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Abstract:  
 
We compared growth simulations by dynamic energy budget (DEB) and scope for growth (SFG) 
models of the Pacific oyster Crassostrea gigas, cultivated in Bourgneuf Bay on the French Atlantic 
coast. This bay is located at a latitude in the middle of the European range of the species, and is 
characterized by high concentrations of suspended particulate matter (SPM) and a marked gradient 
between high-turbidity sites in the north (daily SPM > 500 mg L-1) and intermediate-turbidity sites in the 
south. The models use two forcing variables: seawater temperature and food density. We tested two 
indices of food availability: chlorophyll a and microalgal concentrations. In the SFG model, food intake 
is simulated by a type-II Holling functional response, as in the DEB formulation, and the effect of 
turbidity in both models is therefore taken into account principally through the half-saturation 
coefficient for this functional response. Chlorophyll a concentrations were three to four times higher at 
the high-turbidity site, but oyster growth rates were significantly lower at this site than at the 
intermediate-turbidity site. A comparison of observed and simulated values showed that the DEB 
model performed better than the SFG model if microalgal concentration was used as an index of food 
availability, with the SFG model underestimating oyster growth in summer and autumn. However, the 
SFG model was much more efficient if chlorophyll a concentrations were used, with the DEB model 
systematically overestimating summer and autumn growth. This comparison suggests that both SFG 
and DEB simulations could be improved, to give a more accurate description of oyster growth in a 
turbid environment, and that the pre-ingestive selection mechanisms used by suspension feeders in 
turbid environments should probably be included in the formulation of feeding processes.  

Highlights 

► The growth of Pacific oyster was studied in a high-turbidity ecosystem. ► At the highest turbidity 
site, the growth was lower compared to an intermediate turbidity site, in spite of a high availability of 
food resources. ► Growth was simulated by two models (Scope For Growth vs. Dynamic Energy 
Budget) showing different simulations according to the food quantifier tested (chlorophyll a vs. cell 
concentration). ► Both models could be improved by including pre-ingestive feeding responses, 
playing a significant role for suspension-feeders inhabiting turbid environments. 
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1. Introduction 

 
Models simulating the growth of suspension-feeding bivalves are cognitive tools for 
improving our understanding of the functioning of shellfish ecosystems dominated by 
aquaculture. This knowledge is crucial if we are to develop relevant management strategies 
for optimizing production and limiting the impact on the environment (Raillard and 
Ménesguen, 1994; McKindsey et al., 2006; Cugier et al. 2010). These models may also be 
useful for assessing the invasion of northern European estuaries by feral oysters, which form 
large, dense reefs (Cognie et al., 2006; Troost, 2010). 
 
Energy budget models for bivalves are based on the modeling of ecophysiological processes 
and energetics in response to environmental variation.  There are various types of energetic 
models, generally classified as “net production” or “scope for growth” models and 
“assimilation” or dynamic energy budget (DEB) models (e.g. van der Meer 2006). In the last 
decade, DEB models (Kooijman, 2010) have increasingly been developed, for various 
species (van der Veer and Alunno-Bruscia, 2006; van der Veer et al., 2006), according to the 
theory developed by Kooijman (2010). The DEB theory has been successfully applied to the 
modeling of growth and reproduction in the Pacific oyster Crassostrea gigas (Pouvreau et al., 
2006; Ren and Schiel, 2008; Bourlès et al., 2009; Alunno-Bruscia et al., submitted, this 
issue), one of the principal shellfish cultivated worldwide (FAO, 2004). 
 
In previous versions of the Pacific oyster-DEB model, feeding processes were described 
purely in terms of ingestion and assimilation (Pouvreau et al., 2006; Ren and Schiel, 2008; 
Bourlès et al., 2009). These models did not consider pre-ingestive feeding processes, such 
as particle selection, which is a characteristic physiological response of suspension-feeding 
bivalves, associated with pseudofeces production (Ward et al., 1997; Beninger et al., 2008). 
Pseudofeces production, which is essentially associated with the retention of inorganic 
particles on the gills, has been modeled according to DEB theory (Kooijman, 2006), but the 
resulting complex formulation has yet to be incorporated into more recent versions of the 
oyster-DEB model (Bourlès et al., 2009). In their present formulation, oyster-DEB models do 
not consider particulate inorganic matter (PIM) as a forcing variable, even in estuarine 
environments (Grangeré et al., 2009). PIM is not explicitly used in the DEB model, but its 
effect is integrated into the half-saturation coefficient, Xk, which describes food ingestion 
through the functional response f (Kooijman, 2010). Pouvreau et al. (2006) suggested that 
this coefficient was site-specific, varying with seston load and food quality and/or quantity 
(see also Alunno-Bruscia et al., submitted, this issue). 
 
A net production model based on the scope for growth (SFG) concept (Bayne 1976) has 
been developed for C. gigas by Barillé et al. (1997a). This SFG model was developed from 
empirical relationships describing feeding processes and resource allocation, through the use 
of allometric relationships. In this study, we modified the SFG model for C. gigas significantly, 
in several ways. The formulation of feeding was simplified to take into account criticisms 
concerning overparametrization (van der Veer and Alunno-Bruscia, 2006) and a new 
formulation made use of the functional response f from the DEB model, to describe the 
relationship between environment and ingestion rate. With this formulation, we tested the 
same forcing variables in the two models. The effects of turbidity were considered only 
implicitly, through the Xk parameter and absorption efficiency. Classical SFG energy 
allocation, which assumes that the net production (assimilation-respiration) is immediately 
available for growth and reproduction, was also modified, as described by Brylinsky and 
Sephton (1991), with the addition of a reserve-gonad compartment acting as a buffer. Finally, 
reproductive physiology was reformalized on the basis of fine-scale temporal data for oysters 
in Bourgneuf Bay (Dutertre et al. 2009, 2010). 
In this study, we compared simulations of growth obtained with the DEB and SFG models for 
18-month diploid Pacific oysters reared at two sites in Bourgneuf Bay, an important oyster-
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farming area on the western Atlantic coast of France, corresponding to the middle of the 
range of latitudes over which C. gigas is found in Europe. This bay is a highly turbid 
macrotidal ecosystem in which the concentrations of suspended particulate matter frequently 
exceed the physiological thresholds triggering a change in feeding responses in C. gigas 
(Barillé et al., 1997b). Moreover, this oyster-farming site is characterized by low growth rates 
(Barillé-Boyer et al., 1997) and is confronted by a problem of decreasing yields due to the 
proliferation of feral oysters (Dutertre et al., 2010).The new version of SFG model tested 
here, modified from that of Barillé et al. (1997a), is presented in more detail than the DEB 
model, which was fully described by Bourlès et al. (2009). We tested two indices of food 
availability in this study: chlorophyll a concentration (in µg L-1) and microalgal concentration 
(in number of cells L-1). 
 
 
 
2. Materials and methods 

 

2.1. Study area and experimental data 

 
Two experimental oyster-farming sites were selected in Bourgneuf Bay (Fig. 1), which is 
located on the French Atlantic coast and is characterized by a marked gradient of SPM 
concentration (Dutertre et al. 2009). The northern high-turbidity (HT) site, La Coupelasse (47° 
1’ 34.7’’N, 2° 1’ 55.9’’W), is an intertidal mudflat in which more than 44% of the total weight of 
sediment is accounted for by particles with a diameter of less than 44 µm, and which 
supports a high microphytobenthic biomass (Méléder et al., 2003). The southern 
intermediate-turbidity (IT) site, Graisselous (46° 57’ 2.6’’N, 2° 7’ 53.4’’W), is characterized by 
a sand-mud bottom in which less than 10% of the total weight of sediment corresponds to 
particles with a diameter of less than 44 µm. In February 2005, 18-month-old hatchery-born 
oysters were placed in plastic mesh bags (250 individuals per bag), which were then tied to 
oyster racks 60 cm above the bottom, at both experimental sites. Over a period of one year 
(Feb. 2005-Feb. 2006), we collected 30 randomly selected  oysters per month, or per 
fortnight from May to September, at the HT and IT sites, for the identification and 
quantification of spawning events. The same sampling plan was followed during the next 
year, with a new batch of 18-month-old hatchery-born oysters installed in February 2006 at 
the IT and HT sites. Soft tissues were freeze-dried for 48 h and weighed to obtain the dry 
tissue mass (g). Dry tissues were then processed for biochemical determinations (lipids, 
carbohydrates, proteins; see Méléder et al. (2001) for the methods used). In 2005 and 2006, 
seawater temperature, SPM and chlorophyll a concentrations were recorded at 15-minute 
intervals, with multi-parameter water quality probes (YSI 6600) fixed below the oyster racks, 
at both the HT and IT sites (see Dutertre et al., 2009 for details). In model simulations, 
chlorophyll a concentration was compared with microalgal concentration, with a view to 
identifying the most reliable index of the quantity of food available. The total number of 
microalgal cells was determined by microscopic examination of seawater samples collected 
twice monthly at a western low-turbidity (LT) site of Bourgneuf Bay, Bois de la Chaise (Fig. 
1), through a phytoplankton monitoring network (REPHY IFREMER, Quadrige database, 
2005; 2006). 
 

 

 

 3



2.2. SFG and DEB models 

2.2.1. SFG model 

 
The SFG model used in this study was derived from that developed by Barillé et al. (1997a) 
to simulate Pacific oyster growth in Marennes-Oléron Bay (France), a turbid shellfish 
ecosystem. We modified the structure of this model in terms of feeding processes and 
energy allocation (Fig. 2). Comparison of this SFG model with the DEB growth model for C. 
gigas (Bourlès et al. 2009) was facilitated by changing the forcing variables of the SFG 
model: food density, estimated by chlorophyll a concentration or microalgal concentration, 
and seawater temperature. As for the DEB model (Kooijman, 2010), food uptake was 
modeled by a type-II Holling functional response, f. Feeding processes were therefore 
represented solely in terms of the ingestion and absorption of particulate organic matter 
(POM). The SFG model simulates the variation of three state variables: shell mass (SHELL), 
somatic mass (SOMA) and reserve-gonad mass (RESGON). These state variables and the 
other main variables of the model, as well as the model parameters, are presented in Table 
1. The initial values of the state variables were estimated by biometric and biochemical 
measurements as detailed in the previous paragraph. RESGON was estimated by adding 
together the amounts of lipids and carbohydrates, whereas SOMA, which we assumed to 
consist essentially of proteins, was calculated as the difference between the measure of dry 
tissue mass and the sum of lipid and carbohydrate masses (Méléder et al., 2001). The 
simulated dry tissue mass (DTM) was calculated as the sum of SOMA plus RESGON. 

 

Feeding processes 
 
Organic ingestion (INGorg) was formulated with a maximal organic ingestion rate (Ingmax), a 
functional response (f) and somatic mass (SOMA). The relationship between ingestion and 
somatic mass is defined by an allometric coefficient (Mølhenberg and Riisgård, 1979). The 
maximum ingestion rate per unit of somatic dry mass (Ingmax = 22 mg POM h-1 g-1) was 
obtained from Barillé et al. (2003). The scaled functional response, f (dimensionless), 
depends on food density X and the half saturation coefficient Xk: 
 
INGorg = (Ingmax - INGtemp ) . f . (SOMA)b (mg POM h-1)  with  f= X/(X+Xk)    
 
The effect of temperature on the enzyme kinetics associated with feeding was 
integrated into the calculation of ingestion rates through the function INGtemp: 
 
INGtemp =  ing1 . (TEMP - ing2)

2  (mg h-1 g-1) 
 
This formulation is based on the C. gigas clearance rate model (Bougrier et al., 1995), with 
19°C as the optimum temperature (ing2); ing1 was specifically reformulated for this study. 
Seawater temperature is represented by the variable TEMP. The excretion of dissolved 
matter is ignored in this model, and absorbed organic matter is considered to be assimilated 
organic matter. Previous studies have demonstrated that absorption efficiency decreases 
with the dilution of organic matter by inorganic particles in bivalve digestive systems 
(Hawkins et al., 1986; Bayne et al., 1987). In their study, Barillé et al. (1997b) used the 
organic fraction of C. gigas stomach contents to describe absorption efficiency. Here, we 
used a low value of absorption efficiency (ae=0.25), to account for this negative effect of 
inorganic matter. Finally, organic matter absorption was formulated as follows: 
 
ABSorg = ae . INGorg /(1000 .24) (g POM d-1). 
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Metabolic costs 
 
The metabolic costs associated with feeding, growth, reproduction and basal maintenance 
are estimated by the oxygen consumption model established by Bougrier et al. (1995), 
which is dependent on temperature and is linked to SOMA by an allometric coefficient 
(br), based on the assumption that reserves and gonads do not require energy for 
maintenance (Van Haren and Kooijman, 1993). However, studies on metabolic costs in 
C. gigas (Ropert and Goulletquer, 2000; Haure et al., 2003) have suggested that the 
formulation of Bougrier et al. (1995) significantly underestimates metabolic costs at high 
temperatures. We therefore corrected the original formulation with a two-parameter 
exponential function (Haure et al., 2008). The mgO2pom parameter converts oxygen 
concentration into a mass of POM (Barillé et al., 1997a). 
 
RESP =  resp1 . exp (resp2 . TEMP) . SOMAbr . mgO2pom  / (1000  . 24) (g POM d-1) 
 

Energy allocation 
 
In SFG models, energy balance is the difference between the energy gained through feeding 
processes and metabolic costs. In the initial version of the model, the net production 
(ABSorg-RESP) was allocated to different compartments (Barillé et al., 1997a). A fraction of 
energy was allocated first to the shell, then to the somatic compartment, until a maximum 
somatic growth was achieved. Finally, any excess energy was allocated to the reserve-gonad 
compartment. In the new formulation, we retained the allocation rules but took metabolic 
costs into account  a posteriori, in either the somatic or the reserve-gonad compartment 
(Brylinsky and Sephton, 1991; Barillé, 1996), as a function of gametogenesis, the key 
process in reproduction (Fig. 2). Outside periods of gametogenesis, metabolic costs are 
deducted from the reserve-gonad compartment and shell growth is kept maximal. In this 
case, daily energy budgets for the shell (SHELL GAIN), soma (SOMA GAIN) and reserves-
gonad (RESGON GAIN) compartments are calculated as follows: 
 
SHELL GAIN = shellcoef. ABSorg                      (g d-1) 
 
SOMA GAIN = min (maxSOMA ; (ABSorg - SHELL GAIN))   (g d-1) 
 
RESGON GAIN = ABSorg - SHELL GAIN - SOMA GAIN – RESP               (g d-1) 
 
The daily fraction of energy gain allocated to shell growth, represented by the parameter 
shellcoef = 5%, as proposed by Méléder et al. (2001). If the energy acquired through feeding 
processes is not sufficient to cover metabolic costs (ABSorg < RESP), shell growth stops 
(SHELL GAIN = 0). Maximal somatic growth (maxSOMA) was estimated from biometric and 
biochemical data for juvenile and adult oysters in Bourgneuf Bay in 2005 and 2006. Somatic 
variations were estimated from the difference between oyster dry tissue mass and the sum of 
lipid and carbohydrate masses. Below a somatic mass threshold of 1.5 g (sm), maxSOMA was 
a linear function of somatic mass; above sm, maxSOMA was constant. During periods of 
gametogenesis, metabolic costs are deducted from the soma and shell growth is reduced by 
50 % (shellgam; Méléder et al., 2001). In this case, energy allocation is modeled as follows: 
 
SHELL GAIN = shellcoef. ABSorg. shellgam           (g d-1) 
 
SOMA GAIN = min (maxSOMA ; (ABSorg - SHELL GAIN)) – RESP        (g d-1) 
 
RESGON GAIN = ABSorg - SHELL GAIN - SOMA GAIN                             (g d-1) 
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Biochemical analyses indicated that the reserve-gonad compartment was never totally 
empty, with this compartment always accounting for at least 20 % of the mass of the soma 
(Haure et al. 2008). This value was used as a threshold (rgs1) when subtracting metabolic 
costs from the somatic compartment, whatever the status of the reproductive cycle. 

 

Reproduction 
 
The reproductive cycle of C. gigas closely follows seasonal variations in seawater 
temperature. In Bourgneuf Bay, Dutertre et al. (2009) showed that the onset of gamete 
maturation was associated with a threshold temperature of about 8°C. Histological analyses 
on farmed oysters also suggested that the ratio between reserves-gonads and soma did not 
exceed a mean value of 0.6 (Dutertre et al., 2009). Gametogenesis periods were formulated 
in relation to these thresholds: tg is the minimal temperature for the triggering of gamete 
maturation whereas the second threshold (rgs2) corresponds to the maximum filling of the 
gonad by gametes (Dutertre et al., 2009). Gametogenesis thus occurs if TEMP > tg  and 
(RESGON/SOMA)< rgs2. 
 
In the model, spawning depends on two conditions: a temperature threshold, ts=18°C and a 
RESGON threshold, rgsp= 35%, based on a gonosomatic index (Pouvreau et al., 2006; 
Dutertre et al., 2009). The mass of the reserve-gonad compartment lost by spawning (SP) 
was estimated from histological analyses (Dutertre et al., 2009) and found to be equivalent to 
a spawning intensity of 60% (cs): 
 
If TEMP > ts and (RESGON/SOMA)> rgsp then SP = cs . RESGON (g) 
 
Tissue recovery requires gametogenesis and energy allocation to the shell to stop after 
spawning (Méléder et al. 2001). These post-spawning periods are included in the model 
through two time-lag parameters: tlg = 7 days and tlshell = 15 days (Méléder et al. 2001). 
 

2.2.2. The DEB model 

 
A detailed description of the validated Dynamic Energy Budget (DEB) model for C. gigas has 
been provided by Bourlès et al. (2009), based on the DEB theory developed extensively by 
Kooijman (2010). The general framework of the oyster-DEB model used, including the 
equations and DEB parameter values (Table 2), were kept similar to those in the study by 
Bourlès et al. (2009). We therefore provide only a brief outline of this model here. 
 
The dynamics of growth and reproduction can be fully described by three differential 
equations describing the dynamics of the energy reserve, E, the dynamics of the energy 
allocated to structural body volume, EV, and the storage and use of energy allocated to 
development (complexity acquisition before sexual maturity) and reproduction, ER (Fig. 2). 
Only the half-saturation coefficient XK is calibrated. Food uptake is assumed to follow a type-
II Holling function response dependent on food density X (expressed in µgChl-a L

-1 or number 
of cells L-1 in this study) and to be proportional to the surface area of the structural body 

volume (V, cm3). The rate of ingestion  (J d-1) can therefore be written as  XJ
 

  








k

XmX
XX

XfwithVfJJ 3/2  

where  is the scaled functional response (dimensionless), XK is the saturation coefficient or 

Michaelis-Menten constant and 

f

 XmJ  the area-specific maximum ingestion rate, expressed 
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in J d-1 cm-2. As a first approximation, the efficiency of absorption (κA, dimensionless) is 
assumed to be constant, so the rate of energy assimilation  becomes Ap

XAA Jp    

Due to the energy conservation law, the dynamics of the reserve E can be written as 

CA pp
dt
dE  

 

where  denotes the energy consumed (fixed and dissipated) by the body tissues and is 
known as the catabolic power or utilization rate. 

Cp

 
In DEB theory, a fixed fraction κ of the utilization rate, , is allocated to structural growth, 

which also accounts for maintenance  (J cm-3 d-1). Development or reproduction 

results from a balance between rest 

Cp

Mp

  Cp1  and maturity maintenance, . The dynamics 
of the energy allocated to structural body volume EV and to development or reproduction ER 
can therefore be expressed as 

Jp

MC
V

pp
dt

dE
    

  JC
R

pp
dt

dE
  1  

The induction of spawning is dependent on gonado-somatic index (GI, %), defined as the 
ratio of gonad mass to total flesh mass, and a minimal temperature threshold, TS. When 
these two thresholds are reached, the reproductive buffer ER is totally emptied. 
 
Physiological rates (i.e. assimilation, maintenance, structural growth) depend on body 
temperature through an Arrhenius relationship within the species-specific tolerance range for 
temperature (e.g. van der Meer 2006, Kooijman 2010). Outside the boundaries of species-
specific temperature tolerance, the extensive Arrhenius relationship becomes: 
 

        
T

T
T
T

T
T

T
T

T
T

T
TkTk AH

H

AH

L

ALALAA  expexp1exp
1

1
 

where  is the value of the physiological rate at ambient temperature T (in K), is the 
value of the physiological rate at a chosen reference temperature T1, TL and TH are the lower 
and upper boundaries of the tolerance range, respectively, TA is the so-called Arrhenius 
temperature (in K) and TAL and TAH are the Arrhenius temperatures (in K) for the rate of 
decrease at the two boundaries. 

 Tk 1k

 
The state variables, expressed in energy, are converted into mass according to specific 
relationships (see Pouvreau et al. 2006). The structural volume density, , is 1 g cm-3. 
Storage energy (mostly in the form of glycogen) is converted according to the ratio µE = 
17550 J g-1. Total dry tissue mass (DTM, g) is therefore equal to 
 


][ G

V

E

R

E
E

µ
EE

DFM   

where  denotes the volume-specific cost for growth (J cm-3), a constant for structural 
mass including all types of overheads, and not only the costs of biosynthesis. 

][ GE
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Total length L is calculated with the shape coefficient δV and structural body volume (V, cm3), 
as follows: 
 

][

3/1

witVL   G

V

V E
EVh   

The SFG and DEB models differ markedly in their approaches (van der Meer, 2006, 2009; 
Lika and Kooijman, this issue); the body size scaling relationships are a good example of 

2.3. Model simulations 

 
 in STELLA 9.0.3 software, with daily time 

teps. Simulations were conducted with food densities expressed in chlorophyll a 

these differences. However, the model versions compared in this study share some common 
features. The main differences and similarities between the two models regarding key 
physiological processes are therefore synthesized in Table 3 (see also Fig. 2). 

 

The SFG and DEB models were implemented
s
concentration (µg L-1) or phytoplankton concentration (cells L-1). The half saturation 
coefficient Xk, used in both the SFG and DEB models, was fitted freely for each index of food 
availability. For each simulation, growth, expressed in dry tissue mass (DTM) was compared 
with the observed data. The coefficient of determination (r2) was calculated to assess the 
quality of the simulation for each model. Sigmastat 3.1 (Systat software) was used to check 
the normality and heteroscedasticity of data distributions, and for subsequent statistical 
analyses. Growth data were analyzed by two-way ANOVA according to two factors, temporal 
variations of environmental factors and sites,. Student-Newman-Keuls (SNK) tests were 
used, when appropriate, in a posteriori analyses. Relationships between environmental 
factors at each site were determined by carrying out Spearman’s rank correlation tests 
(Conover 1999). 
 

. Results 3

 

3.1. Forcing variables 

temperature followed a seasonal pattern typical of a northern 
mperate ecosystem, with no significant variation between sites and years (Fig. 3a, two-way 

 
Variations in seawater 
te
ANOVA, p= 0.95 and p= 0.77, respectively). However, seawater temperature frequently 
varied more markedly at the HT than at the IT site. SPM concentrations were significantly 
higher at the HT site than at the IT site (Fig. 3b, two-way ANOVA, p< 0.01), with an annual 
mean value almost five times higher in 2005 (128.38 ± 98.24 (SD) mg.L-1 vs 26.99 ± 26.54 
(SD) mg.L-1, n = 311) and three times higher in 2006 (103.79 ± 82.20 mg.L-1 vs 31.48 ± 23.67 
mg.L-1, n = 365). Chlorophyll a concentrations were also significantly higher at the HT than at 
the IT site (Fig. 3c, two-way ANOVA, p < 0.01) in 2005 (annual mean = 8.09 ± 4.09 (SD) µg 
L-1 vs 2.24 ± 2.13 (SD) µg L-1, n = 311) and 2006 (annual mean = 9.15 ± 5.70 µg L-1 vs 3.27 ± 
2.33 µg L-1, n = 365). Chlorophyll-a exhibited two main periods of increasing concentrations 
at the IT site, in spring and autumn. Variations in SPM and chlorophyll-a concentrations were 
positively correlated at both HT (Spearman test, r = 0.83, p <0.01) and IT (Spearman test, r = 
0.39, p <0.01) sites. In 2005, microalgal concentration showed two marked increases of cell 
concentration in March and June (Fig. 3d). In 2006, the period of rise was shorter (two 
months vs four months in 2005) with two major peaks of cell concentration in April and May. 
A significant correlation was observed between the microalgal and chlorophyll a 
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concentrations at the IT site (Spearman test, r = 0.26, p <0.01); at the HT site, the r value for 
this correlation was low (r= 0.11) and less significantly significant (p < 0.05). 

 

3.2. Growth of C. gigas in Bourgneuf Bay 

ield oyster DTM differed significantly between sites and years (Fig. 4, two-way ANOVA, 

3.3. Growth simulations 

ll the simulations obtained with the DEB model, using chlorophyll a as an index of food 

ith the use of phytoplankton concentration as a proxy for food availability, the simulations of 

650  103 cells L-1 for the IT site and 950  103 cells L-1 for the HT site. 

 
F
p<0.01 and p<0.05, respectively). From February to June 2005, field oyster DTM increased 
at both experimental sites but was significantly higher at the IT site than at the HT site (SNK-
tests, p<0.05). A growth pattern common to both sites was observed from March to June 
2006. Field oyster DTM at the IT site decreased significantly by 38% in June 2005, 12% in 
June 2006 and 28% in July 2006 (Fig. 4a and b, SNK-tests, p<0.01). At the HT site, such 
decreases were observed only in June (-15%) and July (-46%) 2006 (Fig. d, SNK-tests, 
p<0.01)). These decreases in DTM may be related to spawning events (Dutertre et al., 2009). 
In 2005 and 2006, field oyster DTM decreased slowly from the end of the summer to the 
following February. 

 

 
A
availability, followed a similar pattern (Fig. 4). The DEB model tended to underestimate 
oyster DTM during the spring growth period, and overestimated it in the summer and autumn, 
after spawning events. The values of the coefficient of determination r² obtained from linear 
regressions between field DTM and the values obtained in simulations were low, at 0.08 
(n=17, p=0.29, Table 4) to 0.31 (n=15, p<0.05). For DEB simulations based on the use of 
chlorophyll a concentrations as an index of food availability, values of the half-saturation 
coefficient Xk differed between years and between sites. Xk was 2.5 µg L-1 and 3 µg L-1 for the 
IT site, and 16 µg L-1 in 2005 and 11 µg L-1 in 2006 for the HT site. SFG model simulations 
with chlorophyll a as an index of food availability gave a different pattern (Fig. 4). In 2005, the 
simulated DTM values underestimated growth after spawning at the IT site (Fig. 4a). In 2006, 
simulated DTM values closely matched observations (Fig. 4b; Table 4). At the HT site, the 
SFG model correctly simulated spring growth, but overestimated post-spawning DTM values, 
although this overestimation was less pronounced than that with the DEB model (Fig. 4c and 
d). Variations in the values of Xk were different but consistent with the trend obtained with the 
DEB model, with higher values at the high-turbidity site: 8 µg L-1 in 2005 and 9.5 µg L-1  in 
2006 at the IT site, and 23 µg L-1 in 2005 and 29 µg L-1 in 2006 at the HT site. Overall, higher 
r2 values were obtained with the SFG model (Table 4). 
 
W
the DEB model matched the field data more closely than those of the SFG model (Fig 5; 
Table 4). The best correlations between simulated and observed DTM were obtained for the 
HT site in 2005 and 2006 (Figs. 5c and 5d; Table 4), with r2=0.94 (n=15, p<0.001) and 
r2=0.88 (n=17, p<0.001), respectively. However, at the IT site, the spring growth of C. gigas 
was underestimated in both years (Figs. 5a and 5b) and post-spawning DTM was greatly 
overestimated in 2006 (Fig. 5b). For these simulations, the Xk values obtained with microalgal 
concentration as an index of food availability were 300  103 cells L-1 in 2005 and 90  103 
cells L-1 in 2006 for the IT site, and 550  103 cells L-1 in 2005 and 230  103 cells L-1 in 2006 
for the HT site. All SFG model simulations with microalgal cell concentration used as the 
index of food availability gave a similar pattern (Fig. 5). Spring growth was correctly 
simulated, whereas post-spawning DTM values were systematically underestimated. In 2005, 
Xk values were 1000  103 cells L-1 at both sites, whereas, in 2006, the values obtained were 

 9



 

4. Discussion 

 
The northern and southern oyster-farming areas of Bourgneuf Bay are only 15 km apart, but 

ey differ markedly in terms of the quantity and quality of SPM. These differences relate to 

et modeling studies on C. gigas, phytoplankton concentration 
as been shown to be a better quantifier of food levels than chlorophyll a concentration for 

th
differences in the type of sediment, because the fine mud particles of the HT site are more 
readily resuspended by the action of the tide or the wind than the coarser particles present at 
the IT site (Hinch et al., 1986). The hydrological features of the HT site are strongly 
influenced by semi-diurnal tidal cycles, with a much greater range of SPM and chlorophyll a 
concentrations than the IT site. Daily variations are equivalent to the annual range and are 
superimposed on seasonal events, such as phytoplankton blooms. Indeed, at this site, the 
daily resuspension of an abundant microphytobenthos biomass and of sediment makes a 
significant contribution to variations in chlorophyll a concentration in the water column. This 
accounts for the strong correlation with the seston load, as observed in turbid macrotidal 
systems (Barillé et al., 1997b). 
 
In recent dynamic energy budg
h
the simulation of oyster growth (Bourlès et al., 2009; Grangeré et al., 2009). Unfortunately, 
phytoplankton concentration measurements were not available for the oyster-growing IT and 
HT sites studied in this experiment. We therefore recovered data for a third site (LT) at the 
entrance of the bay that is under neritic influence and shows marked temporal patterns. The 
IT site displayed seasonal variations of chlorophyll a concentration similar to the variations in 
microalgal concentration at the LT site. Moreover, the correlation between chlorophyll a and 
phytoplankton concentrations was strongest at the IT site. This suggests that cells counts at 
the entrance of the bay were probably more representative of food availability at the IT site 
than at the HT site. However, recent data from 2010 showed that the phytoplankton 
composition below the surface at high tide did not differ significantly between the LT and HT 
sites (Pouvreau, unpublished data). This may account for the satisfactory simulations of the 
DEB model at the HT site and would suggest that microphytobenthos has a minor 
contribution to oyster growth. Nevertheless, discrete samples collected during tidal cycles at 
the level of oyster racks revealed that benthic diatom species accounted for one third of the 
cells (Barillé, unpublished data). The role of resuspended microphytobenthos should be 
further studied in this high turbidity site. As in previous studies, the DEB model simulated 
oyster dry tissue mass in Bourgneuf Bay more accurately when phytoplankton concentration 
was used as the index of food availability than when chlorophyll a was used. The SFG model 
was less efficient with phytoplankton concentrations used as an index of food availability, 
with the poorest simulations obtained in 2005, at both sites. The underestimation of oyster 
growth from July onwards corresponded to a lack of food, as indicated by the cells counts. 
The relevance of this forcing variable remains a matter of debate, particularly for the HT site, 
but this suggests that the reserve-gonad compartment of the SFG may not buffer natural 
food variability sufficiently, compared to the role played by the reserve compartment for the 
DEB. By contrast, the SFG model was more efficient when chlorophyll a was used as the 
food proxy, with DEB systematically overestimating the summer and autumn growth of C. 
gigas.  This overestimation may be due to a low food quality in autumn when the pool of 
suspended organic matter is characterized by a higher detritic fraction. The transformation of 
chlorophyll a concentration into carbon concentration using a Chl a:C ratio with seasonal 
variations could probably improve the simulations of oyster growth during this period 
(Grangeré et al., 2009). The formulation of the effect of temperature for each model may also 
explain these discrepancies (Table 3). In the temperature range observed in our study (3-
24°C), the feeding processes in the DEB model are related to temperature by an exponential 
relationship, while the SFG model has an optimum value of 19°C. During summer, more 
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energy is therefore available for growth after spawning with the DEB formulation, through 
food acquisition. 
 
The half-saturation coefficient Xk accounted for the effect of inedible particles (silt) on 

his comparison of the simulations generated by two models suggests that both models 

ingestion by C. gigas in Bourgneuf Bay. For both food proxies and modeling approaches, Xk 
values were lower under conditions of moderate turbidity (i.e. for the IT site, see the Results 
section) than in a highly turbid environment, indicating a higher food quality and/or a lesser 
effect of inedible particles on the filtration and ingestion processes of C. gigas at the IT site 
than at the HT site. This result confirms previous observations and conclusions for Xk, which 
is considered to be an environment-specific parameter in DEB approaches incorporating 
variability (and uncertainties) in food quality and/or availability for various bivalve species 
(e.g. Pouvreau et al. 2006; Bernard et al. submitted, this issue; Alunno-Bruscia et al. 
submitted, this issue; Filgueira et al., this issue; Wijsman et al., this issue). An alternative 
approach to accounting for the effect of inedible particles on the filtration process of C. gigas 
would involve explicitly including the role of silt (or inedible particles), as proposed by 
Kooijman (2006), through the introduction of a module for pseudofeces production (see Ren 
(2009) for application to Perna canaliculus). Food sources and selection efficiency are often 
evoked to account for discrepancies between observed and simulated dry tissue mass in 
filter-feeders, but the whole reproductive cycle (i.e. storage, gametogenesis, time of 
spawning and reproductive output) may also play a role. This cycle involves complex 
processes requiring careful formalization for implementation in a model. We simplified the 
reproduction process, by using the same reproductive processes as Bourlès et al. (2009) for 
the DEB model and as Barillé et al. (1997a) for the SFG model. A more detailed description 
of the reproductive effort in C. gigas, obtained with a DEB model, has recently been reported 
by Bernard et al. (submitted, this issue). This study led to the proposal of a new set of DEB 
parameters and a formalism different from that of Bourlès et al. (2009), with the addition of a 
state variable describing gamete production in the spring. A comparison between the 
simulations obtained with the two versions of the model (i.e. those of Bourlès et al. (2009) 
and Bernard et al., submitted, this issue) indicated that the model of Bernard et al. 
(submitted) gave a better description and quantification of reproductive effort for the years 
and sites tested. 
 
T
could be improved, to give a better description of oyster growth and reproduction in a turbid 
environment. A revised version of the DEB-model of Bourlès et al. (2009) has recently been 
proposed, to improve simulation of the reproductive effort of C. gigas at various Atlantic sites. 
Based on a new set of DEB parameters and a new state variable for gonad construction 
(Bernard et al., this issue), this revised version, together with the classical version developed 
by Bourlès et al. (2009), was applied to the data for Bourgneuf Bay obtained in 2008 and 
2009. Neither of the models provided a satisfactory simulation of oyster growth in either of 
the two years (Bernard et al., this issue). The lack of fit between observed and simulated 
data, whatever the version of the model used, was most pronounced after the spawning 
event (see Figs. 6 and 7 in Bernard et al., this issue). Bernard et al. (this issue) referred to 
discrepancies in water composition between the sites at which the oysters were reared and 
the site for which phytoplankton data were available. The SFG model was deliberately made 
much simpler than the initial version (Barillé et al., 1997a), with the number of variables 
reduced from 36 to 25, and the number of parameters from 34 to 22. However, this 
simplification affected most of the formulations involving negative effects of PIM on feeding 
processes, and a compromise must certainly be found between overparametrization and 
realism (Beck, 1987). Variations in SPM concentrations greatly influence the quality of the 
food available to filter-feeding bivalves (Widdows et al., 1979; Bayne et al., 1989). Seston 
load at the HT site frequently exceeded the physiological thresholds for the cessation of 
filtration (192 mg.L-1) and pre-ingestive selection (150 mg.L-1), determined for C. gigas 
(Barillé et al., 1997b). Pre-ingestive feeding mechanisms are fundamental for C. gigas living 
in high-turbidity environments (Dutertre et al., 2007; Beninger et al., 2008) and should be 

 11



considered in bivalve ecophysiological models. Even with these improvements, the SFG 
model clearly remains an empirical model and some of the formulations proposed in this 
study, such as the maximum somatic growth or post-spawning time-lag processes, already 
proposed in an earlier SFG mussel model (Brylinsky and Sephton, 1991; Scholten and 
Smaal, 1998), are probably species- and site-specific. The formulation of energy allocation, 
modified from that of Brylinsky and Sephton (1991), is clearly more elegant than the net 
production calculation, but respiration is still interpreted simply as losses (e.g. van der Meer 
2009, Lika and Kooijman in press –this issue). 
 
Despite their weaknesses, both the SFG and DEB models may prove useful as management 
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Tables 

 
 

ariables and parameter values of the SFG model used for Crassostrea gigas. Chl- 
hyll a concentration, microalgae: microalgal concentration. 

Table 1. V
a : chlorop
 
 
 Abbreviation Initial value Units References 
State variables     
Reserves and gonad mass  RESGON Value G  
Shell mass SHELL Value G  
Somatic mass SOMA Value G  
     
Forcing variables     
Food proxy (Chl-a , microalgae) X Field data µg l-1, cells l-1  
Seawater temperature TEMP Field data °C  
     
Additional variables     
Biomass lost with spawning SP 0 G  
Dry tissue mass DTM 0 G  
Functional response F (0-1) -  
Maximal somatic growth MaxSOMA 0 G d-1  
Organic matter absorption ABSORG 0 G d-1  
Organic matter ingestion INGORG 0 mg h-1  
Respiration RESP 0 G d-1  
Temperature effect on ingestion INGTEMP 0 mg h-1 g-1  
     
Parameters     
Absorption efficiency Ae 0.25 - This study 
Allometric exponent for ingestion B 0.66 - Mølhenberg and Riisgård, 1979
Allometric exponent for respiration Br 0.8 - Bougrier et al., 1995 
Center parameter for ingestion rate Ing1 0.06 mg h-1 g-1 °C-2 This study 
Maximal somatic growth parameter 1 cms1 0.0293 - This study 
Organic absorption allocated to the shell Shellcoef 5 % POM Méléder et al., 2001 
Conversion of mg O2 into mg POM mgO2pom 0.7 mg POM mg O2

-1 Barillé et al.,1997a 
Half-saturation coefficient Xk Free fitted -  
Post-spawning time lag before shell growth Tlshell 7 d Méléder et al., 2001 
Post-spawning time lag for gametogenesis  Tlg 15 d Méléder et al., 2001 
Maximal organic ingestion INGmax 22 mg h-1 g-1 Barillé et al., 2003 
Maximum RESGON threshold  Rgs2 0.6 - Dutertre et al., 2009 
Temperature threshold triggering spawning Ts 18 °C Dutertre et al., 2009 
Minimal temperature triggering gametogenesis  Tg 8 °C Dutertre et al., 2009 
Minimum RESGON threshold  Rgs1 0.2 - Haure et al., 2008 
Minimum RESGON threshold triggering spawning Rgsp 0.35 - Pouvreau et al., 2006 
Optimum temperature for ingestion rate Ing2 19 °C Bougrier et al.,1995 
Respiration coefficient resp1 0.2 - Haure et al., 2008 

Respiration coefficient resp2 0.1 - 
Haure et al., 2008 
 

Spawning intensity Cs 60 % Dutertre et al., 2009 
Reduction in shell growth during gametogenesis  Shellgam 50 % Méléder et al., 2001 
Threshold of somatic biomass Sm 1.5 g This study 
Maximal somatic growth parameter 2 cms2 0.044 g d-1 This study 
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Table 2. DEB parameter values for Crassostra gigas from Bourlès et al. (2009). 

 

 

Parameters Symbol Units Value References 

Primary parameters:     

Arrhenius temperature TA K 5800 Van der Veer et al. (2006) 

Half-saturation coefficient XK - - Free-fitting (see food proxy) 

Max. surface area-specific ingestion rate {pXm} J cm-2 d-1 560 Van der Veer et al. (2006) 

Assimilation efficiency ae - 0.75 Van der Veer et al. (2006) 

Volume-specific maintenance costs [pm] J cm-3 d-1 24 Van der Veer et al. (2006) 

Maximum storage density [EM] J cm-3 2295 Van der Veer et al. (2006) 

Volume-specific costs for structure [EG] J cm-3 1900 Van der Veer et al. (2006) 

Structural volume at sexual maturity Vp cm-3 0.4 Bourlès et al. (2009) 

Fraction of pC spent on maintenance plus growth  - 0.45 Van der Veer et al. (2006) 

Fraction of reproduction energy fixed in eggs R - 0.7 Pouvreau et al. (2006) 

Shape coefficient M - 0.175 Van der Veer et al. (2006) 

Additional parameters:     
Lower  boundary of tolerance range TL K 281 Van der Veer et al. (2006) 

Upper boundary of tolerance range TH K 305 Van der Veer et al. (2006) 

Rate of decrease at lower boundary TAL K 75000 Van der Veer et al. (2006) 

Rate of decrease at upper boundary TAH K 30000 Van der Veer et al. (2006) 

Energy content of reserves (in ash-free dry mass) µE J mg-1 17.5 Deslous-Paoli and Héral (1988) 

Gonado-somatic index triggering spawning GI % 40 Bourlès et al. (2009) 

Temperature threshold triggering spawning TS °C 22 Bourlès et al. (2009) 

Lower  boundary of tolerance range  TL K 276 Bourlès et al. (2009) 
Upper boundary of tolerance range for ingestion TH ing K 298 Bourlès et al. (2009) 

Upper boundary of tolerance range for respiration TH resp K 305 Bourlès et al. (2009) 
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Table 3. Main differences and similarities between the Dynamic Energy Budget (DEB) and 
Scope For Growth (SFG) models used in this study to simulate the growth of Crassostrea 
gigas. See tables 1 and 2 for the meaning of symbols and acronyms. 
 
 
 
 

Main characteristics DEB SFG 
State variables E, Ev, Er SHELL, SOMA, RESGON  

Body size scaling 
relationships 

Feeding proportional to surface 
area (S), 

maintenance proportional to body 
volume (V) 

Empiric allometric exponents 
for ingestion and 

for respiration  

Pre-ingestive selection No No 

              Ingestion 
Functional response 

Xk adjusted 
Functional response 

Xk adjusted 
Absorption efficiency Constant  Constant  

Temperature effect on 
ingestion 

Exponential relationship Hyperbolic relationship 

Temperature effect on 
respiration 

Exponential relationship Exponential relationship 

Storage 
Explicit storage compartment 

with its own dynamic (E) 

Absence of specific storage 
formulation. Role played by the 
reserves-gonads compartment 

(RESGON) 

Fate of assimilated 
energy 

Stored, then allocated to soma 
(fixed fraction ,κ) and 

reproduction (fixed fraction ,1-κ) 

Allocated to soma (SHELL then 
SOMA) then to reproduction 

(RESGON) 

Maintenance priority 
Maintenance first paid by 

reproduction buffer (Er), then by 
somatic structures (V) 

Maintenance first paid by  reserves-
gonads (RESGON) outside 

gametogenesis period then by 
somatic structures (SOMA) 

Reproduction Process parallel to growth 
Gametogenesis triggered by a 

temperature threshold 

Spawning 
Temperature and gonadosomatic 

thresholds  
Temperature and gonadosomatic 

thresholds  

Metabolic costs 
Distinct costs for structure and 

maturity maintenance 
Respiration represents the total 
metabolic rate of the organism 
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Table 4. Coefficients of determination (r2) of linear regressions for observed against 
simulated dry tissue mass of C. gigas at the northern high turbidity (HT) and southern 
intermediate turbidity (IT) sites of Bourgneuf Bay, in 2005 and 2006. Simulations were 
conducted with DEB and SFG models for each food proxy: chlorophyll a (Chl-a) 
concentration and microalgal (Microalgae) concentration. 

 

   
Chl-a 

 

 
Microalgal concentration 

 
  DEB SFG DEB             SFG 
      

IT 0.31 (p <0.05) 0.26 (p =0.05) 0.70 (p <0.001)  0.28 (p <0.05) 
2005 

HT 0.32 (p <0.05)   0.65 (p <0.001) 0.94 (p <0.001) 0.06 (p =0.38) 
      

IT 0.29 (p <0.05) 0.88 (p <0.001) 0.39 (p <0.01) 0.85 (p <0.001) 
2006 

HT 0.08 (p =0.29) 0.67 (p <0.001) 0.88 (p <0.001) 0.76 (p <0.001) 
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Figures 

 
Fig. 1. Location of the sampling sites in Bourgneuf Bay. Chlorophyll a concentrations were 
determined and oysters were sampled for biometric measurements at the northern high-
turbidity (La Coupelasse) and southern intermediate-turbidity (Graisselous) sites. Microalgal 
identification and concentration data were available for a low-turbidity site in the west of the 
bay (Bois de la Chaise). 
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Fig. 2. Conceptual diagrams of the Scope for Growth and Dynamic Energy Budget models 
for the Pacific oyster, modified from Barillé et al. (1997a). Forcing variables are shown in the 
ellipsis while state variables are in the gray boxes.. 
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Fig. 3. Temporal variations of the forcing variables, monitored in Bourgneuf Bay from 
February 2005 to November 2006. Seawater temperature (a), suspended particulate matter 
(SPM, b) and chlorophyll a (chl-a, c) concentrations were recorded at the northern high-
turbidity (HT) and southern intermediate-turbidity (IT) sites of the bay, and microalgal 
concentration (d) was sampled at a site in the western part of the bay. Daily mean data are 
shown. 
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Fig. 4. Comparison between Pacific oyster dry tissue mass simulated by the SFG (gray line) 
and DEB models (black line) at the northern high-turbidity (HT) and southern intermediate-
turbidity (IT) sites of Bourgneuf Bay, with chlorophyll a as the food proxy. (a) IT site, in 2005. 
(b) IT site in 2006. (c) HT site in 2005. (d) HT site in 2006. Observed dry tissue mass is 
represented by symbols (mean ± 95 % CI, n=30). 
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Fig. 5. Comparison between Pacific oyster dry tissue mass simulated by the SFG (gray line) 
and DEB models (black line) at northern high-turbidity (HT) and southern intermediate-
turbidity (IT) sites in Bourgneuf Bay, with microalgal cell concentration as the food proxy. (a) 
IT site, in 2005. (b) IT site in 2006. (c) HT site in 2005. (d) HT site in 2006. Observed dry 
tissue mass is represented by symbols (mean ± 95 % CI, n=30). 
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