclimatic conditions would
provide a perspective to better evaluate the impact of
the physiological status of oysters in spring on their
growth later in the year.
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4.2. Model use for management
Even if process-based models are useful for assessing the main drivers of trophic capacity (Guyondet et
al. 2010, Nunes et al. 2011, Dabrowski et al. 2013),
extensive computing time and the need to use mainframe computers limits the number of scenarios and
makes the application of such models to management
problematic. Various strategies can be implemented
to address this issue: (1) reduce the spatial dimensions
(e.g. hypotheses on horizontal and/or vertical homogeneity); (2) reduce the scale of the modelled outputs, e.g. bivalve individual scale vs. overall production of the area (Ferreira et al. 2007); (3) simplify
model implementation by removing some feedback
processes (Tissot et al. 2012). In our study, we chose a
hybrid approach, starting with a complex 3D model
and accounting for the interactions between environmental conditions and oyster growth. Based on this
validated model, we built a database of model predictions combining a range of input data, e.g. rearing
densities, mortality and environmental conditions.
Finally, these results allowed us to generate a simplified model in the form of response curves that could
be used to test different rearing strategies. The response function we developed can help producers to
implement the best strategy to achieve given objectives and/or face events affecting production. Application of the response function simulating a loss of
production due to poor environmental conditions or
high mortality provided an estimate of the number of
C1 individuals required to be seeded in order to
return to initial (or reference) production. However,
other strategies can be envisaged, and the response
function, which is easy to use, can allow us to explore
them in association with farmers in the frame of companion modelling approaches. In the case where
poor environmental conditions would result in a loss
of production, increasing the rearing density of C1 by
40% would allow a return to the reference production level — but with a drastic reduction in the average individual final weight, from 44 to 25 g after 1 yr
of growth. Selling smaller oysters with a lower commercial value may not be without financial consequences for producers and the profitability of their
farms. Thus, in order to allow the oysters to reach a
minimum commercial weight, producers may have to
extend the rearing cycle, with a higher risk of hazards linked to environmental or sanitary conditions
as well as consequences associated with the management of successive cohorts as a result of longer
immobilisation of stocks on the production sites.
Nunes et al. (2011) highlighted this type of effect and
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showed that total mussel production increased continuously when the stocking density was gradually
increased, but that marketable size was reached
much later. In practice, producers would favour
lower densities and productions that allow them to
obtain larger mussels associated with a better market
price and a shorter growth cycle with lower economic risk. The response function we developed can
thus be used to assess the conditions for achieving
more complex objectives accounting for the constraints of producers (e.g. minimum marketing size,
maximum length of rearing cycles).
Our hybrid approach addresses the need for adaptive management of aquaculture. Shellfish farmers
need to adapt their rearing strategy to technical,
administrative, economic and environmental constraints (Brigolin et al. 2017, Barillé et al. 2020). They
also face unpredicted risks such as episodes of
pathogen-related mortality which can lead to sharp
reductions in stocking densities, strongly affecting
their production and impacting their economic outcome. Producers generally anticipate potential losses
by controlling spat collection, increasing the rearing
density of the young cohorts (Le Bihan et al. 2020),
but this practice is not without consequences for the
growth performance of the bivalves. Such a strategy
eventually results in a balance between the anticipation of mortality and the densities to be maintained in
rearing, which producers manage as well as possible
based on their empirical knowledge of the environment, the local and/or national dimension of the hazard and the different forms of aquaculture practices
(Le Bihan et al. 2020). These choices, if made incorrectly, can limit the profitability of farms, i.e. the benefits that producers can draw from their farms. These
benefits depend on the value of their production (the
market price of their product) but also on production
costs. Modelling approaches can help determine the
best strategy by integrating biological, epidemiological and socio-economic components. Models allow
us to simulate how management measures that modify aquacultural biological performance (changes
in production areas, changes in stocking densities,
etc.) or external events (weather conditions, climate
change, mortality, etc.) could impact the economic
performance of farms or market prices (Merino et al.
2010, Kankainen et al. 2012). Our response function
approach for testing management measures on biological aquaculture performance is flexible and fully
capable of producing input for a bio-economic model
designed to assess the costs and benefits of management measures and natural variabilities (mortality,
weather conditions).
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