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dDepartment of Theoretical Biology, Institute of EcologiSaience, Vrije Universiteit, Amsterdam, The Netherlands

Abstract

We developed a full life-cycle bioenergetic model for theajrscallopP. maximugelying on the concepts of the
Dynamic Energy Budget (DEB) theory. The covariation methas implemented to estimate the parameters of a
standard DEB model. Such models are able to predict variaiabuolic processes from a food availability marker
and temperature in the environment. However, suspensiedefs are likely to feed on various trophic sources, from
microalgae cells to detritus. They are also able to sort aetsfood particles very efficiently, depending on their
size, energetic value or quality. The present model indwedmechanistic description of the feeding processes, based
on Kooijman’s Synthesizing Unit principle which allow toaewith several food sources. Moreover we tested the
hypothesis of a differential selectivity between two paigrsubstrates (phytoplankton cell and the remaining par-
ticulate organic matter). Simulations of shell length lglahell growth rate, dry weight and gonado-somatic index
(GSI) variations were realized and compared to field data faanonitoring conducted in the Bay of Brest (Brittany,
France) for six years. The model shown its capacity to effiyereproduce all life history traits of the wild great
scallops. Predicted length data were estimated to the staailimeter. The fit of simulated weights to observed data
was very satisfactory. GSI predictions were also in acawrdavith observations but improvements are required to
better capture the sharp increase of gametogenesis atghmlng of the year. Finally, results bring evidences at
maximusgs actually preferentially feeding on living algae cellther than on the rest of organic particles.
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1. Introduction

The great scalloPecten maximu@.innaeus, 1758) is a bivalve mollusk living in coastal eoniments of North-
Western Atlantic, commercially important for fisheries ae@ ranching. A large number of studies has long explored
the physiological and ecological traits of this animal,tbot controlled environment and in the wild (e.g. Mason,
1957; Antoine et al., 1979; Paulet et al., 1997; Saout efl@b9; Laing, 2000; Chauvaud et al., 2001; Laing, 2002;
Strohmeier et al., 2009; Chauvaud et al., 2012). Its bra#tddénal and bathymetric distribution results in a vaiiiy
of life history traits with a large ultimate size in Northeenvironments and small size in Southern areas and deep
locations (Chauvaud et al., 2012). Known to feed mainly optgblankton and microphytobenthos (Robert et al.,
1994; Chauvaud et al., 2001), its diet has also been reptwtettiude bacteria and nanoplankton as well (Heral,
1989; Langdon and Newell, 1990; MacDonald et al., 2006; Netal., 2012), but in proportion that still need to be
assessed. These two aspectB.ahaximusiology (growth and feeding) are key processes for a betterpcehension
of the physiology of this species.

Within the French project COMANCHE, we are trying to combiragious scientific and economic approaches
around the biology and exploitation Bf maximusn the English Channel region. The development of a bioest&rg
individual-based model is a crucial step to combine hydnadhyic, larval development and dispersion models with
population dynamic modeling. Thus we were motivated to ped mechanistic model capable, with as few variables
as possible, to simulate the evolution through time of diggrhysiological traits that would serve as basis for fishery
management.

We tried to combine knowledge accumulated about this spécia model for metabolic processes, which can
give reliable insights on the physiological evolution o&tbrganism and thus capture the variability observed in
biological pattern. Dynamic Energy Budget theory (DEB, Koan, 2010) provides such a generalized, individual-
based, bioenergetic framework suitable for linking levalsnetabolic organization through a mechanistic model. It
has been successfully applied to 240 species from fungi tomms (Kooijman, 2013) and especially to bivalves
species closely related # maximusuch agCrassostrea gigas the same taxonomic order (Pouvreau et al., 2006;
Cardoso et al., 2006; Bourlés et al., 2009; Alunno-Brust#é.e2011; Bernard et al., 201 Mytilus edulis(Cardoso
et al., 2006; Rosland et al., 2009; Troost et al., 2010; Saret al., 2011a)Ruditapes philippinarunfFlye-Sainte-
Marie et al., 2007)Perna canaliculugRen and Ross, 2005} erastoderma edul@ardoso et al., 2006; Troost et al.,
2010; Wijsman and Smaal, 2013)Jacoma balticaMya arenaria(Freitas et al., 2009) andinctada margaritifera
(on the larval stage Thomas et al., 2011).

In this study we aim at developing the first DEB model for a memtf the pectinid familyP. maximusUsing
literature data we estimated the standard DEB parametdrbuilt our model with the Synthesizing Units concept

2
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(Kooijman, 2010). The inter-annual variability of sevephlysiological processes of adult scallops was studied and
compared to monitoring data gathered over six years in thed8@rest (Brittany, France). An innovative aspect
of this work is the implementation of the hypothesis of aatintial selectivity in food sources, tested using the

Synthesizing Units principle from Kooijman (2010).

2. Material and methods

2.1. Model formulation

The model developed in this study is based on the Dynamicdyrigudget theory (Kooijman, 2010). According
to DEB theory the energetics of an organism can be descrilgetieo dynamics of three state variables: (1) the
structural volumé’ (somatic tissue excluding reserves), (2) the resefvasd (3) the energy allocated to maturity and
reproductionFr. Trophic resource provides energy that fuels the resemmaatment. A fixed fractions) of energy
flux from reserve is then allocated to somatic growth plusigntenance, with a priority given to maintenance. The
remaining fraction (1 ) is used for maturity maintenance, maturation (in embryuabjaveniles) and reproduction
(i.e. gamete production in adults). A conceptual scherhestiating the modeled energy flows through the scallop, is
given in Fig. 1. Notation of the variables and parametersoismfKooijman (2010).

In this study, we paid a particular attention to the feedingcpss, which is rather complex in suspension feeders
(Ward and Shumway, 2004; Cranford et al., 2011). Brieflyfillering process in bivalves can be described as follows.
A water current is generated through the pallial cavity biar activity of the gills. Water is then sieved by the gills
the amount of water totally cleared of its particles per whitime is denoted as clearance (or filtration) réte.

For each food particle present in the surrounding wateh witlensityX, the flux of particles extracted from the
environment, known as consumption rate, can be assess&dfly Rubbed into mucus strings, food particles are
then transported to the aboral side of the gills where lgizfis sort and bring food pellets to the mouth for ingestion;
this ingestion rate is denoted ds,,,. Suspension feeding bivalves are known to feed upon vatiopsic sources
(see e.g. Kamermans, 1994; Chauvaud et al., 2001; MacDenald, 2006; Bachok et al., 2009; Yokoyama et al.,
2009; Nerot et al., 2012) and they are subsequently ablewelaje a plastic trophic niche, variable in space and
time as an adaptation/acclimation to available trophioweses and depending on their development stage (Rossi
etal., 2004; Marin Leal et al., 2008). Filtration, ingestand assimilation processes are characterized by a cafpacit
select and sort potential food particles, via gill crossigtgntion, labial palps selectivity, inner digestive glaorting,
differential assimilation rates. Moreover, many studiesusing on modelling the energy dynamics of filter feeders
have reported the need (Alunno-Bruscia et al., 2011; Bdregal., 2011) and the benefit (Troost et al., 2010; Saraiva

et al., 2011b) of adding a second food source to forcing ksato improve the food proxy . Thus, to model energy
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acquisition and afterwards its dynamicdHmmaximusve focused on two concepts: (1) the processing of two types of
food substrates and (2) the selectivity of food particlegifiérent origins and energetic values.

In order to address these issues we chose to work with theepbn€ Synthetizing Units (SUs, Kooijman, 1998,
2006, 2010; Saraiva et al., 2011b), considered as genstladizzymes that transform an arrival flux of substrates into
a production flux of products. Here food particles are cosrgid as substrates and reserves as products. During the
processing (handling time), no substrate particles areped by the SU, i.e. while handling, the binding probapilit
for each arriving substrate will be null. SUs allow to deathwdlifferent types of food to test some patterns in feeding
such as selectivity of substrates. We used two potentiphtoosources markers: algal cell counting and the rest of
particulate organic matter (POM, i.e. non algal organidipl@s). Substrates were respectively called for cell
counting andSy for POM. The arrival flux of food particles was taken to be pdgjnal to the density in spatially
homogeneous environments (Kooijman, 2010), which is the @aaquatic environments. We worked with interacting
substitutable substrates that are bound in a sequentidbfaé-ig. 2). This scheme illustrate the possibility foreef
SU (0.) to bind to either a substrate particle from tyfe or Sy to form a SUSx complex fx) or a SUSy complex
(fx) respectively. Moreover, a substraig can replace &y in a SU-Sy complex @y) to form a SUSx complex
(fx), releasing an untransformed substrg{e Each food type contributes to the production of reseryesgified in
yield coefficients {z x andygy) that were here treated as constant. Given the dissociatterparametergy and
ky, the binding parameteis, andby and the interaction affinitielsyy andby x, the change in binding fractions for

substrates X and Y are:

%9. = lixOx + kyfy — (bx X + by Y)6. (1a)
%9)( = —fxOx +bxX0. — by xYOx + bxy X6y (1b)
%9)( = —fxOx +bxX0. — by xYOx + bxy X6y (1c)
%oy = —kyOy +byY0. + by xY0x — bxy X0y (1d)

with1=0. + 0x + 0y and X and Y stand for the densities of substratgsand.Sy in a number of particle per liter.

The pseudo steady state fractions are:

Oéxi)yy — Byi)xX
axay — BxfBy

aybx X — BxbyY .

9?{ = Yy —
axay — BxPBy

(@)

with



94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

ax = kx + l}XX + bny; ay = I%Y + i)YY + bXYX§ (39)

ﬂX :BfobxyX; ﬂY :bYY*bYXY (3b)

The preference hypothesis is transcribed into the modehla]ngingbxy andby x, in such a way that the SU
would be able to change from substrate X to substrate Y, eétting one probability superior to the othék, and
b : b . _ .
% and{byx} = % to get rid of size dependenc{by x } was set at
0 and{bxy } was taken equal to the maximum specific filtration rate Xotype substrate{ F'x,, }. In this case a

by x were first turned into{bxy } =

change in the substrate to process may occur in one diremtign\When both substrates are available, this rule leads
to an automatic substitution of the counter-selected satestPOM particle), already bound to a SU, by the preferred
food type (here algae cells). Dissociation rates relategariaximum specific feeding ratesias = {hXAm} L? and

ky = {hy am} L? whereL is the structural length of the individual afd x 4, } and{%y 4., } are the maximum

specific feeding rates (#.d.cm~2), given by:

, ~{Jxam} , ~ {pam}
{hxam} = 7MX with  {Jxam} = (im ymx) (4a)
{hyam} = {‘]&72‘:‘} with  {Jyam} = % (4b)

where{Jx ., } and{Jy am } are the maximum specific ingestion rates (mol.g¢m=2), {p4,,} is the maximum

specific assimilation rate (J:d.cm~2), ;. is the chemical potential of reserve (J.mbl andyzx andyzy are the

yields of reserve on compound X and Y respectively (molmplValues for these parameters are given in Table 3.
Finally, the association rates relate to the maximum spes#arching rates dsy = {FXm} L? andby =

{FYm} L2. Thus the specific assimilation rate for reserve can beemnris:

Jea=yex {Jxam} fx +ypy {Jyam} fy (5)
with

Iy = ay {Fxm} X — ﬂXBYY; fy = ax {Fym}Y — Bybx X (6a)

axay — BxfBy axay — Bx By

ax = {hXAm} + {FXm} X + {5YX} Y; ay = {hYAm} + {FYm} Y + {5XY} X (6b)

Bx = {Fxm} X = {bxy} X; By = {Fym}Y = {byx}V (60)

In order to test the hypothesis of a selectivity in feedingimaximusa classical functional response was also
calculated, using only one food source (phytoplanktorsellhis response to food density variations is based on the

5
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Holling type Il functional response (Kooijman, 2010f = , with X the algae cell concentration (#:L)

X
X+ Xk
and X the half-saturation coefficient (#:1!). The value of this parameter was calibrated for each year.

Once assimilation has been implemented, reserves dynaardse treated. Energy conservation law implies that
reserves dynamics amounts to the difference between timiks®n ratep, and the utilization rate of reserves
pc. The structural growth is provided with a fractianof this mobilized energy from which somatic maintenance
requirements are first paid. The rest of energy flux from tlsemes compound is allocated in priority to maturity
maintenance and then to the reproduction buffgr During periods of low food availability or prolonged station
(especially in winter)P. maximuss known to undergo a sharp decrease in flesh weight (Com@#4;Pazos et al.,
1997). In fact, the flux of energy coming from reserves is nticgent to "pay" maintenance costs (bail, and
pJ)- The energy that has to be mobilized to pay somatic main@ns;) and maturity maintenancgds) is taken
from the reproduction buffer (resorption of gonag,s) and if the reproduction buffer is empty, maintenance costs
are "paid" from the structural volume (lysis of structyig).

The dependency of physiological rates on body temperatueetothermes (in which body temperature equals
external temperature) has been described by the Arrheelasanship within a species-specific tolerance range of

temperature (Kooijman, 2010). The following relationshigs used to correct all model fluxes for temperature:

T1 T Tl TL
Tar TAL)

14+exp| — — =
+ p(T Tr

E(T) =inTe with To = 7)
Wherek(T) is the value of the physiological rate at temperatiite:; is the physiological rate at the reference
temperaturd’y, T4 is the Arrhenius temperaturéy, is the lower boundary of the tolerance range, dhd is the

Arrhenius temperature for the rate of decrease at the loagndiary. All temperatures are expressed in Kelvin (K).

2.2. Parameter estimation

The Arrhenius temperature was estimated by fitting the pressequation in a composite data set relating physio-
logical rates (respiration, growth, filtration, assiniiaf) to temperature, constructed from data available é@nditure
(Laing, 2000, 2002, 2004) and from unpublished studieserBay of Brest (Chauvaud and Paulet, unpublished data).
A reference temperatur&y) of 288 K was chosen. We applied the covariation method foampater estimation ac-
cording to the procedure described by Lika et al. (2011) #fiatv to estimate all parameters of the standard DEB
model from empirical datasets of the literature (Table 4)t Bf these observed data consists of single values, named
zero-variate data, such as age, weight and size at the &agd (Gruffydd and Beaumont, 1972; Buestel et al., 1982;
Samain et al., 1986; Shumway and Parsons, 2006), at pulsmiyr(way and Parsons, 2006) and for the adult period

6
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(Paulet and Fifas, 1989; Paulet et al., 1997; Le Pennec,2003; Shumway and Parsons, 2006). The other type
of observations used for parameter calibration is a datafs288 shell length over age values (EVECOS data base
provided by "Observatoire Marin de I''UEM, INSU, PlouzanéThe covariation method is a single-step procedure
based on the simultaneous minimization of the weighted sisquared deviations between all observation data sets
and model predictions. Weight coefficients can be applieto-variate data, in order to quantify the certainty & lif
history traits gathered from literature (on the basis oifrttediability and occurrence). Therefore, little less glei was
given to puberty data as the timing of this maturity thredhslrather imprecise. Likewise, as ultimate length is an
empirical measurement, hardly reproducible, a lower wisigkfficient was also applied to this value. The relevance

of the parameter set was assessed by a mean relative ecolatiain (mre).

2.3. Study site, forcing and calibration data

To test the estimated parameters we used a data set of a gnordhlitoring of P. maximusbank located in the
Roscanvel site, in the central area of the Bay of Brest (BigT'Bis location is a coastal semi enclosed area located in
Western France. It is under the influence of high tides arghfsater inputs from two rivers and is connected to the
open ocean by a narrow strait (2 km wide). Biometry measunesaf scallops from the Roscanvel bank (4°30'W,
48°20’N) has been monitored during several decades (1920@d) and provides a large data set, also including
environmental variables. Twenty scallops from the threaryage cohort (2.5 to 3.5 years old) have been collected
twice a month (EVECOS data base provided by "ObservatoinerMiie I'TUEM, INSU, Plouzané").

Dry weight of each organ, shell height and gonado-somatiexr{(gonad dry weight over total body dry weight)
were measured on these individuals. In order to comparehiveédues obtained for different size animals, dry weights

were corrected for size differences between individudleviong the formula of Bayne et al. (1987):

() e ®

wherelV,. is the recalculated weight of an individual of standard ldheight L., andWV,,, is the measured weight for

an individual of measured shell height,,. Length were estimated after measuring the mean daily ghahth rate
(DSGR) over an entire growth season using the method prdiys€hauvaud et al. (2012). Each year, five individuals
were sampled in December, i.e. after the growth cessatiargpiture the entire growth season. Five other individuals
harvested in August were used to assign calendar datesliareaement, by knowing the sampling date of the last
formed increment. A synchronization procedure was useadd®i the individual growth trajectories within each pool
by minimizing the sum of the differences between individegties considered two-by-two. Growth trajectories from

the summer pool and the winter pool were finally adjusted enghme way to assign calendar dates to the full year

7



166

167

168

169

170

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

data set.

Fig. 4 shows the environmental parameters used as forcinables in the model. Daily temperature has been
measured at the water-sediment interface in the Roscaaw&l fioom 1998 until 2000. A linear regression between
registered temperature at Roscanvel and those from the $Optbbe in Sainte-Anne (data provided by "Service
d’Observation en Milieu Littoral, INSU-CNRS, Brest"), alled the reconstruction of bottom temperature in Roscan-
vel between 2001 and 2003. Two food proxies have been mexlittine particulate organic matter (POM, in mg)l
and the phytoplankton concentration (in celt). These data come from an instrumented site which is matitby
the REPHY network (PHYtoplankton and PHYcotoxins monitgrNEtwork, Ifremer). POM data in mg.l were
transformed into a number of particles per liter by condgidgan average particle diameter of 8 (weight of
1.4 10 °g for a density of 1) per POM particle. Environmental measeets were linearly interpolated to fit the time

step of the simulations.

2.4. Model simulations

Simulations were performed using GNU Octave software (fEatoal., 2008). Initial state variables values are
obtained from observed measurements in the first samplitfieofear (Table 2). A Eulerian integration method was
used to study the dynamics of each state variable in time hAdndividuals are three-year-old and fully mature
(Antoine et al., 1979), the initial amount of maturity is ¢éxkto be equal to the maturity at puberty (supposed to be
maintained during the adult stage, Kooijman, 2010). UdiregREB model developed f& maximusve simulated the
body dry weight, the shell height, the DSGR and the gonadwasic index between 1998 and 2003. The evolution
of shell height over time has been simulated from the refatip:V = (6 LObS)B, where Loy IS in cm. The
gonado-somatic index (GSI) was calculated as a ratio betweewet weight of reserves allocated to reproduction

(Wg,,) and the cubic shell length. Total body dry weight and GSleaealculated according to the formulas:

W = Vdyg+ [(E+ER) @} ©)
HE
. B YE
_ Er . o HE
GSI = 743 1000  with  Wg, = dva (10)

wherewg is the molar weight of reserve (g.mdl), i is the energy content of one gram of reserve (J-hpand
dy 4 is the wet weight to dry weight ratio.
In the DEB theory, strategies for handling the reproduckiofier and spawning are species-specificRImaxi-

mus gamete releasing is asynchronous, partial and has beengépo be influenced by four parameters: temperature,

8
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food density, a minimal GSI and photoperiod (Paulet et 897t Saout et al., 1999; Barber and Blake, 2006). Sharp
decreases observed in measured GSI can be correlated toispavents. The model was then calibrated to fit GSI
observations by taking into account the influence of thesgrfg variables. The first spawning event of the year in the
Bay of Brest is usually synchronous with the first spring Ino@aulet et al., 1997), thus a threshold in food density
was set at 3 10cells.L~! (average value corresponding to a substantial resumptipriroary production in spring)
under which no spawning is possible. As for many bivalve Esgtemperature has a crucial influence on gametoge-
nesis but also on the releasing of gametes. We decided tp tygpdlay-degree concept as a trigger for spawning. Once
the seawater has reached a threshold of 12 °C, daily cumeildigrees above this limit were counted and a value of
75 degree-days was found to be required to reach a condéamtyrfor spawning. Then, a minimum GSI of 7 was put
at the third trigger for spawning, accounting for a minimavancement in gametogenesis. The reproduction buffer
was then half emptied and the degree-days counter resdieda3t parameter, the photoperiod, is a key parameter
that blocks the release of gamete so that after the fall eguin spawning is ever possible (Devauchelle and Mingant,

1991; Duinker et al., 1999; Saout et al., 1999).

3. Results

3.1. DEB Parameters estimates

The DEB parameters estimated fler maximughrough the covariation method are presented in Table 3. The
overall goodness of fit of model prediction to data on the igseallop’s life history traits (Table 4) was evaluated at
8.72 over 10, with fit = 10x (1 - mre). The only pattern not very well captured is the agaettamorphosis, known
to be between 20 and 30 days and which is estimated in our nadb@dlout 10 days. An other evidence that there
is a satisfactory correspondence between the simulatiothshee observations is to use a full life-cycle growth data
set (Fig. 5), which shows the good prediction of the modemBry DEB parameters for a given organism always
correspond to those of an embryo and for the majority of §sedo not vary during life span. Nevertheless, some
taxa, includingP. maximusexperience a metabolic acceleration after metamorpleasising a change in the value
of some parameters. The maximum surface-specific assionileate {p .,,} and the energy conductan¢ewould
respectively increase to 282 3.dcm~2 and 0.063 cm.d' at this stage transition. As three-year-old individuaks ar

modeled here, values after metamorphosis have been uste fimllowing simulations.

3.2. Environmental forcing variables

Temperature monitored during a study period of six year®vioh rather constant annual cycle (Fig. 4) with

common winter values between 8 and 12 °C from December taigepand from 15 to 19 °C during summer (July to

9
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September). Noticeable peaks occurred in summer 200lirepekemperature of 19.7 °C as well as sharp drops until
8.4 °C during January 2003. POM concentration in the watkeman is very variable and no clear pattern is identified
during the year. Still, tremendous peaks can be seen in M#énegfears 1998, 2001 and 2003 with values up to almost
8 10° particles per liter, contrasting with the range of variatabserved during the rest of the year (between 1 and
3 10 particles per liter). The curve presented here is the re$ulte deduction of algal cell counting from the total
POM measured by the SOMLIT station, thus strong decreasessw observable when phytoplankton blooms occur
(e.g. in June, July and December 2000 or in August 2003) lIFiridg. 4 shows a relatively high inter- and intra-
annual variability in the counting of algal cells along thiedied period. The lowest values are recorded in winter
with values under 1Devery year and the first bloom appears in a very irregular Walged, in 1998, 2001 and 2002
the first phytoplanktonic bloom event occurred in late Fabytearly March whereas in other years it is delayed and
only occurs between mid-April and June (in 2000). An othéegriesting feature is the yearly average of phytoplankton
cells concentration, allowing to distinguish highly prative years from unfruitful ones. It appears that 2002 would
therefore have been the worst year with only 143,759 cellsfhllowed by 1999 and 2003 with respectively 239,305
and 262,260 cells.t'. Then come the more productive years, 2001, 1998 with réispc392,150 and 439,278
cells.L.~! and eventually, 2000, the most productive year in terms gtqgiankton cell concentration with about

504,592 cells.t!.

3.3. Feeding and food sources

Fig. 6 shows the functional responsés and fy, of the two food types respectively and the tofas the overall
functional response of the scallop to the food supply. Ityis the alternation between the two food types available
according to the period of the year. Phytoplanktonic cotregion are very low until the end of winter and after mid
fall (Fig. 4) whereas POM is present almost all the time. Th&ults into a more elevate§- at the beginning and
the end of the year which falls under 0.1 the rest of time, whigrtoplankton cells are more present. The functional
response to POM concentration never reaches levels abbaa@.are mostly fluctuating between 0 and 0.4. In 1998,
it was never over 0.2 and reached a maximum in October 200h€lcontrary, the x reaches high values almost all
years during phytoplanktonic blooms, from 0.8 in June 2@02ay 0.99 in 2000 but is almost null in winter.

The two calibrated parameters in the simulations using th&epence module were the maximum specific filtra-
tion ratesF'x,,, and Fy,,,. They account for the amount of water cleared when food gastiof each type are in the
environmentFx.,,, varied between 50 Ld.cn?, in 2001 and 100 L.d'.cn?, in 2000 andFy-,,, from 2 L.d~!.cn?,
in 1998 to 4 L.d"!.cm?, in 1999. Most of theFx,,, were set around 50 Ld.cn? and most of th&?y,,, around 2
L.d~!.cn?. No clear relationship is found between valuesaf,, andFy-,,, and the phytoplankton or POM concen-

tration in the water. As for the value &f i in the simulations using only phytoplankton, it ranged fré@3000 #.L-!
10
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in 2000 to 160,000 #.L! in 1998 and 2001.

3.4. Model simulation

Several physiological processes and life traits of threarpld scallops were simulated using the DEB model
from 1998 to 2003 in the Bay of Brest. Simulations of dry flesight are presented in Fig. 7. The model successfully
captured the variations of dry weight along the seasons diéaldveights using only one food proxy are less accurate
than weight estimations resulting from the two-food-tygsimilation module. The general pattern observed when
the model is fed with one food source is an over-estimatiogpiring and autumn whereas at the end of the year,
simulations often decrease too much compared to obsemngatidow concerning the simulations when both cell
counting and POM are taken into account, a slight over-edtom in winter 1998 and 2000 is to be noticed, and
a small under-estimation during winter 1999 too. The brutaight losses that can be seen along the simulations
account for spawning events which seem to have a rather Igadiron the total body dry weight. Flesh growth is
variable from one year to another but very similar betweeseoled and simulated data: during year 2000, scallop dry
weightincreased of 4 g dry mass (5 g according to simulatiwhgreas in 2002 the gain in mass was only of 1.7 g dry
weight (1.8 g according to simulations). The highest digarey between observed and simulated data is reached in
1998 as the model predicts a final dry weight 1.6 g heaviertir@iobservations. That year, during the last months of
growth, the observed weight loss (down to 8.5 g) was not idypred as the model predicted a rather strong peak (11.2
g) in November. At the end of winter, scallops sometimes diohawe enough energy in reserves and maintenance
has to be paid from structural volume. The flesh dry weighttban loose few milligrams as it is observed between
January and March 2001 and 2003 with a loss of 0.3 and 0.2 g dightvrespectively. The acceleration of growth
rate from spring to mid-autumn is well reproduced every yafier which a decrease in the first months of winter is
well simulated.

Shell growth was investigated in two complementary waygbylexamining the daily shell growth rate and (2) by
looking at the cumulated growth in length. Fig. 8 shows theuwated DSGR for the six studied years. The observed
data correspond to the cumulated average of DSGR measuradample of 10 individuals of the three-year age
cohort of the studied year. The lowest measured DSGR wag2d.8 ! (in 2001) and the highest was 15G.th.d~!

(in 2003) whereas the simulated DSGR ranges from 1 to @~ !. Peaks of growth rate are hardly predicted but
the simulated DSGR is still in the order of magnitude of theesbiations, exceptin 1998 and 2002 where a low growth
is observed. Regarding the duration of the growing seabersimulations are in accordance with the observations.
The resumption of shell growth is precisely captured by tloeleh with an average time lag less than a week. An
odd feature is observed during the first months of winter 19989, 2002 and 2003 where the model predicts a tiny

growth in length (< 1Qum.d~!) at a moment of dormancy f& maximus
11
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The shell lengths presented in Fig. 9 correspond to the cateaigrowth in length. Simulated growth can here be
compared to the observations with an emphasis on the firmbgithe animal at the end of the growing season. Here
again simulated shell length using phytoplankton only ass Irelevant than those using algae plus POM. Growth
always seems to start earlier in simulated data than in vedesnes, which relates to the precocious low DSGR
observed previously at the beginning of the year (see Fign8)not taken into account in the observed data. The
total increase in shell length (the shell length producethdithe year) is very well modeled, with a slightly longer
distance in the predicted data (still less than 10@), ranging from 0.05 mm in 2003 to 1.5 mm in 1999 or 2001.
Except for the year 2002, the slope of the predicted growthecis extremely similar to the observed one.

The last biological trait studied is the gonado-somati@in@GSI), shown in Fig. 10P. maximudrom the Bay
of Brest are known to spawn in a very variable way, regardiggintensity, the number and the timing of spawning
events between individuals and years. Apart from a sligbt-@stimation at the end of years 1998 and 2001, the ratio
of reproduction buffer over structure is rather well ddsed by the model when the two food descriptors are taken
into account. If only phytoplankton is considered, morerdasing periods are observed like in spring 1999, 2001
or autumn 2002, which does not match the observed data & thesments. The timing of the first spawning event
is accurately reproduced in the simulation (a little lesemihising only one food proxy). The spawning efficiency
parameter set at 0.5, meaning that the gonad is half-flushiedgdspawning, seems to be a relevant value since the
simulated GSI do not fall below the lower bound observed.

The model response was also tested by the simulation of aagavendividual from its birth until several years of
growth along the study period. Fig. 11 presents the growthiecaf a great scallop born in June 1998 that lived five
years in the Bay of Brest (environmental variables were #imesas those used in previous simulations). Predictions
made by the model are very realistic, producing a five-yéduscallop of 11 cm with a very low growth rate at this
age, which closely matches observations. Finally, a lagignty of the model was highlighted by plotting DSGR data
both observed and simulated against environmental vasabllook at the effects of forcing parameters on growth.
Fig. 12 shows for years 1999 and 2001 that simulated DSGRdagly forced by bottom temperature. Functional
response and thus food availability have minor effect omtbeeled growth while it appears to be more determining
when looking at the measured DSGR. This particularly halds when the feeding response shows sharp decreases

like in June 1999 or late August 2001.

12
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4, Discussion

4.1. Modeling the life-cycle of P. maximus

In this study, we used DEB theory to build a mechanistic béwgatic model folP. maximusn the Bay of Brest,
including a detailed formulation of the ingestion and foahtiling processes through the SU concept. The set of
estimated parameters allowed us to reproduce the growth aferage great scallop individual during its entire life-
cycle with a satisfying accuracy (Fig. 5). The age at metainosis was the only life trait that did not fit very well
(Table 4), despite the addition of the acceleration modkigm{jman et al., 2011) to the standard DEB model. It may
be linked to the low accuracy of the determination of ageg sizd weight at sexual maturity. This maturity level is
reported through the literature to be reached during therskygear of life (Mason, 1957; Pazos et al., 1997; Chauvaud
et al., 1998). A more precise knowledge of the timing of thiical life trait would certainly allow to capture more
efficiently the characteristics of other development stage

The model was tested in the well studied environment of thg &aBrest during six years of environmental
monitoring and scallop sampling. Model predictions somes showed less good correspondence with measured
data, like in 2002 when DSGR was hardly simulated, or at thee afrthe year 1998 when an over-estimation of
dry weight is detected. It has to be noted that daily incrasiender 50um are very difficult to measure under
binocular magnifier which tend to reduce the observed nurobtuly formed increments and the minimal size of
striae observed. The model sometimes predicted slightlydoshell height which can easily be explain by the fact that
archived shells have been manipulated many times causimggiss to the ventral margin of the shell, i.e. the latest
increments formed, which can have been abraded. But in agjemay, the various physiological traits simulated in
three-year-old individuals in the Bay of Brest were veryitmto the observations made on wild population during
this period.

All simulations presented here were made over one year anddividuals that belong to three-year age cohort,
which correspond to an age between 2.5 and 3.5 years old.tAresting question is how the model behave in the
long term, when scallops are grown from the egg to an advaagedFig. 11 shows that when the simulated animal
reaches three years old in 2001 it can be compared to obsgrvatade this year on scallops of the same year-class

(Fig. 8 and 9). Here again we see that this long term simulasiin accordance with observations.

4.2. Growth and feeding

An interesting pattern is that simulated DSGR is stronglgacted by bottom temperature, as shown in Fig. 12.
This is in accordance with works of Chauvaud et al. (1998) Wighlighted the major role of thermal conditions in

normal growth variations (95 % of the variability explain®dthis factor). It is also in accordance with the DEB theory

13



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

and more generally with the Arrhenius relationship. Thig fates that all physiological rates, including the energy
flux allocation from reserve to shell production (i.e. sture), are impacted by temperature. Concerning growth
anomalies and short term variations in shell growth, it hesnbestablished that food was one the most triggering
factor (Chauvaud et al., 1998; Lorrain et al., 2000). Thigqua was not very well captured by the model compared
to measured DSGR (Fig. 12). In 1999, scallops shown a dailyilr divided in three periods: (1) a low start around
50 um per day during few weeks, (2) then a sharp increase to mevateld values close to 90n per day with two
peaks reaching 140m per day and (3) a progressive decrease punctuated withamledhort peaks until a definitive
stop in early October. The same profile was observed on oaeejé scallops by Lorrain et al. (2000) for the same
year. To the contrary, the model predicts a rather smoottosvth along the growing period (which has still the same
duration and timing), with a DSGR rapidly reaching a plateeaund 7Qum and starting to decrease two months later
than the observations but at a faster rhythm.

One objective of this work was to test the hypothesis of acsigkeingestion oP. maximudpetween two substrates.
When looking at the functional responses of the modeled/iddals (Fig. 6), we see thaty reaches high values
almost all years during phytoplanktonic blooms. To the camyt fy- is rather low all along the year, which tends to
confirm our guess. The maximum specific filtration rate fortpplankton cells £x,.), which was calibrated to fit
the observed data, varied between 25 and 100 lah? respectively. This corresponds to values of 11 l.land 44
I.h—! per individual, which is in accordance with literature v@8uShumway and Parsons, 2006; Strohmeier et al.,
2009; Cranford et al., 2011). On the other hafg,, varies at a far more lower level, between 2 and Z1.dn?. This
clearly indicates that substrate X (phytoplankton cei)asitively selected compared to substrate Y (rest of POM),
which confirms our hypothesis. It is relatively easy to usthnd this when considering the high energetic quality
of fresh phytoplankton cells compared to suspended mattéch includes organic debris (Alber and Valiela, 1996).
The use of the POM proxy as a second food source, yet undmstsd| shown its benefits compared to simple diet
simulations. POM seems to be an additional food source alfpacallops to compensate phytoplankton limitation
between algae blooms. Indeed some studies already shodenees of organic aggregates and flocs assimilation in
scallops, although less efficiently than phytoplanktorbgkland Valiela, 1996; MacDonald et al., 2006).

Even if the maximum specific filtration rate is in compliancéghnalready reported data, one can see that its
variation range is rather large. Although the model is ehtideterministic, we still face the fact that the filtraticie
is obtained by calibration, as it used to be the case with #iffedaturation constant in previous DEB models. Possible
reasons for such differences among years might rely on theiimdividual variability. Indeed, animals collectedla¢
very same moment and selected in the same year class shoside@ble heterogeneity in biometric measurements

(see the confidence intervals of observed data on Fig. 7 gndilbbeover, consequent amounts of inorganic particles
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fromriverine inputs are discharged in the Bay of Brest anddalso cause annual variations in the mean filtration rate.
Indeed, filtration rates of filter feeding bivalves are negdy impacted by these non-edible particles inputs, which
compete with food particles (Kooijman, 2006; Saraiva et2011b). To improve the determinism in the maximum
specific filtration rate estimation and avoid calibratioepst two conditions are required: 1) integrate the effect of
non-edible particles via a third substrate for SUs as dorfedrgiva et al. (2011b), 2) include feeding experiment data
into the parameter estimation procedure to better deterfiliration and ingestion rates parameters.

A recurrent issue in individual bioenergetic modeling is thoice of a good food proxy. Some studies using
DEB theory to model bivalve bioenergetics have alreadyethtbis problem (Pouvreau et al., 2006; Bourles et al.,
2009; Rosland et al., 2009). Bourlés et al. (2009) testeferéifit types of trophic markers like particulate organic
matter, particulate organic carbon, chlorophyll a coneittn and phytoplankton enumeration. It came out thatchl-
concentration, albeit being easily monitored, was notaieffit to capture all the variations observed in the physiolo
gical processes studied. On the other hand, they showethtbaialgae expressed in cell number per liter should be
considered as a better food marker. This approach workexiegifiy for C. gigasand also seems to be relevant Ror
maximusFig. 12 also shows that the simulated ingestion repreddmtéhe functional response is in accordance with
the observed DSGR, except in early August 2001 when no growtease is observed whereas the model shows a
rather high ingestion.

Deviations between the model and data that might be addtdsse better descriptor of the trophic source that
would integrate food quality. Indeed, Lorrain et al. (200@ye shown that the DSGR of one-year-old scallops in
the Bay of Brest could be negatively impacted by the preseficg®mme phytoplanktonic species such as diatoms
Ceratolina pelagiceor Rhizosolenia delicatularesponsible of short drops in the daily growth of these aténm
early May 1998 and 1999. However, since we used individuats the three-year age cohort who started their shell
growth later in the year due to their age (late May and Juneeively), we did not observed such effects. Moreover,
DSGR of three-year-old scallops is two times lower than ianger individuals. It is thus difficult to see the variation
of ingestion according to food biomass from the DSGR profilesur study. A perspective to the present study could
consist in testing differential ingestion rates Bmaximusvhen the phytoplanktonic biomass is dominated by some
algae species during crucial period of the growing seasgnyden the great scallop is also about to start to reproduce

and complete its gamete maturation).

4.3. Reproduction
Modelling reproductive activity is not a simple task, esptyg for P. maximusan asynchronous spawner that
only flush partially its gonad during highly variable spangievents. DEB theory do not specify how to handle

reproductive effort in a general way, each species needsdifisgmplementation. In our model, spawning triggering
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requires data that are already necessary to run a DEB medapérature and food) plus a photoperiod sinusoid. It is
well known that parameters potentially bringing about geenelease in scallops are numerous, including tempetature
food availability, photoperiod but also lunar phase, sglimissolved oxygen, pH, mechanical shocks and ectosrine
(Barber and Blake, 2006). Therefore, we were motivatedd®itato account the most recognized factors. The resulted
simulated GSI is acceptable as it reproduces the genetelpatf gonad dynamics (Fig. 10). The predicted start of
gametogenesis in winter matches the observed data, exc&p®B and 2001, where the increase of the simulated
index is not as sharp as in the observations. During wintergy stored in the reproduction buffey, is not only used

to produce gametes but also to meet maintenance requireiheaserves are not sufficient to do so under seasonal
starvation. The fact that this energy would be used for tvii@idint processes during the same period (Mason, 1957;
Lorrain et al., 2002) might explain the general under-eation observed at the beginning of the winter. A study of
the biological cycles oP. maximugealized by Paulet et al. (1997) brings another look on thelraeisms involved

in the compartment dynamics. Paulet and co-workers destiite complex evolution of the gonad in relation to
somatic tissues along the year. They showed that gametsiggmesented a stop in October and November, another
one at the end of the winter and a maximum gametic productoiog in April and May. This is consistent with our
results except for the late autumn stop. As non-emitted ¢ggsyiring spawning events are resorbed and eliminated
during fall, they provide energy to other tissues thankgrteséa (Le Pennec et al., 1991). Exploring this phenomenon
in more details could improve the simulation of reproduetdffort of P. maximusat the end and the beginning of
the year (but at the expense of the model simplicity). Evalhtuthe mismatch between simulated and observed data
in early 1998 and 2001 might also suffer from a rather elel/atdue of: (0.86) compared to other bivalve species
such as the Pacific oyster (0.45 in van der Veer et al., 2006)edblue mussel (0.67 in Saraiva et al., 2011a; 0.45 in
Rosland et al., 2009).

Bernard et al. (2011) tried to improve the implementatioritef reproductive effort in the DEB model .
gigasin relation to environmental conditions. They adopted goraach involving the creation of a new state variable
(the gonad structure) plus three additional parametere whing derivatives of temperature as signals to begin and
end the gametogenesis. However, those manipulations tiglgroficantly addressed the bad fit of simulated gamete
releases compared to observed data. Moreover they repmrbedne spawning event f&. gigaswhereas several
ones are clearly identified iR. maximusdiological cycle, which may reduce the difficulty to accetsitsimulate it.
One of their conclusion was to put more emphasis on the irga&aergy rather than on the reproductive activity. But
finally, when looking at these two studies, one focusing @réproductive effort modelling and ours on the feeding
modelling, results are sensitively the same.

To finish, one step not yet reached by this model is the sinoulatf the number of gametes emitted. In the current
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state, our model considers that the flux of resgnyés used either for maturation (when in the juvenile staged fuel

the reproduction buffer (after reaching the adult stagaenfivhich gamete production is realized. Modeled reserves
in the reproduction buffer are not necessarily used imntelyifor gamete production. This has a repercussion in the
simulation of this index, which can show a too great incregtsthe end of the year (especially in 1998 and 2001)
compared to the field data. This could be explained by two meirst, it is possible that a very late spawning event
occurred, outside the generally expected period in thigtion (from May to July, Paulet et al., 1997). Incidentally,
this late spawning would probably not be significant for tlopylation growth, since larvae hatching at this period
of the year would hardly survive to bad food condition of amtu The second possible cause relies on the already
invoked atresia hypothesis. This phenomenonis not intediato the model and would require additional parameters.
In order to keep a relatively low complexity level of the mbead because this physiological process was already
rather well simulated (our estimations are still in the coeffice range of the data variability) we did notimplemented

this pattern into the model.

4.4. Conclusions and perspectives

In this study we implemented a DEB model for the great scafomaximusin the Bay of Brest using the Syn-
thesizing units concept to model energy acquisition. Pryjrparameters were obtained by the covariation method for
parameters estimation, producing estimates able to repedde-cycle history traits with still a slight underesttion
of the age at metamorphosis. Various physiological prasessch as growth in weight, shell growth or reproductive
activity were accurately modeled and successfully matdieservation data over a six-years study. To complete the
validation of this model we need to test the set of parameteran other population living in a relatively different
environment such as the cold and eutrophic fjords of Norwayrstance.

Results of this work showed that assimilation even if welplemented in the model still requires some im-
provement and a deeper reflection, especially concernimdrtphic input. We did not addressed the issue of the
determinism of energy input as the maximum filtration raiieretquires a calibration. However we brought tools to
develop and improve the way feeding of filter feeders is fdized within DEB theory. Saraiva et al. (2011b) went
further deep into the description of filtration, ingestiordassimilation processes in musddlsdulis By taking into
account silts as an other potential substrate for SU, theg afele to describe these processes through a DEB model,
considering the effect of non-edible particles on enertpcation. As the Bay of Brest receives high riverine inputs
from two rivers and underwent a recent invasion by the slifipget Crepidula fornicatacausing a significant silting
up of the bay’s sea-floor (Thouzeau et al., 2002), it wouldrtterésting to look at the response of the model when

fueled by both organic and inorganic matter.
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It has long been suspected that filter feeders and espePBiathaximusould be able to select algae cell types
according to their chemotactile attractiveness, size apsifRaby et al., 1997; Ward and Shumway, 2004). The state
of freshness of phytoplankton cells might also be criticaéforts should be deployed to find food markers able to
describe the quality of the trophic resource. Moreovereméavorks have reaffirmed through isotopic analysis the
presence irP. maximus diet of bacteria (Nerot et al., 2012). It must also be iesting to look at this feature but

certainly much more difficult to assess the bacterial bianrashe environment.
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s0  Tables

TABLE 1: Equations for the calculations of the variables of Bhenaximusnergy budget model

Name of the variable Symbol  Unit Equation
Reserve density [E) Jenm? = v
Assimilation rate Pa Jdt = Jgapp V3
Mobilization rate J.a! = [ ,,
ve ol (s )
Somatic maintenance DM J.dt = [pm]V
Maturity maintenance coefficient p; J.a! =FEgky
Structural growth Pa J.a! =max(0, 5 pc — D)
Allocation to reproduction buffer  pg J.dt = maz(0, (1 — k) pc — pJ)
Shrink to pay somatic maintenanceps; J.dt = maz(0,prp — K pc)
Shrink to pay maturity maintenancepgss J.d! = maxz(0,p; — (1 — k) pc)
. 1
. PrEr+ER —
Resorption of gonad DRS J.a! = at
KR
_ . R d
Lysis of structure pvs Jdt = Psitps2) —brs kr)dva

KR IE)

TABLE 2: Initial value calculation of state variables in the DEBdebof P. maximus

L;
Wi
Vi=(Liom)?
g, = WPank

Ep; = (Wivikw{Ei@
HE

DI

o)

Observed measurements in the first sampling of the year
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TABLE 3: List of the parameters implemented in the DEB modd?.ahaximus*Denotes estimated parameters using the coveriation méthicd

et al., 2011), other parameters have been calculated or fixed

Description Symbol Value Unit

Feeding process

Number of moles per on& -type food particle Mx 1.0510°'° mol
Number of moles per ong-type food particle My 2.4910° mol
Maximum specific filtration rate ok -type particle Fxm 25-100 l.dt.cm?
Maximum specific filtration rate of -type particle Fym 2-4 l.d-t.cn?
Binding rate ofX -type particle bxy =Fxm l.d=t.cn?
Binding rate ofY -type particle byx 0 l.d=.cn?
Yield of reserve onX -type patrticle YEX 0.7 mol/mol
Yield of reserve orY -type particle YEY 0.4 mol/mol

Primary parameters

Shape coefficierit oM 0.36 -
Fraction of mobilised reserve allocated to séma 0.86 -
Fraction of reproduction energy fixed in eggs KR 0.95 -
Energy conductance 0 0.021 cm.d!
Volume—specific maintenance costs [Par) 33.52 J.cm3
Volume-specific costs for structure [Eq] 2959 J.cnr?
Maximum surface—specific assimilation rate {pam} 94 J.dlcm2
Maturity maintenance coefficient ky 0.002 1.d!
Maturity at birtht Eyt 0.00028 J
Maturity at metamorphosis Eg™ 0.0078 J
Maturity at puberty Ey? 3000 J
Compound parameters

Maximum reserve density [E..] 4483 J.cnr?
Chemical potential of reserve LE 474400 J.mot!
Molecular weight of reserve WE 23.9 g.mot!
Wet weight to dry weight ratio dvq 0.12 -

Arrhenius temperature

Reference temperature (arbitrary) T 293 K
Arrhenius temperature Ta 8990 K
Lower boundary of tolerance range T 273 K
Rate of decrease at lower boundary Tar 50000 K
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TABLE 4: Compilation of life-cycle data from the literature usedesstimate the model parameters, using the covariationadethLika et al.

(2011). Values predicted from the estimated parameterslaepresented for comparison. Literature references Gfliffydd & Beaumont

(1972), [2] Paulet et al. (1988), [3] Mason (1958), [4] Paebsl. (1997), [5] Chauvaud et al. (1998), [6] Faure (1958),3amain (1986), [8]

Christophersen (2000), [9] Fifas (2004), [10] Paulet e(¥897).

Data Literature value Predicted value Reference
age at birth 2d 1.795d [1]

age at metamorphosis 25d 9.563d [1],[2]

age at puberty during the second year 464.3d [11, 3], [4], [5
physical length at birth 0.008 cm 0.007313cm [1],[2]
physical length at metamorphosis 0.024 cm 0.02867 cm 1152
physical length at puberty 4 cm 4.426 cm [1], [5]
ultimate physical length 12 cm 11.9cm [6]

dry weight at birth 1107¢g 1.452107¢g 71

dry weight at metamorphosis 316g 4.03010%¢g [8]

dry weight at puberty lg 1.022¢g Chauvaud, pers. com.
ultimate dry weight 20¢g 19.85¢g [9]

maximum reprod rate

5.75341@ggs per spawning  4.22740 [10]
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Figure Captions

FIGURE 1. Conceptual scheme of the DEB model applied to the sc&#lapaximusForcing variables (food and
temperature) are in gray ; state variables are ResdryeSfructure {') and Maturity & reproduction£r), in white

boxes. Dark arrows are energy fluxes and dotted ones shovetatnpe influence on these rates.

FIGURE 2. Graphical representation of the preferential intecedietween substrates in the Synthetizing Unit concept
(Kooijman, 2010), that allows the substitution of one stadsttype to anothefx is the substrate corresponding to
the microalgal cells andy the one for remaining POM. represents a free SU fraction while: and6y are SU
fractions bound respectively to a X-type food particle andtgpe food particle.P stands for the product released

after transformation of the substrate.

FIGURE 3. Map of the Bay of Brest with the location of the samplingaaf@ monthly monitoring of great scallops
(indicated in gray), named Roscanvel and the two envirotaheronitoring sites: the REPHY station at Lanvéoc and

the SOMLIT station at Sainte-Anne.

FIGURE 4. Environmental forcing variables monitored in the Bay of& between 1998 and 2003. Sea bottom tempe-
rature were measured on the Roscanvel bank (doted line |aiuSelegrees). Phytoplankton enumeration (dark line,
in cells per liter) come from the REPHY monitoring statiotd(Roplankton and PHY cotoxins monitoring NEtwork,
Ifremer) in Lanvéoc. Particulate Organic Matter to whicieounting have been deducted (gray line, in particles
per liter) were measured by the SOMLIT monitoring statioSainte-Anne (data provided by "Service d’Observation

en Milieu Littoral, INSU-CNRS, Brest").

FIGURE 5. Simulation ofP. maximushell length over a full life-cycle using the primary parders of the DEB model
(dark line). Dots are a collection of shell length data atikel over decades in the bay of Brest and archived in the

EVECOS time series (EVECOS data base provided by "Obsergditarin de ''UEM, INSU, Plouzané").

FIGURE 6. Scaled functional responses for the different food mexn simulations of three-year-oRl maximusn

the Bay of Brest between 1998 and 2003. The doted curve emsethe scaled functional resporfsefor POM food
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type, the gray line is for scaled functional resporfsefor the microalgae food type and the resulting total scaled

functional responsg is plotted by the dark line.

FIGURE 7. Simulated flesh dry weight (in g) of an average three-wpdéindividual of P. maximusn the Bay of Brest
between 1998 and 2003, using phytoplankton counting (coatis dark line) and using POM as a supplementary
food source (dotted dark line). Dots are observed mean figshelghts (average on 20 individuals) of three-year-old
great scallops collected in the Bay of Brest between 1998808 (EVECOS data base provided by "Observatoire
Marin de I''UEM, INSU, Plouzané"). Gray curves are upper &wler limits of the confidence interval (p = 0.05) for

measurements.

FIGURE 8. Simulated (dark line) daily shell growth rate (DSGRyim.d~!) of an average three-year-old individual
of P. maximusand mean DSGR (gray line) calculated on ten individuals dekyear-old great scallops collected in
the Bay of Brest between 1998 and 2003 (EVECOS data basedpby "Observatoire Marin de I''UEM, INSU,

Plouzané").

FIGURE 9. Simulated shell length (in cm) of an average three-yé&airalividual of P. maximusn the Bay of Brest
between 1998 and 2003, using phytoplankton counting (coatis dark line) and using POM as a supplementary food
source (dotted dark line). Gray line is the observed mealh Isingth, measured on ten individuals of three-year-old
great scallops collected in the Bay of Brest between 1998808 (EVECOS data base provided by "Observatoire
Marin de I''UEM, INSU, Plouzané").

FIGURE 10. Simulated gonado-somatic index (GSlI, in g) of an avethgee-year-old individual oP. maximusn

the Bay of Brest between 1998 and 2003, using phytoplankianting (continuous dark line) and using POM as a

supplementary food source (dotted dark line). Dots arerebdamean GSI (average on 20 individuals) of three-year-
old great scallops collected in the Bay of Brest between H9@003 (EVECOS data base provided by "Observatoire
Marin de I''UEM, INSU, Plouzané"). Gray curves are upper &wer limits of the confidence interval (p = 0.05) for

measurements.

FIGURE 11. Simulated growth of an average individuaRomaximusn the Bay of Brest, from its birth in June 1998

until 2003. Shell length (dark line, in cm) is compared to twdlection of shell length data (dots), gathered over

decades in the Bay of Brest and archived in the EVECOS timessgEVECOS data base provided by "Observatoire
26



Marin de 'NUEM, INSU, Plouzané"). Daily shell growth ratean(um.d—') is the gray line. Environmental variables

(temperature and food markers) are the same as those usetdilatons of three-year-old scallops.

FIGURE 12. Simulated (dark line) daily shell growth rate (DSGRuim.d~') of an average three-year-old individual
of P. maximusand observed mean DSGR (gray line), calculated on ten ihail$ of three-year-old great scallops
collected in the Bay of Brest (EVECOS data base provided dys&vatoire Marin de ''UEM, INSU, Plouzané") in
1999 (A) and 2001 (B). Sea bottom temperature (gray dotedilnCelsius degrees) and the total functional response

f (dark dotted line) are also plotted.
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FIGURE 2: Graphical representation of the preferential intecactietween substrates in the Synthetizing Unit concept i{iam, 2010), that
allows the substitution of one substrate type to anothigr.is the substrate corresponding to the microalgal cells$yndhe one for remaining
POM. 0. represents a free SU fraction whilg; and6y- are SU fractions bound respectively to a X-type food patashd a Y-type food particle.

P stands for the product released after transformation oftibstrate.
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FIGURE 4: Environmental forcing variables monitored in the Bay o&& between 1998 and 2003. Sea bottom temperature wereineeas
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FIGURE 5: Simulation ofP. maximusshell length over a full life-cycle using the primary parders of the DEB model (dark line). Dots are a
collection of shell length data collected over decadeserbéy of Brest and archived in the EVECOS time series (EVEC&& lohse provided by
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Scaled functional response

s
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FIGUREG6: Scaled functional responses for the different food mexn simulations of three-year-oRl maximusn the Bay of Brest between 1998

and 2003. The doted curve represents the scaled functiespbdmnsefy for POM food type, the gray line is for scaled functional @sgef x for

the microalgae food type and the resulting total scaledtfonal respons¢ is plotted by the dark line.
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FIGURE 7: Simulated flesh dry weight (in g) of an average three-ydguindividual of P. maximusn the Bay of Brest between 1998 and 2003,
using phytoplankton counting (continuous dark line) andg®OM as a supplementary food source (dotted dark linefs Bi@ observed mean
flesh dry weights (average on 20 individuals) of three-ya@drgreat scallops collected in the Bay of Brest between 882003 (EVECOS data

base provided by "Observatoire Marin de 'lUEM, INSU, Plang"). Gray curves are upper and lower limits of the confidenterval (p = 0.05)

for measurements.
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FIGURE 8: Simulated (dark line) daily shell growth rate (DSGR,1im.d~') of an average three-year-old individual Bf maximusand mean

DSGR (gray line) calculated on ten individuals of threeryald great scallops collected in the Bay of Brest betwee®818&nd 2003 (EVECOS

data base provided by "Observatoire Marin de 'N"UEM, INSlhU2ané").
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FIGURE9: Simulated shell length (in cm) of an average three-y&hiralividual of P. maximusn the Bay of Brest between 1998 and 2003, using
phytoplankton counting (continuous dark line) and usingP&3 a supplementary food source (dotted dark line). Grayifirthe observed mean
shell length, measured on ten individuals of three-yedrgobat scallops collected in the Bay of Brest between 1968803 (EVECOS data base

provided by "Observatoire Marin de ''UEM, INSU, Plouzané"
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FIGURE 10: Simulated gonado-somatic index (GSlI, in g) of an avetagee-year-old individual oP. maximusn the Bay of Brest between 1998
and 2003, using phytoplankton counting (continuous da land using POM as a supplementary food source (dottedideykDots are observed
mean GSI (average on 20 individuals) of three-year-oldtgeallops collected in the Bay of Brest between 1998 and ZEOVECOS data base
provided by "Observatoire Marin de I'lUEM, INSU, PlouzapéGray curves are upper and lower limits of the confidencervad (p = 0.05) for

measurements.
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FIGURE11: Simulated growth of an average individualRoimaximusn the Bay of Brest, from its birth in June 1998 until 2003. Blength (dark
line, in cm) is compared to the collection of shell lengthad@tots), gathered over decades in the Bay of Brest and atthivthe EVECOS time
series (EVECOS data base provided by "Observatoire MarliEM, INSU, Plouzané"). Daily shell growth rate (inm.d~1!) is the gray line.

Environmental variables (temperature and food markees)ha same as those used in simulations of three-year-dldza
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FIGURE 12: Simulated (dark line) daily shell growth rate (DSGRuim.d~!) of an average three-year-old individualRfmaximusand observed
mean DSGR (gray line), calculated on ten individuals ofeéhyear-old great scallops collected in the Bay of Brest (EZES data base provided
by "Observatoire Marin de ''UEM, INSU, Plouzané") in 1998)(and 2001 (B). Sea bottom temperature (gray doted line gisiG@s degrees) and

the total functional responsg(dark dotted line) are also plotted.



