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Abstract:

DEB theory can be used to obtain a detailed description of energy allocation in organisms and the
control of this allocation by temperature and food concentration. In this study, we modified the model
of Bourles et al. (2009) developed for the Pacific oyster, Crassostrea gigas, to improve the description
of reproductive effort. The model was amended in two ways: a new set of parameters was
incorporated and a full description of gonad construction in spring was added, with a new state
variable. The application of this model to a dataset for oyster growth measured in four bays over two
years showed that this model better described reproductive effort, without modifying overall growth
dynamics. We then explored the reproductive responses of oysters to their environment in greater
detail, by applying this new version of the model with the theoretical forcing variables of phytoplankton
concentration and temperature. Spawning time was found to be driving principally by yearly mean
temperature, and reproductive effort was found to depend mostly on the half-saturation coefficient of
the functional response. These results highlight the importance of the half-saturation coefficient and
provide additional support for field research on the food preferences of oysters.

Highlights

» We developed an improved version of the DEB model for Pacific oyster, C. gigas. » This model is
used to give a deep insight into the ecophysiology of reproduction and the ecology of this species. » It
gives another utilization of the DEB theory as a tool to better understand ecology processes.

Keywords: DEB model ; Crassostrea gigas ; Gametogenesis ; Reproductive effort ; Spawning date ;
Functional response

1. Introduction

The link between larval stage and subsequent population dynamics, known as supply-side ecology
(Underwood and Fairweather, 1989; Grosberg and Levitan, 1992), has been investigated in detalil, in
studies of the recruitment of marine benthic invertebrates. The relationship between the supply of
oocytes from adults and the abundance of larvae for subsequent recruitment has been investigated
less thoroughly, and much remains unclear, particularly for bivalves (MacKenzie, 1996; Marshall et al.,
2009). The principal reason for this may be the di_culties involved in simultaneously obtaining data for
stock size, fecundity — defined as the number of eggs produced per individual — and recruitment over a
long time period or a broad geographical range.
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Although conclusive studies are lacking, some previous work stresses the fact that oocyte
supply may, under certain conditions, influence subsequent recruitment. For corals, Hughes
et al. (2000) found a link between spatial fecundity and recruitment, defined in this study as the
percentage of colonies with ripe oocytes. For the blue crab, links between spawning stock and
larval abundance and between spawning stock and recruitment were shown by Lipcius and Stock-
hausen (2002). In studies on bivalves, Honkoop et al. (1998) found no link between fecundity
and recruitment for Macoma balthica, but did report a relationship between winter temperature
and subsequent recruitment. Using stock size, Kraeuter et al. (2005) showed a stock recruitment
relationship at low stock densities for Mya arenaria. There may thus be a link between oocyte
supply and subsequent recruitment, but available studies do not allow us to derive a general
pattern.

In Pacific oyster, variability in reproductive effort has already been proposed as a possible
reason for recruitment variability (Deslous-Paoli et al., 1982). The authors of this previous study
suggested that unfavourable food and temperature conditions might lead to abnormal gametoge-
nesis and delayed spawning. Temperature is, effectively, an important driver of gametogenesis
in C. gigas populations. A minimum temperature seems necessary to initiate gametogenesis
(Chavez-Villalba et al., 2002a; Fabioux et al., 2005). Temperature also influences the speed of
gamete development, making day degrees a useful measure to indicate when oysters in hatcheries
are ripe (Mann, 1979). Once gametogenesis is complete, there is a minimum temperature re-
quirement for spawning. Castafios et al. (2009) estimated this minimum temperature threshold at
17°C. Pouvreau et al. (2006) used 20°C in their model, but many other studies have been carried
out and have given different values.

Food availability is thought to regulate the number of gametes produced (Chavez-Villalba
et al., 2002b) and Auby and Maurer (2004) found a positive correlation between the condition
index of C. gigas oysters before spawning, reflecting fecundity, and mean chlorophyll a concen-
tration in spring. They also found that this condition index was related to larval supply, suggest-
ing that fecundity may play a role in larval supply. However, feeding is not always necessary
for the completion of gametogenesis, which may instead depend on prior storage (Muranaka and
Lannan, 1984; Cannuel and Beninger, 2005). The fact that oysters with large energy reserves
at the start of gametogenesis ripen before oysters with smaller reserves (Chavez-Villalba et al.,
2002b), indicates an important contribution of feeding conditions before gametogenesis.

These studies suggest that the quantification of both temperature and food availability is re-
quired to describe the energetic pathway leading to gametogenesis in the Pacific oyster. Biochem-
ical studies have already provided insight into this pathway (Deslous-Paoli and Héral, 1988).
These authors showed that C. gigas lost up to 70% of its energy during spawning. DEB theory,
based on a multi-specific and axiomatic approach (Sousa et al., 2008; Kooijman, 2010), provides
a general description of energy allocation based on these two forcing variables (temperature and
food). Several studies have already been carried out on Pacific oysters have built the parameter
set for this species (Ren and Ross, 2001; van der Veer et al., 2006), which has been tested in
various environments (Pouvreau et al., 2006; Bacher and Gangnery, 2006; Bourles et al., 2009;
Alunno-Bruscia et al., 2011, this issue).

Following on from previous work on the oyster DEB model, the objective of this study was to
focus on the influence of both food and temperature on reproductive effort and spawning. More
precisely, we wanted to quantify how reproductive effort — in terms of the number of gametes
produced — and spawning date could be altered by forcing variables. In order to validate the
oyster DEB model over a wide range of phytoplankton concentrations and temperatures, we used
datasets for four sites along a latitudinal gradient corresponding to the French Atlantic coast, in
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2008 and 2009. We used phytoplankton concentration as a proxy for food, because it has been
shown to describe oyster growth more precisely than chlorophyll-a concentration (Bourles et al.,
2009).

To improve simulation, we modified the original version of the C. gigas DEB model pub-
lished by Bourles et al. (2009). We altered the model to improve its description of the observed
reproductive effort, in terms of dry flesh mass, for all sites and years, by changing the values of
several parameters and adding a new state variable for the specific description of gonad alloca-
tion. For each site and each year, the new model reproduced the observed reproductive effort
more accurately than the previous model. At the end of this paper, we provide a theoretical de-
scription of the variation of reproductive effort as a function of temperature and phytoplankton
concentration, based on this improved model of energy allocation in oyster.

2. Model and data

2.1. Standard DEB model

The model used here is derived from the standard DEB model presented by Kooijman (2010).
A detailed description of the initial model for Pacific oyster can be found in Pouvreau et al. (2006)
and a modified version can be found in Bourles et al. (2009). We therefore provide only a brief
overview of this model here. It uses three energetic state variables expressed in joules: the energy
stored in reserves, E, the energy used in the building of the structure, Ey, and the energy used for
reproduction, Ex. The energy used in the construction of structure relates to a volume using the
volumetric cost of structure construction, [Es]. Volume can then be related to length, L, through
the shape parameter, 6y, and the relationship V = (6y,/L)>.

Most fluxes are also identical to those of the model presented by Pouvreau et al. (2006) and
Bourles et al. (2009), see table 1. All fluxes are formulated in J.d~'. The values of the corre-
sponding parameters used here were mostly obtained from van der Veer et al. (2006), Pouvreau
et al. (2006), Bourles et al. (2009) and other studies (Tab. 2). Their signification follows their
definition by Kooijman (2010).

Name of the flux Formula
Assimilation pa | = tim{Pam) f VP

o . Ok (Ecllpan) | [
Catabolic utilisation pct | = EraEw ( st [PM])
Growth Pc = Kpc1 — Pumi
Reproduction pr | =l =K)pci —py
Somatic maintenance Pm | = [pmlV
Maturity maintenance pr | =Emin(V,V,) [pu]
Gamete mobilization* Pc2 | = Eg ([bip fV’l}/z + %) (1 —K [EG]%)
Emergency maintenance | pyn | = min(py1 — kpci, Pc2)
Gonad allocation* PGo | = Pc2— Pm2
Lysis of structure* pr1 | =max(pa — (kper + Pz + Pr2), 0)
Resorption of gonad* Pr2 | = max((pm1 — (kpc1 + pm2))/ Y60, 0)

Table 1: Detail of all fluxes used in the complete model. = Denotes new fluxes defined in this study.

Size, represented here by Ey, is a key state variable in the DEB model and is subject to
specific assumptions. C. gigas oysters are assumed to be isomorphic, implying that their area
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increases in proportion to their volume. This relationship is important because size is used to de-
termine both energy entering the organism and energy consumed by its body, represented by the
assimilation flux, p4, and the maintenance flux p,;, (formerly py,), respectively. Assimilation is
proportional to the structural surface, V23, and maintenance is directly proportional to volume
(Tab. 1).

The standard DEB model does not specifically describe energy allocation to gonad. We mod-
ified this DEB model in two ways, to improve the description of reproduction-related features:
(i) we added a full description of energy allocation to the gametogenesis and resorption processes
and (ii) we changed some parameter values and defined new parameters.

2.2. Gametogenesis state variable and fluxes

We focused on improving the representation of reproductive processes by the DEB model
for oyster, to make this model a useful tool for understanding and quantifying the energetics of
reproduction. With the standard DEB model for oysters (Pouvreau et al., 2006; Bourles et al.,
2009), it was impossible to differentiate the gonad formation in the spring from the accumulation
of energy reserves for reproduction in the autumn, so we added a new specific gonad compart-
ment (Fig. 1), for three reasons. First, the ratio of dry flesh mass to wet flesh mass, referred to
here as the mass ratio (MR), increased considerably in spring (Royer et al., 2008), in association
with gametogenesis. Such high ratios were never reached in autumn, even if the oysters were fed
ad libitum. Thus, the gonads and reproductive reserves are different in nature and make different
contributions to dry flesh mass. Second, it may be harder for oysters to mobilize energy from
the gonad constructed in spring than from the reproductive reserves amassed in autumn. Third,

the yield from the mobilisation of reproductive reserves may greatly exceed the yield of gonad
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Figure 1: Schematic representation of physiological processes (ellipsoidal boxes), forcing variables (square boxes with
an arrow), state variables (cylindrical boxes) and fluxes (arrows), with their mathematical names, in the new version of
the DEB model used here. Continuous fluxes are represented by solid lines and temporary fluxes by dashed lines.
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Symb. Meaning Value Units Origin
Main parameters
Om Shape parameter 0.175 - van der Veer et al. 2006
[Pm] Vol. specific maintenance cost 44 Jem™3.d™! This study
[EG] Vol. specific cost for structure 3900 Jem™3 This study
[E] Maximum storage density 4200 J.em™ This study
U Energy conductance 0.183 cm.d™! van der Veer et al. 2006
K Fraction of p¢| spent on growth 0.45 - van der Veer et al. 2006
Kx Assimilation efficiency 0.75 - van der Veer et al. 2006
L Ultimate length 45 cm van der Veer et al. 2006
Additional parameters
UE Energy content of reserves 19600 Jg! Kooijman 2010
dy Dry mass ratio of structure 0.15 g.g”! Whyte et al. 1990
dgo* Dry mass ratio of gonad 0.31 g.g”! Deslous-Paoli and Héral 1988
[Ego]* Vol. specific cost for gonad 7500 Jem™3 This study
YGox Yield of gonad tissue used for maintenance 0.25 - Li et al. 2009
vy Structural vol. at puberty 0.4 cm? Pouvreau et al. 2006
tim Percentage of immersion 0.8 - Site data
GI Gonado-somatic index triggering spawning 46 - This study
T Temperature threshold triggering spawning 292 K Pouvreau et al. 2006
Temperature effect
T, Reference temp. for rates 293 K User Defined
Tx Arrhenius temperature 5800 K van der Veer et al. 2006
Ty Lower boundary tolerance range 281 K Bourles et al. 2009
THing. Upper boundary tolerance range for ingestion process 298 K Bourles et al. 2009
Tumain. Upper boundary tolerance range for maintenance process K - Bourles et al. 2009
Tar Arrhenius temp. for lower boundary 75000 K van der Veer et al. 2006
Tan Arrhenius temp. for upper boundary 30000 K van der Veer et al. 2006
Feeding processes
Xk Half-saturation coefficient 0.510°-210°  cells.L™! Calibration for each dataset
{(Pam} Surface specific max. assimilation rate 770 Jem™2.d™! This study

Table 2: Parameters for the extended DEB model for C. gigas. * Denotes new fluxes defined in this study.



A fourth state variable, Ego, was thus created to represent the energy used in the construction
of the gonad, whereas E describes the energy stored for reproduction. In spring and summer,
an auxiliary catabolic flux, pc», is activated that uses the energy stored in Ey to fill the gonad
(Fig. 1). The formulation of this flux follows the same rules as those used for the main catabolic
flux pci, see AppendixA.

Gonad construction is modelled similarly to the construction of structure. An optional main-
tenance flux, p,s, takes priority over the flux of allocation to the gonad pgo. This optional
maintenance flux is active only if the overall maintenance cost cannot be covered totally by the
initial maintenance flux py, i.e. if e < L/L.. The last flux added, p;,, relates to gonad re-
sorption in cases of extreme starvation, e.g. when neither p,;; nor p,s, is sufficient to cover
maintenance costs — with a yield of energy uptake from the gonad, Ys,. In cases of extreme
starvation with no gonad to resorb, the structure is lysed at a rate of p;;, with a yield assumed to
be equal to one, as a first approximation.

Chavez-Villalba et al. (2002a) showed that Pacific oysters begin to form gonads when the
temperature rises in spring and stop when the temperature drops in autumn. Based on this obser-
vation, one simple way to model the initiation and termination of gonad construction is to fit a
sinusoidal description of temperature: arsin(crt + dr) + br, where ar is half the yearly tempera-
ture amplitude, c7 is the frequency of the signal 271/365, d7 is the shift of the coldest period of the
year and by is yearly mean temperature. Date, ¢, is expressed in Julian days. Gonad construction
begins when the derivative, ar cr cos(cr t + dr), exceeds 0 and stops when it becomes negative.

2.3. Re-estimation of general parameters

The Pacific oyster exhibits a high reproductive effort in terms of mass, and its gametes have
a high energy content. Thus, reproductive effort after conversion into energy is greater than
estimates based on mass ratio. It was impossible to generate such large amounts of mass with
energetic values consistent with published data without changing the values of some parameters:
including g, [Egl, {pam} and [py] in particular.

In the previous version of the model (Bourles et al., 2009), the chemical potential of reserves,
ug, in J.g™! of dry flesh mass was based on the Brody (1945) coefficient for glycogen, assuming
that reserves consist mostly of glycogen. Kooijman (2010) recalculated the biochemical com-
position of the reserves in Pacific oyster, referred to as w¢rp, based on starvation experiments
by Whyte et al. (1990). It is therefore possible to obtain another value of g, based on these
experiments, with a detailed protein, lipid and carbohydrate composition for reserves. We took
the following parameters from Kooijman (2010): pcrp, the conversion factor for the energy con-
tent of a mole of carbohydrate, lipid or protein; Mcgon, the molar mass for carbon, hydrogen,
oxygen and nitrogen and n¢rp, the CHON composition of a general compound of carbohydrate,
lipid or protein (Kooijman, 2010, p. 146 and 150). We thus obtained:

_ HcLpWcLp
HE =
Mcron ncLpWcrp

SO =

11
_ {21916 _
),nCLp—(lof 3) and Mcgon = (121 16 14)

0 0 028

Lo —

. 0.34 -
with perp = (516 616 401) , WepLp = 8.;(5) 20
- 0

6]

This calculation gives a value of uz equal to 19600 J.g~!, which should be compared with the
17500 J.g™" used in the original model. Calculation of the chemical potential of reserves, i, in
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this way seems to be a more accurate approach, because it integrates lipids, carbohydrates and
proteins into the description of reserve composition.

The mass ratio of the structure, dy, is the ratio between the dry flesh mass and the wet flesh
mass of the structure. It corresponds to the mass ratio of oysters without reserves or gonad.
Opysters can be found in this condition in the field in winter or after long starvation experiments.
Deslous-Paoli and Héral (1988) monitored oyster moisture content in the field over a period of
three years. The maximum moisture content of the flesh was dy = 0.15 in the winter. This value
is consistent with the findings of Whyte et al. (1990), who showed that the moisture content of
oysters in a starvation experiment stabilised at about 0.86.

To evaluate the cost of construction, [Eg], we linked it to the chemical potential of structure,
My, according to the condition [Eg] > dyuy. [Eg] is an intensive parameter that should therefore
not vary between related species. We were therefore able to combine different seasonal studies
of variations in the energy content of dry flesh mass to obtain an approximation for uy (Tab. 3).
With this approach, we obtained a mean value of 15600 J.gDFM™!. Two different techniques
were used in these studies to obtain the energy content of the dry flesh mass: an indirect evalua-
tion of protein, lipid and carbohydrate contents or a direct estimation through bomb calorimetry.
For estimation of the chemical potential of structure alone, we chose a date on which the con-
dition index or dry flesh mass was minimal, generally at the end of the winter, and calculated
the energetic value of the flesh at this time, based on the energy conversions described above.
The evaluation of chemical potential based on PLC (proteins, lipids and carbohydrates) gener-
ally results in an underestimation of the chemical potential of the flesh, due to the presence of a
refractory fraction in the extraction process (Beukema, 1997), whereas bomb calorimetry gener-
ally overestimates the chemical potential of the flesh, due to the complete degradation of organic
compounds.

We calculated [E], by assuming that 60% of the energy invested in structure building pro-
cess (van der Veer et al., 2006) and we noted it k5. Based on this assumption, [Eg] = % =

3900 J.cm ™ with gy = 15600J.g7!, dy = 0.15 and «g = 0.6.

The value of {px,,} was evaluated from four experiments, see table 4. In each experiment, the
number of cells ingested by oysters, Jx, was calculated from the difference in cell concentration
between a tank containing oysters and a similar (control) tank without oysters. Ingestion results
for oysters reared in the presence of different phytoplankton concentrations were compiled to
obtain a complete description of the functional response. Jx values were converted into energy,
using available data for the biochemical composition of algal species. A logistic functional
response describing the variation of ingestion as a function of food concentration pxy = %
was then adjusted to the data, for the determination of X; and {pyx,,}. In these four experiments,
the mean value of {pyx,,} was 1025 ] cm~2.d7!, giving a maximum specific assimilation rate {p,,}
of 770 J.cm™2.d7!, assuming a food assimilation efficiency, «x, of 0.75 (van der Veer et al., 2006).

Taking into account the final length, fixed at 45 cm, as in van der Veer et al. (2006), the value
of [puy] can be deduced from the relationship Liys = % The new value of {pa,,} thus gives
[pm] =44] .d~".cm™3. The value of [E,,] was also changed to 4200 J .cm™>, to ensure that energy
conductivity remained similar (van der Veer et al., 2006). These changes improved the simulation
of reproductive effort, but the gonado-somatic index triggering spawning in the previous model,
G1, appeared to be unsuitable for triggering spawning with this new set of parameters. The value
of GI triggering spawning at the time of observation is now 46%, based on observed spawning

in the current dataset.



Species Date chosen uy inJ.gDFM™!  Source Method

Ruditapes decussatus Jan. 1980 13061 Beninger and Lucas PLC
1984, tab. 1 and 2
07/12/1999 16071 Ojea et al. 2004, tab. 1 PLC
and 3
R. philippinarum Jan. 1980 14598 Beninger and Lucas PLC
1984, tab. 1 and 2
Cerastoderma edule  end of Dec. 11589 Navarro et al. 1989, fig. PLC
2
Mpytilus edulis ~ 24/02/1977 13730 Zandee et al. 1980, tab. PLC
1 and 3
Apr. 1992 16201 Okumus and Stirling PLC
1998, fig. 3 and tab. 2
24/04/1973 19267 Dare and Edwards PLC
1975, tab. 1
C. gigas  19/02/1980 17483 Héral and Deslous- Calo.
Paoli 1983, tab. 2
19/02/1980 17665 Héral and Deslous- Calo.
Paoli 1983, tab. 2
147" day 13889 Whyte et al. 1990, tab. PLC
I and 2 and fig. 4
19/02/1980 10578 Deslous-Paoli and PLC
Héral 1988, fig. 3 and
6
Sep. 1996 14149 Kang et al. 2000, fig. 6 PLC
Mar. 1989 18396 Ruiz et al. 1992, tab. 2 PLC
Macoma balthica early Apr. 15056 Beukema and Bruin PLC
1977, fig. 1,2 and 4
early Apr. 22175 Beukema and Bruin Calo.

1979, fig. 3 and tab. 2

Mean 15600

Table 3: Approximations of the chemical potential of structure for various bivalve species. The date, reference and
method of estimation are indicated. Calo: calorimetry studies, PLC: biochemical studies.

Experiment Species  pxy, inJ cm2d!' Xiin loﬁcells.L_1
Exp. 1 Iso. + Chaeto. + Skeleto. 763 48.7
Exp. 2 Iso. 1064 11.6
Exp. 3 Rhodo. 1516 9.1
Exp. 4 Iso. 758 211
Mean 1025 23

Table 4: Values of {px,,} and Xi obtained in ingestion experiments with various algae. Iso. = Isochrysis aff. Galbana
(T.iso), Chaeto. = Chaetoceros calcitrans, Skeleto. = Skeletonema costatum and Rhodo. = Rhodomonas salina. Data
from Y. Bourles (pers. com. 2010).



2.4. Values of gonad parameters

We evaluated the new parameters, to ensure consistency with published data on energy and
dry flesh mass in C. gigas and related species. In the standard DEB model for C. gigas, only
the ratio between dry mass and wet mass for structure was used to calculate total dry flesh mass.
As shown by Deslous-Paoli and Héral (1988), the whole mass ratio of the oyster changes greatly
with reserve content and gametogenesis stage: from 0.15 in winter to 0.27 in summer. This
suggests that the mass ratio must be different for reserves, gonad and structure. This result led us
to combine together the mass ratio for the various compartments, to obtain a mass ratio for the
whole body.

The mass ratio of the gonad, dg,, is the ratio of dry flesh mass to wet flesh mass for the
gonad. If we assume a constant ratio for each compartment, the mass ratio for the gonad can
be quantified by determining the difference between the mass ratios observed before and after
spawning. It can thus be calculated as (MRbS - g?%})M as)(%), where bs is the
measured ratio “before spawning” and as is that “after spawning”. Assuming DFM,, = 1.88 g,
DFM,; = 1.07g, MRy, = 0.243 and MR,; = 0.196 from Deslous-Paoli and Héral (1988), gives
an estimate of dg, = 0.31.

The energy allocated to gonad construction, Eg,, is transformed into gonad mass with the
same equation used for structure: DF Mg, = Eg,dc./[Eco] Where dg, is the ratio between dry
flesh mass and wet flesh mass for the gonad and [E,] is the specific cost of gonad construction.
The value of [Eg,] is evaluated as described for [E], see section 2.3. A compilation of studies
on energetic values for the gonad in C. gigas and related species resulted in an estimate of 21630
J.eDFM™! for the chemical potential of gonad, see table 5. If we assume that 90 % of the
energy invested in the gonads is used for construction, kg, = 0.9, we obtain a value of [Eg,] =
7500J.cm™.

Species g in J.gDFM™! Method Source

C. gigas 25660 unknown Hyun et al. (2001, tab. 1)

C. gigas 18605 PLC Deslous-Paoli and Héral (1988, tab. 1)

C. gigas 17050 PLC Ren et al. (2003, fig. 7)

C. gigas 21525 PLC Berthelin et al. (2000, fig. 2)

C. gigas 27762 Calorimetry  Héral and Deslous-Paoli (1983, tab. 2)

C. plicatula 19448 PLC Li et al. (2006, tab. 1)

Ostrea edulis 19061 Calorimetry Rodhouse (1978, in text)

Patella vulgata 23950 Calorimetry Workman (1983, tab. 2)

Chlamys varia 22157 Calorimetry Shafee and Lucas (1980, in text)
Mean 21630

Table 5: Approximations of the chemical potential of the gonad, ugo, for various species.

The addition of a new state variable improved description of the experiment of Li et al.
(2009). In this experiment, a single population of oysters was divided into two subpopulations:
one in which spawning was induced before the experiment and one without spawning induction.
These two subpopulations were then starved. The main result of this experiment was a difference
in the rate of weight loss between the two subpopulations (Fig. 2). The form of this difference
could not be correctly represented by the DEB model of Bourles et al. (2009), but can now be
described with the specific assumption added for the description of the gonad and its resorption in
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cases of extreme starvation. The calibration of the model with these data gave a gonad resorption
yield, Yg,, of 0.25.

+  Pre-spawning oyster

O Post-spawning oyster
= = = Model of Bourles et al. (2009)
Present model

Dry flesh massin g

0 10 20 30 40 50 60 70 80
Days of starvation

Figure 2: Simulation of the starvation experiment of Li et al. (2009) by the model of Bourlés et al. (2009) and the
extended model for gonad presented here.

2.5. Datasets and forcing variables

For the purposes of this study, a one-year-old oyster population was transplanted to four sites
along the French coast in 2008 and 2009. These sites were chosen because they were either
traditional spat-collecting areas, such as the bay of Arcachon and the bay of Marennes-Oléron,
or new areas of natural reproduction in which C. gigas is invasive, such as the bay of Bourgneuf
or the bay of Brest (Fig. 3). Oysters were transplanted each year, at the beginning of March, i.e.
before the start of gametogenesis. A sample of 30 individuals was collected from each site once
every fortnight. The flesh of each oyster was drained until all free water had been released and
was then weighed to obtain wet flesh mass (WFM). The flesh was then freeze-dried to remove
all the remaining water, to obtain the dry flesh mass (DFM).

At each site, water temperature was measured with a high-frequency probe that took one
measurement every 30 minutes. Daily mean temperature was then calculated for use as a forcing
variable. For Arrhenius correction of the rates in both models, daily mean temperature was
smoothed, through the use of a moving average with a five-day span. Arrhenius correction of
rates was then applied for both assimilation and maintenance rates, as described by Bourles et al.
(2009), using the parameters described in table 2.

As in the study by Bourles et al. (2009), food was also quantified at each site. Data were ob-
tained from the IFREMER REPHY network, which identifies and counts phytoplankton species.
The following method was used: duplicate samples of 1 litre of water each were sampled at a
depth of 1 metre below the surface. These samples were immediately fixed with lugol solution
(1 mL per litre of sea water). Phytoplankton species were then identified and counted under a
light microscope, by an experienced technician, at the laboratory. These data were interpolated
daily, by piecewise cubic Hermitian interpolation (pchip) in Matlab R14 (The MathWorks Inc.).

2.6. Field and theoretical simulations
Simulations were made in both Matlab R14 (The MathWorks Inc.) and STELLA 8.1 (High
Performance Systems Inc.) software, with both programs giving similar results, with only slight
10



Bay of Brest

Bay of Bourgneuf

Bay of Marennes-Oléron

Bay of Arcachon

Figure 3: Location of the four study sites along the Atlantic coast of France

differences due to differences in the integration procedures used.

For field simulations, the state variables of the model were initialised by making assumptions
about the energy distribution of the oyster at the start of the experiments. The gonad compartment
was considered empty and the proportion of energy in each compartment were selected so as to
reproduce both the dry flesh mass and the mass ratio observed at the beginning of the experiment.
Dry flesh mass was obtained from the four state variables, with the following equation (Eq. 2):

prm < EXEr | Eydy . EGodco 2
HE [Ec]  [Ec.]

We calibrated X; manually to obtain the observed dry flesh mass before spawning. The
goodness of fit of the simulation was evaluated by calculating the coefficient of determination,
R2, between observed and simulated values, and «, the slope of the regression X = aX , where X
are simulated values and X observed values. We evaluated the goodness of fit of the reproductive
effort, RE, of the model, by calculating the proportion of error with respect to the observed
reproductive effort as: § = W. RE,;; and RE;, were estimated by calculating the
difference in dry flesh mass before and after spawning, on the sampling dates.

For theoretical simulations, the spring bloom was modelled with the Gaussian equation:

X = axexp(— (t;};;()z )+dyx, where ay is the concentration at the peak of the bloom, by is the Julian
day on which the bloom occurred, cx is the duration of the bloom and dy is the concentration
of phytoplankton outside the bloom period. Only the parameters by and cx vary in theoretical
simulations, because ay and dx values are fixed at commonly observed values, 1.8 106 cells.L™!
and 2 10° cells.L™", respectively. The temperature is described by the sinusoidal function used
for the beginning and ending of gonad construction, with variation of the parameters ar and by,
whereas ¢y and by are fixed at the commonly observed values 27/365 and —2.07, respectively.
For each of the four parameters varying in theoretical simulations, we chose to study 11 values
from the range of variation observed in the dataset for each parameter. To improve the represen-
tation, in simulations for which spawning triggers were never fulfilled, results were replaced by
a very late spawning date and by the overall mean for the number of oocytes produced.
11




3. Results

3.1. Field simulations with the two versions of the model

The simulations obtained with the model of Bourles et al. (2009) is consistent with observa-
tions for both the spring and summer periods, but show a low fit for the autumn period (Fig. 4).
In spring, an exception was identified for the bay of Brest in 2009, for which the growth observed
in April and May is not reproduced by the model, whatever the X} parameter chosen. However,
despite these reasonably good descriptions of spring growth, simulations with this version of the
DEB model do not accurately reflect the magnitude of the reproductive effort in summer. This
effort was greatly underestimated in the bay of Marennes-Oléron, in both years (errors of 59 and
38% for 2008 and 2009, respectively), in the bay of Bourgneuf (errors of 35% and 29% for 2008
and 2009, respectively) and in the bay of Arcachon in 2009 (error of 41%), see table 7. Repro-
ductive effort was simulated satisfactorily in the bay of Arcachon and bay of Brest in 2008. In
autumn, oyster dry flesh mass was greatly overestimated for Arcachon in 2009 and for the bay of
Bourgneuf in both years. The other simulations, for the bays of Arcachon, Marennes-Oléron and
Brest in 2008, are more satisfactory, although some small discrepancies are observed, e.g. for
Marennes-Oléron in 2008, for which the simulated autumnal growth is more pronounced than
the observed growth.

Dry flesh mass in g

P b ~
M A M J J A S O ND M A M J J A S O ND
Month of the year

Figure 4: Simulations (continuous line for 2008 and dotted line for 2009) of the observed dry flesh mass (crosses for
2008 and circles for 2009), based on the DEB model of Bourles et al. (2009) for the Bay of Arcachon (A), the bay of
Marennes-Oléron (B), the bay of Bourgneuf (C) and the bay of Brest (D).
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Two sets of data stand out for having very high calibrated values of X;: the bay of Arcachon,
in 2008 and the bay of Brest in 2009 (Tab. 6). In the bay of Brest in April and May 2009, some
of the phytoplankton samples were lost. X} is thus underestimated in this simulation, due to an
underestimation of the forcing variable. This also explains the poor description of spring growth
for these datasets. The highest X value is that obtained for Arcachon bay in 2008. During this
season, no oyster growth was observed in Arcachon despite a high phytoplankton concentration
(2008 mean: 390000 cells.L™!), resulting in a value of 0.88 10° cells.L™" for X;. By contrast,
relatively low values are used for the bay of Brest in 2008 and the bay of Arcachon in 2009.

Simulations made with the new version of the model differ only slightly from those made
with the previous version (Fig. 5). In spring, predicted growth closely matches observations for
almost every simulation, but the same exceptions persist for the simulation of the year 2009 in
the bay of Brest. In summer, reproductive effort is better reproduced by the new version of the
model at almost all sites; the error on spawning is less than 20% for four simulations, see table
7. Three simulations of spawning show no improvement with the new model: the bay of Brest
in 2008 and 2009, where no difference is observed, and the bay of Arcachon in 2008, where the
new model estimates spawning effort at twice the observed value. In autumn, no improvement
is shown in this version compared with the previous one and the same discrepancies occur at the
same sites and in the same years. The values of X; used in the revised model are systematically
higher than those for the previous model, but yield the same variations between sites and years.

Dry flesh massin g

0
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Month of the year

Figure 5: Simulations (continuous line for 2008 and dotted line for 2009) of observed dry flesh mass (crosses for 2008
and circles for 2009) with the extended DEB model for the bay of Arcachon (A), the bay of Marennes-Oléron (B), the
bay of Bourgneuf (C) and the bay of Brest (D).

13



Arcachon Marennes-Oléron | Bourgneuf Brest
2008 2009 | 2008 2009 | 2008 2009 | 2008 2009
Bourles | 0.88 0.36 | 0.57 045 | 045 055 | 027 0.18
Present 1.2 045 ] 0.85 063 | 073 0.72 | 048 0.27

Table 6: Values of X used in simulations, in 100 cells.L~!.

If we compare the two versions of the DEB model on the basis of the spawning indicator
S (Tab. 7), a large improvement can be seen with the new version of the model, which fails to
reproduce the reproductive effort only for certain sites and some years. However, on the basis
of global indicators, such as R* or the slope of the regression a (Tab. 7), no clear evidence
of improvement emerges, with R?> and slopes fairly similar for all simulations. Neither model
correctly reproduced growth variation in the bay of Bourgneuf: R? are low for 2008 and 0 for
2009, while the slope shows a clear overestimation of the recorded data by the models. This poor
fit may be accounted for by the sampling of the phytoplankton at this site at some distance from
the study site housing the oysters.

Arcachon Marennes-Oléron | Bourgneuf Brest

Index  Model | 2008 2009 | 2008 2009 | 2008 2009 | 2008 2009
R? Bourles | 0.78 0.44 | 0.33 054 | 035 000 | 086 0.13
Present | 0.76 0.44 | 0.33 0.66 | 027 001 | 077 0.14

a Bourles | 097 132 | 1.05 1.04 | 1.15 135 ] 086 0.72
Present | 1.02 1.34 | 1.07 1.00 | 1.11 136 | 0.88 0.71

S Bourles | 0.08 041 | 0.59 038 | 035 029 | 0.07 0.78
Present | 1.03 0.12 | 0.43 0.18 | 0.09 0.03 | 033 0.69

Table 7: Comparison of three indicators of the goodness of fit for simulations with the Bourles model and the model
presented here. R? is the coefficient of determination, a is the slope of the regression of predicted values against observed
values and S is the error made on reproductive effort

3.2. Theoretical simulations

We report here our use of the improved version of the model to investigate the combined
effect of temperature and phytoplankton on reproductive effort and spawning date. We carried
out theoretical simulations with four varying parameters, at low (Fig. 6) and high (Fig. 7) X;
values. For each simulation, spawning date and the number of oocytes produced were calculated
when spawning triggers were fulfilled. The values obtained for each combination of parameters
were projected onto a two-dimensional plane by taking means for the other two dimensions.

At low values of X}, indicating high food quality, the main factor influencing spawning date
is temperature: yearly mean temperature in particular (Fig. 6). The threshold of 19 °C is the
final trigger condition to be fulfilled in this case. If this temperature threshold is not reached,
no spawning occurs - as in the left bottom corner of figure (Fig. 6). The food forcing variable
has an effect on spawning date only if the phytoplankton bloom occurs after April, i.e. after the
130" day of the year. As a result, spawning date varied between the end of June (Julian day 175)
and mid July (Julian day 195). The number of oocytes produced depends on both temperature
and food. For temperature, yearly amplitude is the main factor affecting the number of oocytes
produced whereas, for food, the main factor is the duration of the bloom. If the bloom occurs
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late in the season, spawning is delayed, but more oocytes are produced, as gametogenesis occurs

over a longer period in warmer waters.
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Figure 6: Theoretical simulations of spawning date (top) and the number of oocytes produced (bottom) with a low Xj
value (X; = 0.45 10° cells.L™!) for four varying parameters: yearly temperature amplitude and yearly mean temperature;
timing and duration of spring bloom. The results obtained are projected onto two-dimensional planes for temperature
(left) and food parameters (right).

At high values of X;, corresponding to low food quality, a similar pattern was observed
for spawning date. Yearly mean temperature is again the main factor affecting spawning date
(Fig. 7). However, early blooms, i.e. occurring before mid March, cause more delay to spawning
date: from the end of June (Julian day 175) to the end of July (Julian day 208). If we compare
these results with those presented in the previous figure, we can see that the spawning date is
delayed by the same combination of parameters. When X; has a high value, temperature does
not influence the number of oocytes produced. Comparison with the previous figure shows that
both temperature and bloom effects on the number of oocytes produced are negligible compared
with the effect of the X; parameter.
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4. Discussion

4.1. Improvement of the model

In this study, we modified the value of five important parameters in the oyster DEB model:
{Pam}s [Pm], [Ec], [En] and ug. We also increased the complexity of the description of energy
allocation to reproduction by adding one state variable Eg, and three related parameters: dg,,
[Ego] and Yg,. These changes do not fundamentally alter the dynamics of the model, as only
slight differences are detected between the two sets of simulations we made, but our modifica-
tions improve the estimation of reproductive effort at spawning. These similar dynamics for two
different versions of the DEB model indicate that future research must focus more on energy
acquisition than on energy use.

Concerning the re-estimation of parameters, higher {p4,,} values increase the rate of energy
intake by oysters, but this additional energy is dissipated by increases in the cost of maintenance
[pu] and the cost of construction of structure and gonad, [Eg] and [Eg,]. In short, in this model,
the oyster is able to obtain more energy from the environment to construct flesh with a higher
energy content. By contrast to the previous version described by van der Veer et al. (2006), this
new version of the model is consistent with ingestion experiments giving a {pa,,} value of 770
J.em™2.d"!. This value is close to the value of 670 J.cm™2.d™! reported by Ren and Schiel (2008)
at 20°C. This parameter is one of the most sensitive of the model (Bacher and Gangnery, 2006),
but its modification can lead to a similar dynamic if the parameters controlling energy use are
also changed. The parameter values used here remain debatable, and their evaluation must be
considered a continuing process (for parameters estimation, see Saraiva et al., 2011, this issue).
However, based on the results of this work, we suggest that determination of the value of {pa,},
associated with the energy content of the flesh, should be the first step for parameter evaluation.

It proved difficult to find a simple rule for activation of the flux of gamete mobilization and
to develop a suitable formulation for this. Modifications to the standard DEB model of this
type have already been proposed by Pecquerie et al. (2009) for anchovy. For the beginning and
ending of gametogenesis, the anchovy models initiate the batch preparation of eggs if surface
temperature exceeds a particular threshold and the preparation ends when there is no longer
enough energy available (Pecquerie et al., 2009). We used a derivative of temperature as the
signal for beginning and ending gametogenesis because, for oysters, the threshold seems to be
site-specific and thus difficult to fix (Ruiz et al., 1992; Castafios et al., 2009). Pecquerie et al.
(2009) proposed a flux based on catabolic flux, which depends on the structural volume, V, alone,
with no effect of reproductive reserves. We also derived the flux of gamete mobilization from
the catabolic flux and obtained a complex energy flux dependent on the reproductive reserves,
Eg. It permits us to obtain a flux that stops if Er is empty. As this flux is also used in winter
to meet somatic maintenance costs, theoretical considerations are still required, to find a simpler
formulation with an axiomatic approach, compatible with DEB theory.

A key feature of this model that is crucial for energy allocation to reproduction is its flexibil-
ity concerning the origin of the energy required to satisfy maintenance costs. Our new version
effectively describes an auxiliary mobilisation rate of energy from the buffer allocated to repro-
duction, and even from an existing gonad. With these changes, the model is close to describing a
"supply system" for organisms fixed in place for feeding. The addition of resorption processes to
the model, such as the mobilisation of energy from the gonad, increases the ability of the model
to simulate the temporal adaptation, by the organism, of the amount of energy it allocates to
reproduction: the amount of energy allocated to reproduction is never definitive and the resulting
investment in reproduction may therefore be very different from expectations based on "«-rules",

17



which postulate that a constant fraction of energy is allocated to reproduction. From an evolu-
tionary perspective, this feature may have additional implications, because it strengthens the link
between reproductive effort and environmental variability.

4.2. Insight gained from modelling

At low X values (high food quality), spawning date depends principally on temperature,
consistent with the day-degree method used in hatcheries to determinate when oysters are ripe
(Mann, 1979). However, the application of this method in the field has been shown to be prob-
lematic (Steele and Mulcahy, 1999), perhaps because food quantity and quality were not taken
into account. This was confirmed by our results, which indicate that the day-degree method
would not be able to predict the date of gonad maturity in an environment in which the quantity
and quality of food did not remain constant.

In invasive species, temperature is often seen as imposing the northern limit for spawning
and, thus, as the factor limiting northward expansion (Diederich et al., 2005; Wrange et al., 2009).
Spawning may occur in this context, but resorption occurs in other, cooler, years. We estimate the
energy yield of emergency resorption to be 25% and, if we assume that the yield of resorption
is the same in the absence of spawning, this represents the reallocation of a large amount of
energy to reproduction in the next year. Such a mechanism has already been proposed to account
for the ability of oysters from productive ecosystems to achieve gametogenesis without food
(Cannuel and Beninger, 2005). In ecosystems in which spawning does not occur every year,
this mechanism may therefore increase the variability of the number of gametes released and
facilitate the invasion of northern areas when conditions are favourable.

The most striking difference in growth was observed in 2008, between the bay of Brest and
the bay of Arcachon. This difference in growth does not seem to be related to phytoplankton
concentration, because bloom sizes are similar at these two sites (data not shown). In our simu-
lations, this difference in growth at the same phytoplankton concentration affected the X; value:
0.48 10° cells.L™! for Brest, versus 1.2 10° cells.L~! for Arcachon. Our theoretical simulations
show that this parameter has a profound effect on reproductive effort. Another illustration of the
impact of X; value on reproduction is provided by the simulation of the year 2008 for the bay
of Arcachon. If we relax the spawning at a fixed date conditions used in the results section and
instead make use of environmental triggers, it is possible to obtain a better simulation by slightly
increasing X; (Fig. 8). With a higher value for X;, spawning no longer occurs, because gonad
resorption begins before the gonado-somatic ratio for spawning is reached. This simulation with-
out spawning give results closer to the observed dry flesh mass until autumn and reproduces the
slow decrease in dry flesh mass in June, with only a small change in the value of X;. Very high
values of X; may thus even impede spawning in some cases.

As previously pointed out (S. Pouvreau 2009, personal communication), X; variability be-
tween simulations is a black box that still includes a mixture of different effects, such as food
quality and the quality of the proxy used as a forcing variable (e.g. simulation of the bay of Brest
in 2009), phenotypic variability, zootechnical conditions or pollution effects. The variability of
X poses a problem in the DEB models for almost all shellfish species (Pouvreau et al., 2006;
Ren and Schiel, 2008; Rosland et al., 2009; Troost et al., 2010).

One way of improving the food proxy used in DEB models is to add other trophic resources.
Isotopic studies have revealed that oysters have other complementary sources of food (e.g. Lefeb-
vre et al., 2009). The further development of the oyster DEB model with isotope dynamics may
provide additional information about the importance of complementary food sources (see Em-
mery et al., 2011, this issue).
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Figure 8: Simulations in Arcachon Bay in 2008, using spawning triggers, with X; = 1.2 10° cells.L™! (continuous line)
and X; = 1.410° cells.L™! (dotted line).

Another approach would involve focusing on improving the available food proxy chosen
(Bourles et al., 2009). The use of phytoplankton cell counts has raised questions about the
quality of some phytoplankton species, such as Leptocylindrus minimus (S. Pouvreau 2009, per-
sonal communication) or Tetraselmis suecica (Bourles et al., 2009). An important assumption
concealed behind the functional response of the DEB model is that C. gigas displays the same
behaviour with all species of phytoplankton, although a valvometry study by Tran et al. (2010)
showed that this is not the case when comparing a non-toxic alga, Isochrysis galbana, with
a toxic species, Alexandrium minutum. Moreover, Comeau et al. (2010) showed, by studying
chlorophyll uptake, that oysters may not feed on some autumn blooms.

On a more fundamental level, even the choice of the equation for the functional response
has an impact on model dynamics (Fussmann and Blasius, 2005). Poggiale et al. (2010) showed
that this effect also occurs with more complex models, such as the DEB model of nutrient-
phytoplankton-zooplankton food chains. They reached the same conclusion as Gentleman and
Neuheimer (2008): details of physiological uptake are of primordial importance for the dynamics
of the model.

Finally, both experimental and fundamental analyses have highlighted the need for more
detailed field studies on the phytoplankton diet of oysters. We suggest that further progress
in studies of oyster phytoplankton preferences could be made in the field, through the use of
experimental designs such as that involving the apparatus described by Comeau et al. (2010).
We see little point in further increasing the complexity of this DEB model until the issue of
phytoplankton quality is better understood.

5. Conclusion

In conclusion, our results highlight the sensitivity of this DEB model to the parameters of
the functional response. We show here that a change in the value of the maximum assimilation
rate, {pan}, allowed a better respect of experimental information concerning the energy content
of the flesh, without changing the overall dynamics, if we also simultaneously change three fun-
damental parameters: [puy], [Eg] and [E,,]. In theoretical simulations, it appears that spawning
date is driven by mean annual temperature and is disconnected from food abundance, with only
a slight effect of the value of the half-saturation coefficient, X;. However, reproductive effort de-
pends strongly on the value of Xj. As the variations of this parameter in the field remain poorly
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understood, we urge that new field studies be made on phytoplankton preferences of oysters to
pursue our comprehension of the reproductive effort.
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AppendixA. Derivation of gamete mobilization from the reproductive reserve

The dynamics of Ex was derived in the same way as the dynamics of E in Kooijman (2010,
p. 37-41). If, for the sake of simplicity, we ignore p;, then we can write:

dE .
d—f = (1 - Kpeci - pe2 (A.1)

Assuming that [Egx] = Eg/V, the equation A.1 becomes:

d[Eg] . . [ErladV
a4 - bl - <7 = A2
7 (I =©lpci]l = [pe2l v (A2)
where [pc.]is pc./V, with * equal to 1 or 2.
Furthermore, as we also know that dd—‘t/ = KPC[EPM'
; Gl
obtain:

, from the previous equation (Eq. A.2) we

E o
= (= lpen) - e - (B L2 (A3)

Moreover, as for the dynamics of reserves (page 37), the general form of the dynamics of
[ER] can be written as:

dlE
[dtR] = (1 = ©0lpcil = HUERIY) + ([ER] — [ERDG(ERIIV) (A4

where H and G are functions of [Eg] and V, and G is a function that is null at steady state.
Due to the seasonal dynamics of [Eg], the concept of equilibrium is meaningless here and G is
thus assumed to be null. As E and Ey are of the same nature, the same F function used in the
development of E dynamics (page 39) can also be used here: F = {pan}/[En]V"'?[Er]. We
thus obtain the following formula:

dlEgl _ o {Pam)[ER]
o - (—0lpcil TEVIE

(A.5)



From equation A.5 and A.3, we now obtain the formula for [pc]:

dE ser] — [
[peal = (1 = Open) - 2 - g L= Pand
__{Pam} i1 Klper] = [Pan]
= EQVE [ERr] [ER]—[EG]
_ {Pam} [Pl klpcil
- [ER]([Em]V‘/3 " Eal ~ 1Eq] ) (A-6)
B {Pam} [pm1] KLENpam} [Pa]k[E]
= [Ex] st - 1/3 -
[E VY [Ecl [EnIV'3(EG] +«[E]D) [EGI([EG]+ «[E])
_ {Pam}  [pmi]\ [,  K[E]
- [ER]([E,n]V'/3  [El )(1 [Ec] +K[E])
Thus, we finally obtain the formula of pc;:
o tpan) Tpand\(,  «IE]
bex = ER([Em]v1/3 " [Eal )(1 [Ec] +K[E]) &.D
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