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Introduction

The great scallop Pecten maximus is exploited all along its distribution range, from Norway to Portugal. Fisheries are mostly located in the English Channel, where P. maximus is the most abundantly harvested species in terms of landings (in biomass and in value) for the French inshore fleet. Considering its broad distribution and its high economic value, several studies have been conducted on the biology and life history traits of this species [START_REF] Mason | The age and growth of the scallop Pecten maximus in Manx Waters[END_REF][START_REF] Antoine | La croissance de la coquille Saint-Jacques Pecten maximus et ses variations en mer Celtique et en Manche[END_REF][START_REF] Pennec | The pelagic life of the pectinid Pecten maximus -a review[END_REF][START_REF] Brand | Scallop ecology: distributions and behaviour[END_REF][START_REF] Cragg | Development, physiology, behaviour and ecology of scallop larvae[END_REF][START_REF] Thompson | Physiological integrations and energy partitioning[END_REF].
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The great scallop is a meroplanktonic hermaphrodite species, spending a small part of its development in the water column (as larvae) and the major part of its life on the sea floor. The mechanisms providing suitable environmental conditions for the settlement and the development of P. maximus have yet to be considered simultaneously to determine the potential for survival and growth of individuals in a given habitat. As they are difficult to carry out, numerical models dealing with the whole life cycle of species are uncommon [START_REF] Possingham | Spatial population dynamics of a marine organism with a complex life cycle[END_REF][START_REF] Dekshenieks | Quantifying the effects of environmental change on an oyster population: a modeling study[END_REF][START_REF] Klinck | Impact of channelization on oyster production: a hydrodynamic-oyster population model for Galveston Bay, Texas[END_REF][START_REF] Savina | A deterministic population dynamics model to study the distribution of a benthic bivalve with planktonic larvae Paphia rhomboïdes in the English Channel (NW Europe)[END_REF]. Studies focus either on the larval dispersion modelling (for example: [START_REF] Young | A modelling study of environmental influences on bivalve settlement in the Wash, England[END_REF][START_REF] Ellien | A modelling study of the respective role of hydrodynamic processes and larval mortality on larval dispersal and recruitment of benthic invertebrates: example of Pectinaria koreni (Annelida: Polychaeta) in the Bay of Seine (English Channel)[END_REF][START_REF] Condie | Transport and recruitment of silver-lip pearl oyster larvae on Australia's North West Shelf[END_REF][START_REF] Bidegain | LARVAHS: Predicting clam larval dispersal and recruitment using habitat suitability-based particle tracking model[END_REF][START_REF] Nicolle | Modelling larval dispersal of the king scallop (Pecten maximus) in the English Channel: examples from the bay of Saint-Brieuc and the bay of Seine[END_REF]), or on the population dynamics of the benthic stage [START_REF] Mcardle | Pattern from process: it is not as easy as it looks[END_REF][START_REF] Solidoro | Ecological and economic considerations on fishing and rearing of Tapes phillipinarum in the lagoon of Venice[END_REF][START_REF] Gangnery | Modelling oyster population dynamics in a Mediterranean coastal lagoon (Thau, France): sensitivity of marketable production to environmental conditions[END_REF]. Distribution of benthic marine species is driven by numerous abiotic (hydrodynamics, sediment type, etc.) and biotic (individual physiology characteristics, ecological interactions) factors. If growth, fecundity and mortality are known to be related to physiological state and food availability, they also depend on predation, trophic competition and physiological stress. Coupling the environment (temperature, hydrodynamics, food availability) to the entire life cycle of P. maximus is essential to correctly understand the bio-geographical distribution of the species.

The present study is based on the use and coupling of three models: 1) the hydrodynamic MARS3D model (Model for Applications at Regional Scale, [START_REF] Lazure | An external-internal mode coupling for a 3D hydrodynamical model for applications at regional scale (MARS)[END_REF] used to compute the physical characteristics prevailing in the English Channel (temperature, salinity, tide, current velocities) was coupled to a NPZD (Nutrient-Phytoplankton-Zooplankton-Detritus) primary production model (giving the ECO-MARS3D model) in order to simulate the biological properties of the ecosystem (particularly chlorophyll-a as a food proxy for scallops); 2) a population dynamic model developed for P. maximus, describing the whole life cycle (planktonic and benthic stages) using a mechanistic approach (based on [START_REF] Savina | A deterministic population dynamics model to study the distribution of a benthic bivalve with planktonic larvae Paphia rhomboïdes in the English Channel (NW Europe)[END_REF] and 3) an ecophysiological model based on the Dynamic Energy Budget (DEB) theory [START_REF] Kooijman | Dynamic Energy Budget theory for metabolic organization[END_REF] adapted to P. maximus [START_REF] Lavaud | Feeding and energetics of the great scallop, Pecten maximus, through a DEB model[END_REF] to simulate individual growth, fecundity and physiological status. The present paper describes the coupling of these models to describe the biogeography of the great scallop in the English Channel. The simulated spatialized abundances are discussed regarding in situ data, which are limited to presence of P. maximus and landings from French and UK fleets in the English Channel.

Materials and methods

General description of the study area

The English Channel is part of the Northwest European Continental shelf and separates the Atlantic Ocean from the North Sea. Its western boundary is approximately represented by the longitudinal line crossing the Scilly Islands seaward from the Cornish coast in the UK and the eastern boundary is defined by the Strait of Dover (Figure 1). The Channel is characterized by a macrotidal regime, which leads to strong tidal currents and a high tidal range, a complex gyre system around the Islands of Jersey and Guernsey (Normand-Breton gulf) and a general residual circulation from west to east, driving water from the Atlantic to the North Sea [START_REF] Salomon | An atlas of long-term currents in the Channel[END_REF]. The eastern part of the Channel receives strong fresh water input, mainly coming from the Seine River (mean flow about 500 m 3 s -1 ). The Seine River brings nutrients to the Bay of Seine and more generally the eastern Channel, occasionally leading to eutrophic conditions resulting in phytoplankton proliferation, toxic blooms, etc. [START_REF] Cugier | Three-dimensional (3D) ecological modelling of the Bay of Seine (English Channel, France)[END_REF][START_REF] Romero | Largescale patterns of river inputs in southwestern Europe: seasonal and interannual variations and potential eutrophication effects at the coastal zone[END_REF][START_REF] Passy | Eutrophication modelling chain for improved management strategies to prevent algal blooms in the Bay of Seine[END_REF]. High species richness and abundance of benthic fauna is encountered in the English Channel [START_REF] Holme | The bottom fauna of the English Channel. Part II[END_REF][START_REF] Cabioch | Contribution à la connaissance des peuplements benthiques de la Manche Occidentale[END_REF][START_REF] Gentil | Distribution des peuplements benthiques en baie de Seine[END_REF][START_REF] Cabioch | Le macrobenthos des fonds meubles de la Manche : Distribution générale et écologie[END_REF][START_REF] Retière | Contribution à la connaissance des peuplements benthiques du Golfe Normand-Breton[END_REF] that has favored the development of many fisheries including the great scallop. However, precise knowledge of its distribution and abundance in the English Channel is still lacking. Available data are mostly qualitative (Figure 2), except in the two major areas of the French fishery: the bays of Seine and of Saint-Brieuc (see Figure 1) where average stock assessments are between 6000 and 8000 tons, respectively, for the year 2012. Nevertheless, observed landing values could give a proxy of the real biomass distribution (Figure 3). This species is heavily harvested and despite the significance of the great scallop fishery in the English Channel, there is no regulation system at the European level to date (Foucher and Fifas 2015). 

Models

Hydrodynamical and biogeochemical models

The three-dimensional (3D) hydrodynamic model MARS [START_REF] Lazure | An external-internal mode coupling for a 3D hydrodynamical model for applications at regional scale (MARS)[END_REF] was used to simulate physical properties in the study area. It is a finite difference, mode splitting model in a sigma-coordinate framework, here applied to the English Channel (from 47.88°N to 51.15°N in latitude and from -7.03°W to 3.00°W in longitude). The study area was divided in 2 by 2 km meshes to form a rectangular grid with a vertical resolution of 10 sigma layers. This hydrodynamic model allows computing current velocity, temperature and salinity fields. It was coupled to a NPZD primary production model used to simulate the dynamics of free-living plankton in the Channel (ECO-MARS3D). This NPZD model is similar to the one previously developed for the same area by [START_REF] Vanhoutte-Brunier | Modelling the Karenia mikimotoi bloom that occurred in the western English Channel during summer 2003[END_REF]. The model integrates the nutrient cycles of nitrogen, phosphorus and silica and considers three phytoplanktonic compartments: diatoms, dinoflagelates and nanoflagelates expressed in the form of their nitrogen content (Figure 4). These three variables were converted into a single parameter expressed as chlorophyll-a (chl-a) concentration and later used as a trophic source proxy for the great scallop (see http://wwz.ifremer.fr/mars3d/Le-modele/Descriptif/ for a complete description of the model and of the different modules). 

The population dynamic model

As most bivalve species, P. maximus presents a larval planktonic phase. After a dispersal period of approximately one month in the water column, larvae settle on the sea bottom to achieve metamorphosis. Then, great scallops spend the rest of their life in the benthic compartment with limited mobility. The modelling of population dynamics takes into account these two stages and is based on the model developed by [START_REF] Savina | A deterministic population dynamics model to study the distribution of a benthic bivalve with planktonic larvae Paphia rhomboïdes in the English Channel (NW Europe)[END_REF] for Paphia rhomboïdes (Figure 5). All the equations and parameters of the population dynamic model are detailed in Appendix 1 and 2. The main features are described below.

The adult benthic compartment was represented by twelve annual age classes, each being described by its abundance (ind. m -2 ). Individuals were therefore assumed to die at the end of their twelfth year. Abundance was computed as the result of three processes:

(1) Recruitment, i.e. the arrival of individuals from the previous age class at their birthday, the first age class (i.e. the youngest adults) corresponding to the arrival of recruited larvae;

(2) Mortality was computed as a negative exponential function, as young individuals are more vulnerable than older ones. This was adapted from [START_REF] Savina | A deterministic population dynamics model to study the distribution of a benthic bivalve with planktonic larvae Paphia rhomboïdes in the English Channel (NW Europe)[END_REF] who used a similar pattern related to weight. A density-dependent mortality formulation [START_REF] Holm | Effects of density-dependent mortality on the relationship between recruitment and larval settlement[END_REF] was calculated as the product of 1% of the age dependent mortality by the sum of the individuals aged more than 2 years;

(3) Aging, i.e. the advancement of individuals to the next age class at their birthday. The transfer of individuals from one age class to another occurred every year instantaneously. This process starts from the oldest age class which is totally emptied (as all the oldest individuals die) and which then receives the individuals from the previous age class.

The spawning events were modelled using a Gaussian law and the amount of eggs released was determined as a mean for all individuals, according to species characteristics. Maturity is reached during the second year of development [START_REF] Mason | The age and growth of the scallop Pecten maximus in Manx Waters[END_REF] and great scallops can produce up to 15 to 21 million eggs each year at the age of three and four, respectively (Le [START_REF] Pennec | The pelagic life of the pectinid Pecten maximus -a review[END_REF].

The pelagic larval compartment was represented by ten age classes of three days, which results in a total larval life cycle of 30 days. Each age class was described by the larval abundance in the water

A C C E P T E D M A N U S C R I P T column (ind. m -3
). The same processes that were applied to adults were considered to compute the larval abundance:

(1) Recruitment of individuals from the previous age class occurred every three days (including the arrival of freshly spawned larvae for the youngest age class);

(2) Mortality was fixed at 0.5 day -1 during this life stage [START_REF] Savina | A deterministic population dynamics model to study the distribution of a benthic bivalve with planktonic larvae Paphia rhomboïdes in the English Channel (NW Europe)[END_REF]);

(3) Aging was considered the advancement of individuals to the next age class every three days creating ten age classes. During the first half of their life, larvae drift in the water column where they are directed by currents. Once larvae reach the age of 15 days, a settling velocity of 10 -4 m s -1 [START_REF] Cragg | The biology of scallop larvae. Development in aquaculture and fisheries science[END_REF] was imposed to simulate their settlement on the bottom to recruit (and join the first adult age class). Larvae settlement in the model was also controlled by the water current velocity. Larvae remained in the water column as long as the flow stayed above a threshold value of 1 m s -1 and finally died if they were still in water column after 30 days. [START_REF] Savina | A deterministic population dynamics model to study the distribution of a benthic bivalve with planktonic larvae Paphia rhomboïdes in the English Channel (NW Europe)[END_REF]. Pecten maximus life cycle is split into a benthic adult stage and pelagic larval stage, each being subdivided into age classes (12 and 10, respectively). The main processes of the population dynamics are illustrated by arrows (sinking, spawning, aging and mortality).

Parameters of the population dynamic model were kept constant in space and time and did not depend on environmental conditions. In particular, the number of eggs laid by mature adults was the same for all individuals older than 2 years, wherever they were located and was independent of the individual physiological status. All parameters are listed in Appendix 2.

The individual growth model

The individual growth model was based on the Dynamic Energy Budget theory (DEB; [START_REF] Kooijman | Dynamic Energy Budget theory for metabolic organization[END_REF]. DEB theory defines a framework wherein energy fluxes in individuals are modeled in a mechanistic and quantitative way to predict growth, reproduction and maintenance from a species specific set of parameters and environmental forcing factors, including temperature and a food proxy (Figure 6). The individual biomass consists of two compartments: structure and reserve, distinguished by their dynamics. Structure, or structural mass, is the mass of somatic tissues and requires maintenance. Reserve can be defined as the mass of compounds that can be mobilized for metabolic purposes and does not need maintenance. The state variables of the model are: the amount of energy in reserve E (J), the volume of structural mass V (cm 3 ) and the reproduction buffer E R (J), corresponding to the fraction of reserve allocated to reproduction. Energy assimilated from food is converted with a constant efficiency into a reserve pool from which it is mobilized to fuel metabolism. Reserve dynamics are computed as the difference between assimilation flux and mobilization flux. A fixed proportion (κ) of this mobilization flux is allocated to somatic growth plus its maintenance with priority to maintenance. The remaining fraction (1-κ) is spent on development or reproduction, in juveniles and adults respectively, and maturity maintenance with priority to maintenance. Temperature controls every rate as a consequence of the Arrhenius law. The specific model for P. maximus, described by [START_REF] Lavaud | Feeding and energetics of the great scallop, Pecten maximus, through a DEB model[END_REF], was used in this study to compute individual growth and reproduction. 

Coupling the models

These models have been coupled step by step in three ways: 1) the population dynamic model with the hydrodynamic of MARS3D model; 2) the DEB model with the primary production model ECO-MARS3D; 3) the population dynamic model with the DEB model and the primary production model.

Population dynamic model and MARS3D

The aim of this first coupling was mainly to study the role of larval dispersion in the distribution of adults. The population model was coupled to the environment through hydrodynamics, to simulate larval dispersion and recruitment without considering trophic conditions or water temperature.

Bioenergetic model and ECO-MARS3D

The objective of this coupling was to use the outputs of the ECO-MARS3D model, food (chl-a) and
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temperature, as inputs for the individual DEB model. This approach provides information on the role played by trophic and temperature conditions on the distribution of the great scallop.

In the DEB model, energy that fuels all processes in the organism is taken from the food provided by the environment. Food availability was converted to an ingestion rate via a Holling type II functional response f written as: f = X/(X K + X), where X is the food density in the environment and X K the half-saturation coefficient. The later was calibrated by adjusting the theoretical growth curve given by the DEB-model to an observed growth curve from the Bay of Seine. It was then applied to every point of the simulation.

In each 2x2 km mesh of the English Channel, growth and egg production of P. maximus were simulated using the chl-a and temperature time series computed in ECO-MARS3D. The result is a spatialized potential growth and egg production for each age class in the English Channel. The ECO-MARS3D model was run for seven years from 2000 to 2006, providing fields of environmental parameters (temperature, salinity, chlorophyll-a and nutrients) and their variability.

The initial conditions of the population dynamic model were set by filling the whole sea channel with individuals of age class 3 at a concentration of 0.3 ind. m -2 . Based on this initial condition, the evolution of the entire population was calculated over time until reaching a stabilization of the total number of individuals at the scale of the Channel.

Evaluation of ECO-MARS3D outputs

This paper does not intend to detail and validate the ecosystem model. Nevertheless, to ensure the ability of the ecosystem model to reproduce the main environmental characteristics and thus to validate the use of outputs, results were compared to available environmental observations in three locations of the Channel (see Figure 1): in the western Channel (data from station L4 monitored by Plymouth Marine Laboratory); in the Bay of Seine (data from Antifer station in the Seine River plume, monitored by Ifremer); and near the Dover Strait (at the eastern limit of the studied area,
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data from Wimereux Marine Laboratory).

Temperature was correctly simulated by the model in the three locations of the Channel (Figure 7). Chl-a reached very high levels (more than 40 µg L -1 ) in the enriched vicinity of the Seine River to medium/low levels at Wimereux and L4 stations and was also correctly represented by ECO-MARS3D (Figure 7). Although temperature and chl-a are the only variables used further in the coupling process, salinity and nutrient simulations were also assessed (not presented in this paper) as they are major parameters of the hydrodynamic and biological cycles. 3. Results

Simulating P. maximus distribution in the Channel: the role of hydrodynamics

The first simulation was run for 27 years to evaluate the physical aspect of the establishment of the population in the Channel. Despite a homogenous and unrealistic distribution of scallops in the initial condition, the population reached a stable state after 20 years, with the total number of individuals in the Channel remaining constant (Figure 8). High abundances were observed along the British coasts, in the Normand-Breton Gulf, in the Bay of Seine and in the eastern English Channel (Figure 8). Lower densities were modeled in the center of the study area and in the western region as well as along the coast of Brittany where currents and/or depths are higher. The overall pattern is quite realistic compared to the map of observed presence (Figure 2). Nevertheless, simulated densities of 1.8 ind. m -2 in some broad areas seem to be largely overestimated.
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Potential growth and fecundity in the English Channel

In the second step of the study, the individual physiological response was simulated in varying environmental conditions implemented through the ECO-MARS3D model. The map of potential length obtained after seven years of growth is shown in Figure 9. In this simulation, we represented the potential growth of an average individual in each part of the Channel, independently of the effective presence of scallops. An ultimate length of about 15 cm was consistently reached near the coast where food availability shows the highest concentrations (Figure 10). Although the map tends to indicate that scallops could grow pretty much everywhere in the Channel, lower growth rates were observed in the western part, leading to remarkably small individuals (under 8 cm after 7 years). To evaluate model output consistency, simulated growth curves were compared to in situ observations obtained in 2007, 2010 and 2012 during the COMOR scientific cruises supervised by Ifremer [START_REF] Vigneau | Les campagnes d'évaluation du stock de coquilles Saint-Jacques en Manche orientale : méthodologie et estimation des indices d'abondance[END_REF][START_REF] Foucher | Evaluation annuelle du stock de coquilles Saint-Jacques de la baie de Seine : résultats de la campagne[END_REF] in three areas of the Bay of Seine. Simulated growth curves for each mesh of the model in these locations are plotted in Figure 11. The comparison reveals that the model fits the observed data and appears to correctly simulate the growth of scallops over several years. The spatial distribution of eggs released was calculated for each age class through the DEB model. Figure 11a shows the production of eggs by each age class in the Bay of Seine for a given year. The cumulative number of eggs released by each age class over time shows that the reproductive activity of two-year-old scallops (less than 0.2 × 10 6 eggs y -1 ) was five to ten times lower than for the older cohorts. The small difference between the amount of eggs spawned by six-and sevenyear-old individuals indicates a stabilization of the reproductive effort with the age. The simulation of the total amount of eggs spawned in the whole English Channel over seven years (Figure 11b) indicates that the inter-annual variability is low at the scale of the Channel. The average total number of eggs spawned per year was 1.7 × 10 11 for all the age-classes. As previously observed for growth, the production of eggs was maximal in the most productive areas and seemed to be linked to the food availability (Figure 12c). The aim of this simulation was to improve the biological parameters of the population dynamic model from the ecophysiological model. In each mesh of the spatial grid, the number of eggs produced by each age-class (Figure 12c) was used as an input parameter of the population dynamics model. Because of the very low inter-annual variability in the production of eggs (in quantity and over space, see section 3.2.) emphasized by the model, an average spatial distribution was computed. The model was run over 27 years and as for the case described in section 3.1, the population stabilized after 20 years of simulation (Figure 13). The simulated distribution shows higher densities near the coasts. A global reduction of density was observed in the whole Channel (Figure 12) compared to the previous case, with more realistic values than those obtained in the first experiment, although still relatively high (up to 1.3 ind. m -2 ).
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Discussion

This study is the first to report realistic simulations of the distribution of the great scallop, P. maximus, in its main exploitation area, the English Channel. [START_REF] Savina | A deterministic population dynamics model to study the distribution of a benthic bivalve with planktonic larvae Paphia rhomboïdes in the English Channel (NW Europe)[END_REF] developed a similar approach in the Channel concerning the banded carpet shell, Paphia rhomboïdes. Its abundance was spatialized using a box model dividing the study area in 71 compartments, between which residual fluxes were used to simulate exchanges between populations through larval dispersion. The present model is based on the same conceptual approach for the population dynamic model, but the spatialization was ensured by a 3D hydrodynamic and biogeochemical model (ECO-MARS3D).

In the first step, the coupling of the hydrodynamic model MARS3D to the population dynamic model shows that the establishment of scallops is mainly driven by the dispersion of larvae and recruitment of the first year age class. In this case, the population model parameters mortality and fecundity are spatially homogeneous and adults are initially homogeneously distributed. Thus, the spatial variability is only due to hydrodynamic constraints on larval dispersion and spatially constrict the final settlement patterns. The local recruitment, defined as recruitment of the first age class, is the only variable parameter of the population model explaining the estimated distribution of adult scallops.

A recent study conducted by [START_REF] Nicolle | Modelling larval dispersal of the king scallop (Pecten maximus) in the English Channel: examples from the bay of Saint-Brieuc and the bay of Seine[END_REF] modeled larval dispersion of P. maximus in the English Channel, bringing new insights on the potential connectivity between different areas of the system. Depending on the meteorological and tidal conditions during spawning, a significant portion of the larvae born in the two main scallop beds along the French coast (the Bay of Saint-Brieuc and the Bay of Seine) were retained in these areas and subjected to limited transport. Our simulations confirm such retention patterns with high densities emerging in these two bays (Figure 8). Nevertheless, simulated densities reached more than 1.8 ind. m -2 locally and remained around 1 ind. m -2 almost everywhere in the Channel, whereas stock assessments made each year in the Bay of Saint-Brieuc [START_REF] Fifas | Gisement de coquilles Saint Jacques de la baie de Saint-Brieuc[END_REF] and the Bay of Seine [START_REF] Foucher | Evaluation annuelle du stock de coquilles Saint-Jacques de la baie de Seine : résultats de la campagne[END_REF], quantify the mean density to a maximum of 2 and 1.7 ind. m -2 respectively. The comparison with the existing scallop fisheries assessed suggests that some high density areas are correctly simulated, while mismatches in other areas (e.g. Bay of Mont-Saint-Michel, Isle of Wight) indicate a lack of information about some processes at this step of the simulation.

In order to account for the effect of trophic resources on the distribution of scallops in the Channel, an individual bioenergetic model was coupled to the ECO-MARS3D model. Results emphasized that the Bay of Saint-Brieuc, the Bay of Seine and the Dieppe area are among the most productive sites in terms of number of eggs released (Figure 12c). These model outputs are in accordance with results reported by [START_REF] Nicolle | Modelling larval dispersal of the king scallop (Pecten maximus) in the English Channel: examples from the bay of Saint-Brieuc and the bay of Seine[END_REF], which highlighted the crucial role of subpopulations from these bays to maintain the connectivity between sites in the English Channel. Our simulations indicate two other potential hotspots for egg production, located around the Isle of Wight (English coast) and in the Bay of Mont-Saint-Michel (French coast).

The physiological performances observed through the coupling of the individual bioenergetic model with the ECO-MARS3D model are likely reflective of the food availability (Figure 10) in the different areas of the English Channel. While temperature can explain variations observed in the physiological rates, food concentration is thought to influence the ultimate length (and weight) of individuals according to DEB theory [START_REF] Kooijman | Dynamic Energy Budget theory for metabolic organization[END_REF]. From our simulations (Figure 11), scallops reach their maximum length at the age of 7 years, as reported in the wild [START_REF] Chauvaud | Variation in size and growth of the great scallop Pecten maximus along a latitudinal gradient[END_REF]. Spatial variability of food availability also influences the fecundity and the abundance of eggs, both of which are higher in the eastern Channel compared to the western Channel, revealing a higher amount of energy dedicated to reproduction on the eastern side. This would explain the low fecundity found in the deepest locations of the western area. Where depth typically exceeds 100 m, food availability is low, and scallops exclusively rely on sinking organic particles [START_REF] Mccave | Vertical flux of particles in the ocean[END_REF][START_REF] Bienfang | Sinking rates of heterogeneous, temperate phytoplankton populations[END_REF][START_REF] Smetacek | Role of sinking in diatom life-history cycles: ecological, evolutionary and geological significance[END_REF], resulting in a relatively low amount of energetic reserves compared to enriched coastal areas. According to the DEB theory [START_REF] Kooijman | Dynamic Energy Budget theory for metabolic organization[END_REF], the partition of mobilized energy between somatic growth and the reproduction buffer is constant for all individuals of the same species. In our model, fecundity is represented through the "release" of larvae from age class 2 to age class 7. The cumulative number of larvae can reach 10 7 when considering individuals of all age classes in each grid cell. Available data on fecundity in the literature indicate values ranging from 10 7 to 2 ×10 7 eggs released per individual per spawning event for three-year-old scallops (Table 1 in [START_REF] Pennec | The pelagic life of the pectinid Pecten maximus -a review[END_REF]. However, an accurate comparison with our simulation of the fecundity can hardly be made as only a fraction of the eggs produced develop into larvae. Modeling this phenomenon is certainly one of the most difficult tasks in our simulation because the knowledge of the density of eggs released is not always correlated with the number of larvae. One key and difficult aspect also relies on the multivariate causes of the reproduction or fertilization success. For example, some theoretical and experimental studies (free-spawing invertebrates) on fertilization rates [START_REF] Claereboudt | Fertilization success in spatially distributed populations of benthic freespawners: a simulation model[END_REF][START_REF] Levitan | How distribution and abundance influence fertilization success in the sea urchin Strongylocentotus Franciscanus[END_REF] show that the fertilization ratio can be highly dependent on the adult density, their aggregation pattern and also environmental conditions. The adult body size could also be synonymous with higher reproduction success but this size is often anti-correlated with the density of adults, leading to a decrease in the overall fertilization, as shown in the sea urchin Diadema antillarum Philippi [START_REF] Levitan | Influence of body size and population density on fertilization success and reproductive output in a free-spawning invertebrate[END_REF]. Nevertheless, to our knowledge no relationship between adult density and reproduction success exists in P. maximus [START_REF] Boucher | Repeuplement et forçage du recrutement de la coquille Saint-Jacques (Pecten maximus)[END_REF].

In our simulations, all the eggs produced by an individual are first assumed to be fecund, but the number of larvae is then reduced by a high daily mortality rate (0.5 day -1 with respect to what is commonly encountered in the literature: 0.23 day -1 , Morgan, 1995) that implicitly takes into account the fertilization success, and the natural mortality during pelagic life stages and metamorphosis.

When coupling the population model to the DEB model, the spatial distribution of adult abundances shows a significant decrease in scallop densities across the whole Channel (Figure 13). The main changes are observed in the central part of the Channel where lower trophic resources induced lower fecundity.

Along the French coast, the main fishing areas in the Bay of Saint-Brieuc, the Bay of Seine and the Dieppe area are well represented through simulated high abundances of adults. However, other areas like the Bay of Mont-Saint-Michel seem to exhibit overestimated densities. Despite the existence of a small fishery in the Bay of Mont-Saint-Michel, catches remain far less than in the Bay of Saint-Brieuc and the Bay of Seine. Along the British coasts, densities may also be overestimated (Figure 2, 3, and 13). Around the Isle of Wight, simulations show a hotspot of scallops, but the absence of a scallop fishery (Figure 3) indicates that densities were overestimated in this area. As mentioned by [START_REF] Brand | Scallop ecology: distributions and behaviour[END_REF], there are only a limited number of major areas within the geographical range of scallop species where the population is sufficiently abundant to support a commercial fishery. Such areas are usually widely separated by areas that are environmentally less suitable for the species [START_REF] Brand | Scallop ecology: distributions and behaviour[END_REF].

A common characteristic of the two overestimated sites (Bay of Mont-Saint-Michel and Isle of Wight) is their high level of suspended particulate inorganic matter (SPIM) concentrations (Ménesguen andGohin, 2006, Cayocca et al., 2008). Many studies have shown that high SPIM concentrations can affect the food assimilation efficiency of filter-feeders, largely due to food dilution by re-suspended inorganic particles [START_REF] Barillé | Effects of high natural seston concentrations on the feeding, selection and absorption of the oyster Crassostrea gigas (Thunberg)[END_REF]. Taking this effect into account in ecophysiological models improves simulations in highly turbid environments [START_REF] Barillé | Growth of the Pacific oyster (Crassostrea gigas) in a high-turbidity environment: Comparison of model simulations based on scope for growth and dynamic energy budgets[END_REF][START_REF] Saraiva | Modelling feeding processes in bivalves: A mechanistic approach[END_REF] because food assimilation and associated energy is better simulated. As the Channel is not usually considered as a high turbidity environment, the bioenergetic model used in this study did not consider the effect of SPIM on food assimilation efficiency. Locally, in more turbid areas like the Isle of Wight or in the Bay of Mont-Saint-Michel, this could lead to an overestimation of food assimilation and of the individual physiological performance, i.e. fecundity (Figure 12c). Each year, the number of eggs spawned in these two areas is then also overestimated. Associated with hydrodynamic retentions that characterize these two bays (Ménesguen andGohin, 2006, Cayocca et al. 2008), an annual self-recruitment is simulated, that increases the local population, year by year.

The absence of accurate data on the abundance of this species limits our conclusions. The particular interest of this approach lies in the integration of individual bioenergetic features to the population scale through the coupling of four models. In this context, the DEB theory provides a conceptual framework to quantitatively implement almost every metabolic process, with a set of estimated parameters for a given species. Thus, it would be possible to examine various physiological responses aside from growth and reproduction. Compared to the available information on the distribution of the great scallop at this regional scale, our modeling system successfully simulated the dispersion pattern of P. maximus.

The approach of this study could be improved by (i) detailing the physiological model, i.e. considering silt effect on feeding in coastal areas [START_REF] Saraiva | Modelling feeding processes in bivalves: A mechanistic approach[END_REF][START_REF] Lavaud | Feeding and energetics of the great scallop, Pecten maximus, through a DEB model[END_REF], (ii) integrating sea bottom sedimentary patterns [START_REF] Vaslet | Carte des sédiments superficiels de la Manche[END_REF][START_REF] Bidegain | LARVAHS: Predicting clam larval dispersal and recruitment using habitat suitability-based particle tracking model[END_REF] to better restrict recruitment to suitable areas with, for example, limited silt content and (iii) explicitly estimating the mortality rate from the DEB model according to the status of energetic reserves. Fishing mortality is not considered in our model, although implicitly through the total mortality. Explicit mortality by fishing helps to simulate fishing pressure and explore different fishing strategies. Finally, we could investigate the impact of environmental change in the English Channel (rising temperatures, changes in food resources patterns, etc.) on the physiology of the great scallop and further on its abundance and distribution.

The model presented here improves our knowledge on the distribution and stock dynamics of P. maximus and could be a useful tool to support new management rules based on rotating collection areas, as done for the Sea scallop Placopecten magellanicus in Northwestern Atlantic [START_REF] Cheney | Thinking outside the box: spatial closures and the Maine Sea scallop Scallop fishery[END_REF][START_REF] Munroe | Managing the supply side: larval dispersal from rotating closures in the Atlantic Sea Scallop (Placopecten magellanicus) fishery. Book of abstracts[END_REF]. 
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 1 Figure 1. Studied area in the English Channel (All the locations cited in the text are clearly shown). Locations of time series environmental data for ecosystem model validation (L4, Antifer, Wimereux).

Figure 2 .

 2 Figure 2. Map of the reported presence of P. maximus in the English Channel from a compilation of data sets and literature sources.

Figure 3 .

 3 Figure 3. Pecten maximus landings from French and UK fleets in 2012. Landings are projected on the ICES statistical grid for English Channel.

Figure 4 .

 4 Figure 4. Conceptual scheme of the ECO-MARS3D model. Nutrient, phytoplankton and zooplankton are modelled to calculate primary production. Arrows represent the mechanisms (source and sink) that modified the concentration of the different constituents.

Figure 5 .

 5 Figure 5. Structure of the population dynamic model (from[START_REF] Savina | A deterministic population dynamics model to study the distribution of a benthic bivalve with planktonic larvae Paphia rhomboïdes in the English Channel (NW Europe)[END_REF]. Pecten maximus life cycle is split into a benthic adult stage and pelagic larval stage, each being subdivided into age classes (12 and 10, respectively). The main processes of the population dynamics are illustrated by arrows (sinking, spawning, aging and mortality).

Figure 6 .

 6 Figure 6. Conceptual scheme of the DEB model applied to P. maximus. Food and temperature are the forcing variables (gray boxes) and reserves (E), structure (V) and maturity/reproduction (E R ), are the state variables (white boxes). Dark arrows show energy fluxes and dotted arrows indicate temperature's influence on these rates. (From Lavaud et al., 2014).

Figure 7 .

 7 Figure 7. Comparison of measured (dots) and simulated (lines) temperature and chlorophyll-a in three different locations of the English Channel (L4, Antifer and Wimereux).

Figure 8 .

 8 Figure 8. Distribution map of P. maximus population after 27 years of simulations as the total density of the individuals from age class 2 to age class 12. The lower right corner graph illustrates the dynamic stabilization over time of the P. maximus population in the English Channel. It represents the evolution of the total number of the individuals from age class 2 to age class 12 throughout the 27 years of simulation.

Figure 9 .

 9 Figure 9. Predicted shell length (cm) of P. maximus after 7 years of simulation using the DEB model, forced by modeled temperature and chlorophyll-a from 2000 to 2006 (ECO-MARS3D).

Figure 10 .

 10 Figure 10. Modeled annual average chlorophyll-a (g L -1 ) for year 2004.

Figure 11 .

 11 Figure 11. Evaluation of the modeled growth curves (blue lines) of an average individual in three locations of the Bay of Seine compared to in situ observations (red dots).

  (a) Number of eggs spawned by each age class in the Bay of Seine (0°48 W and 49°2 N) predicted for any given year; (b) Total number of eggs spawned in the English Channel from 2000 to 2006; (c) Spatial distribution of total number of eggs spawned for a given year. 3.3. Simulating P. maximus distribution in the Channel: the role of the trophic environment

Figure 13 .

 13 Figure 13. Distribution map of P. maximus after 27 years of simulation, represented as the total density of individuals from age class 2 to age class 12, when coupling the population model to the DEB model. The graph in the lower right corner illustrates the dynamic stabilization of the population over time (total number of all the individuals from age class 2 to age class 12).

  

  2.2.4.3. Coupling ECO-MARS3D, population dynamics and DEB growth modelsFinally, the three models were used simultaneously. The coupling between the DEB model and ECO-MARS3D provided spatial and temporal information on the fecundity of mature adults for each age class. Therefore, the population dynamic model was no longer provided with a uniform fecundity in space and among age-classes, as in paragraph 2.2.4.1, but was directly linked to the trophic availability and temperature conditions.2.2.4.4. Boundary and initial conditions, simulation lengthIn the MARS3D model, the bathymetry was provided by the French Navy Oceanographic Department (SHOM: Service Hydrographique et Océanographique de la Marine). River inputs (daily averaged flows and nutrient concentrations based on monthly or bimonthly measurements) came from French Water Agencies and UK Environment Agency and are available through the French oceanographic operational service (PREVIMER, see www.previmer.org). Concentrations at the seaward boundaries were taken from an operational model of the PREVIMER project. The freesurface elevation and currents at the open boundaries of the 3D model were provided off-line by a 2D barotropic model of greater geographic extent which covers the north-western European continental shelf.

Finally, at the ocean-atmosphere interface, meteorological data (air temperature, atmospheric pressure, air moisture, cloud cover, wind speed and direction) were provided by the meteorological model ARPEGE from Météo-France (French meteorological forecast department) with a 0.5° spatial resolution and a six-hour temporal resolution.
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Appendix 1. Equations computing biological processes for reproduction, larval life and benthic life in the population dynamic model (adapted from [START_REF] Savina | A deterministic population dynamics model to study the distribution of a benthic bivalve with planktonic larvae Paphia rhomboïdes in the English Channel (NW Europe)[END_REF].
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