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INTRODUCTION

Humanity's ever growing energy demands have translated into an increase in fossil fuel combustion and greenhouse gases emissions and, consequently, into global climate changes [START_REF] Ospar | Background document on potential problems associated with power cables other than those for oil and gas activities[END_REF]IPCC, 2014). A new focus on renewable energy source research and development arose during the last decades to counter this trend. The European Union (EU) has set a target of 20% of energetic consumption derived from renewable energy sources by 2020 (Directive 2009/28/EC). With more than 11 million km 2 of waters under its jurisdiction, France holds a huge natural potential for marine renewable energy (MEDDE 2011). Currently, the construction of six offshore wind farms is planned in metropolitan France. Among them, three should be built in the central-eastern part of the English Channel: the Courseulles-sur-mer (~50 km², 75 wind turbines), the Fécamp (~65 km², 83 wind turbines) and the Tréport (~67 km², 62 wind turbines) offshore wind farms.

The implementation of this type of infrastructure is a challenge for developers from technical, legal, social, and environmental points of view. Indeed, these offshore wind farms will be integrated into ecosystems already subjected to a growing number of anthropogenic disturbances such as pollution, transport, fishing, aquaculture, aggregate extraction, or sediment dredging and deposit.

Concern about the potential environmental impacts generated by these new structures on marine ecosystems arose from this development [START_REF] Lindeboom | Short-term ecological effects of an offshore wind farm in the Dutch coastal zone; a compilation[END_REF][START_REF] Bailey | Assessing environmental impacts of offshore wind farms : lessons learned and recommendations for the future[END_REF]. The exploration, construction, operation, and decommissioning of offshore wind farms can indeed be responsible for temporary and/or permanent impacts on marine ecosystems such as the destruction of seabed or the disturbance of fish and marine mammal populations [START_REF] Shields | Marine renewable energy technology and environmental interactions[END_REF][START_REF] Ospar | Background document on potential problems associated with power cables other than those for oil and gas activities[END_REF][START_REF] Mueller-Blenkle | Effects of Pile-driving Noise on the Behaviour of Marine Fish[END_REF]. During the construction phase, if special care is taken to protect rare habitats and spatial and temporal habitat use by sensitive species, effects can be kept relatively small or negligible (e.g. [START_REF] Wilhelmsson | Greening Blue Energy : Iden fying and managing the biodiversity risks and opportuni es of o ff shore renewable energy[END_REF]. During the operational phase, the anticipated and recorded disturbances caused by noise, vibrations and the electromagnetic fields are also in most cases considered to be of minor importance to the marine environment, at least to date [START_REF] Westerberg | Sub-sea power cables and the migration behaviour of the European eel[END_REF]Petersen andMalm, 2006, Wilhelmsson et al. 2010). However, a noteworthy effect of the introduction of turbines with their associated scour protection is the creation of new habitats and shelters that will be immediately colonized by several marine species resulting in an additional source of food for higher trophic levels [START_REF] Bergström | Effects of an offshore wind farm on temporal and spatial patterns in the demersal fish community[END_REF]. This effect, generally known as the "reef effect", is considered as one of the most important effect on the marine environment generated by the construction of offshore wind farms (Peterson and Malm, 2006;[START_REF] Langhamer | Artificial Reef Effect in relation to Offshore Renewable Energy Conversion: State of the Art[END_REF][START_REF] De Mesel | Succession and seasonal dynamics of the epifauna community on offshore wind farm foundations and their role as stepping stones for nonindigenous species[END_REF]. The reef effect has been described for epibenthic and demersal fauna as well as on bentho-pelagic fish (including commercial species) in the direct proximity of wind farm foundations [START_REF] Wilhelmsson | The influence of offshore windpower on demersal fish[END_REF]Tougard et al., 2006;[START_REF] Wilhelmsson | Fouling assemblages on offshore wind power plants and adjacent substrata[END_REF][START_REF] Maar | Local effects of blue mussels around turbine foundations in an ecosystem model of Nysted off-shore wind farm, Denmark[END_REF][START_REF] Reubens | Aggregation and feeding behaviour of pouting (Trisopterus luscus) at wind turbines in the Belgian part of the North Sea[END_REF][START_REF] Leonhard | Effect of the Horns Rev 1 Offshore Wind Farm on Fish Communities Follow-up Seven Years after Construction[END_REF][START_REF] Lindeboom | Short-term ecological effects of an offshore wind farm in the Dutch coastal zone; a compilation[END_REF][START_REF] Bergström | Effects of an offshore wind farm on temporal and spatial patterns in the demersal fish community[END_REF][START_REF] Reubens | Aggregation at windmill artificial reefs: CPUE of Atlantic cod (Gadus morhua) and pouting (Trisopterus luscus) at different habitats in the Belgian part of the North Sea[END_REF][START_REF] Reubens | The ecology of benthopelagic fishes at offshore wind farms: a synthesis of 4 years of research[END_REF][START_REF] Reubens | The ecology of benthopelagic fishes at offshore wind farms: a synthesis of 4 years of research[END_REF]. The reef effect has also been demonstrated for other anthropogenic structures such as shipwrecks and oil platforms [START_REF] Wolfson | The Marine Life of an Offshore Oil Platform[END_REF][START_REF] Love | A Pilot Study of the Distribution and Abundances of Rockfishes in Relation to Natural Environmental Factors and an Offshore Oil and Gas Production Platform off the Coast of Southern California[END_REF][START_REF] Love | Fish assemblages on mussel mounds surrounding seven oil platforms in the Santa Barbara Channel and Santa Maria Basin[END_REF][START_REF] Wilhelmsson | The influence of offshore windpower on demersal fish[END_REF]. The choice of material and the shape of the structures introduced in the marine environment both play an important role during the colonization process (e.g. [START_REF] Andersson | Fish and sessile assemblages associated with wind-turbine constructions in the Baltic Sea[END_REF]. All these previous studies provide a vast amount of data on environmental effects at the species or community scales. However, the propagation of the reef effect at the ecosystem scale, impacting the structure and functioning of food webs remains unclear [START_REF] Boehlert | Environmental and ecological effects of ocean renewable energy development: a current synthesis[END_REF].

Until now, there is no holistic study on the effects of the construction and operation of offshore wind farms on an ecosystem taken as a whole. Here, we propose to develop a holistic view of offshore wind farm impacts on ecosystems functioning through the use of trophic web modelling tools. Our work will provide information on the food web change in response to the construction and operation of marine energy infrastructures, information which is essential to the sustainable development and management of renewable energy sources. The main feature of this work will be to propose a methodology that is complementary to what it is currently applied in Environmental Impact Assessments by using: (1) a holistic approach in which the ecosystem represents the management unit, (2) a functional perspective based on flows of energy circulating between ecosystem components, and (3) a high level of functional diversity to describe the food web.

Among the different existing modelling approaches, Ecopath with Ecosim (EwE) has been intensively developed and used over the last three decades and was applied on hundreds of aquatic ecosystems throughout the world [START_REF] Polovina | Model of a coral reef ecosystem. I . The ECOPATH model and its application to French Frigate Shoals[END_REF][START_REF] Christensen | Ecopath with Ecosim: methods, capabilities and limitations[END_REF][START_REF] Christensen | Ecopath with Ecosim version 6 User Guide[END_REF]. This approach, in which all biotic components of the system are considered at the same time, provides measures of the ecosystem emergent properties through the calculation of Ecological Network Analysis (ENA) indices [START_REF] Ulanowicz | Growth and Development: Ecosystems Phenomenology[END_REF]. These joint analyses have been frequently applied to coastal and marine systems to assess changes in their functioning in response to environmental perturbations [START_REF] Ortiz | Trophic models of four benthic communities in Tongoy Bay (Chile): comparative analysis and preliminary assessment of management strategies[END_REF]Wolff 2002, Rybarczyk et al., 2003;Patricio et al., 2006;[START_REF] Niquil | The effect of physical drivers on ecosystem indices derived from ecological network analysis: Comparison across estuarine ecosystems[END_REF][START_REF] Tecchio | Food web structure and vulnerability of a deep-sea ecosystem in the NW Mediterranean Sea[END_REF][START_REF] Tecchio | The mosaic of habitats of the Seine estuary: Insights from food-web modelling and network analysis[END_REF]. Some ENA indices, such as the redundancy, have also been linked to notions of stability [START_REF] Christensen | Ecopath with Ecosim: A User's Guide[END_REF] such as the resilience of trophic webs to perturbations [START_REF] Heymans | Evaluating network analysis indicators of ecosystem status in the Gulf of Alaska[END_REF]. Finally, ENA indices have also been proposed as trophic descriptors of ecosystem health for the EU Marine Strategy Framework Directive [START_REF] Dame | A Statistical Test of Network Analysis: Can it Detect Differences in Food Web Properties?[END_REF][START_REF] Niquil | The effect of physical drivers on ecosystem indices derived from ecological network analysis: Comparison across estuarine ecosystems[END_REF][START_REF] Rombouts | Food web indicators under the Marine Strategy Framework Directive: From complexity to simplicity?[END_REF][START_REF] Niquil | Reaction of an estuarine food web to disturbance: Lindeman's perspective[END_REF].

The objective of the present study was to model the potential impacts of the construction and operation of the Courseulles-sur-mer (southern part of the Bay of Seine along the Calvados coast) offshore wind farm on the local trophic-web functioning. Special attention was paid on how benthos and fish aggregation caused by the introduction of additional hard substrates from the piles and the scour protections might lead to the development of an artificial reef system, and also what the consequences on the food-web functioning could be. To analyse the impact of additionally available hard substrates, an Ecopath model was first built to describe the food web before the construction of the Courseulles-sur-mer offshore wind farm and then an Ecosim model was derived to project over the next 30 years the ecosystem evolution after the forced increase in biomass of some targeted benthic and fish compartments in relation to the wind farm construction. For this, observations of species changes in wind farm areas obtained through extensive literature searches were adapted to the Courseulles-sur-mer site based on expert knowledge. Two hypotheses regarding the foodweb functioning were particularly investigated with Ecosim simulations: (i) a system dominated by mussels leads to a more detritivorous food web [START_REF] Norling | Patches of the mussel Mytilus sp. are islands of high biodiversity in subtidal sediment habitats in the Baltic Sea[END_REF], and (ii) the increased biomass of benthic invertebrates and fish, as generated by the reef effect, would attract apex predators [START_REF] Lindeboom | Short-term ecological effects of an offshore wind farm in the Dutch coastal zone; a compilation[END_REF][START_REF] Henkel | Marine Renewable Energy and Environmental Interactions: Baseline Assessments of Seabirds, Marine Mammals, Sea Turtles and Benthic Communities on the Oregon Shelf[END_REF].This is, to our knowledge, the first attempt to study the potential impacts of the construction and operation of an offshore wind farm on the local trophic web structure and functioning using an integrated ecosystem modelling approach.

MATERIAL AND METHODS

Study area

The Bay of Seine, where the offshore wind farm will be built in the next years (from 2018) is located on the north-western French coast and opens onto the eastern English Channel (Fig. 1). The Bay of Seine forms an approximate quadrilateral of 5000 km², with a mean depth of about 20 m. The water depth never exceeds 35 m. The maximum tidal range is 7.5 m in the eastern part of the Bay near the mouth of the Seine estuary.

Tidal currents average between 1 and 2 knots in the southern sector of the Bay, and their intensity gradually diminishes toward the eastern Bay of Seine (Salomon andBreton, 1991, 1993). The distribution of superficial sediments and benthic communities is strongly correlated to these currents [START_REF] Gentil | Carte des peuplements macrobenthiques de la Baie de Seine et Manche centrale sud. Carte et notice explicative de la carte[END_REF][START_REF] Dauvin | History of benthic research in the English Channel: from general patterns of communities to habitat mosaic description[END_REF]. There is an offshore-inshore gradient in the Bay, with the dominant sediment offshore generally consisting in pebbles, gravel and coarse sands and the sediment inshore in the coastal zones consisting mostly of fine sands and muddy fine sands [START_REF] Dauvin | The ecological quality status of the Bay of Seine and the Seine estuary: Use of biotic indices[END_REF][START_REF] Dauvin | History of benthic research in the English Channel: from general patterns of communities to habitat mosaic description[END_REF]. Benthic communities of the Bay of Seine are well described in terms of composition and spatial distribution [START_REF] Dauvin | Macrozoobenthic biomass in the Bay of Seine (eastern English Channel)[END_REF] and were demonstrated to be good indicators of ecosystem health [START_REF] Garcia | Assessment of benthic ecosystem functioning through trophic web modelling: the example of the eastern basin of the English Channel and the Southern Bight of the North Sea[END_REF]. Coastal marine, estuarine and mixed systems along the French coasts are predicted to be high sensitive to climatic variations [START_REF] Goberville | Climate driven changes in coastal marine systems of Western Europe[END_REF]. The Bay of Seine ecosystem is already submitted to multiple anthropogenic disturbances such as maritime traffic, fishing, and sediment dredging [START_REF] Dauvin | Legal tools for preserving France's natural heritage through integrated coastal zone management[END_REF]. All these features make it a system at the crossroad of various influences, central for studying cumulative impacts on the functioning of marine ecosystems.

Courseulles-sur-mer offshore wind farm project

The project is owned by "Eoliennes Offshore du Calvados", a subsidiary of Éolien Maritime France and wpd Offshore. EMF was allowed to operate the offshore wind farm off from Courseulles-sur-mer by the Ministerial Order of April 18 th 2012. The proposed wind farm will be located 10 to 16km offshore from the coast of Calvados -Normandy. The depth range is 22-31 m at Lowest Astronomical Tide (LAT to be checked). The wind farm will have a total area of approximately 50 km 2 (Fig. 1). The wind farm will comprise 75 6MW turbines giving a combinated nameplate capacity of 450MW. The wind farm turbines will be connected via an interarray network of 33 kV AC cables which will link at one offshore transformer substation located within the wind farm. From this station power will be exported via two 225 kV AC marine cables. The turbines are supported by 7 m of diameter monopiles driven into the sea bed. The foot print of the 75 turbines foundation and of the converter station will be 0.158 km 2 or 0.03% of the overall wind farm area. Our work hypothesis was that scour protections will be installed around the 75 turbines and the converter station and 33% of the cables will be rock-dumped, thus the total additional surface would amount to 0.342 km², or 0.72% of the offshore wind farm area when considered in two dimensions. In calculating the biomasses changes we took into account the actual "foot print" of the new structure: while in terms of surface it will be low, the colonization of the structure will happen in three dimensions including the whole pillar. The production generated by the wind park would cover the average annual electricity consumption of approximately 630,000 people, i.e. around 40% of the inhabitants of the surrounding region of Normandy. <Figure 1>

Presentation of the trophic modelling approach

The Ecopath with Ecosim (EwE) software [START_REF] Polovina | Model of a coral reef ecosystem. I . The ECOPATH model and its application to French Frigate Shoals[END_REF][START_REF] Christensen | Ecopath with Ecosim: methods, capabilities and limitations[END_REF][START_REF] Christensen | Ecopath with Ecosim version 6 User Guide[END_REF] was used to model the food web at the site of the construction of the future Courseulles-sur-mer offshore wind farm. Among the different EwE modules, Ecopath is designed to build a snapshot of the ecosystem functioning while Ecosim allows simulating its dynamic evolution through time. Ecopath is a massbalance (i.e. neglecting year-to-year changes in biomass compared to flows), single-solution model (i.e. returning only one value per flow), that estimates fluxes between a set of established trophic compartments.

Each compartment corresponds to a single species or a group of species similar in terms of predators, preys and of metabolic rates (i.e. trophic group). It is parameterised with biomasses (B, gC.m -2 ), production over biomass ratios (P/B, year -1 ), consumption over biomass ratios (Q/B, year -1 ) and a diet matrix (DC= diet composition) which establishes the interactions between predators and preys in the ecosystem.

The parameterization of an Ecopath model is based on satisfying two equations. The first one (Eq. 1) describes the production for each compartment in the system as a function of the consumption ratio (Q/B) of its predators (j), the fishing mortality (Yi, gC.m -2 ), the net migration (Ei; emigration -immigration, year -1 ), the biomass accumulation (BAi, year -1 ), and its natural mortality (1-EEi). EE corresponds to the Ecotrophic Efficiency or the proportion of biomass consumed in the system for each compartment in the system. (Eq. 1)
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The second equation (Eq. 2) describes the energy balance within a compartment.

𝑄 𝑖 = 𝑃 𝑖 + 𝑅 𝑖 + 𝑈 𝑖 (Eq. 2)

The energy balance of each group in equation 2 is assured by making consumption of the i th group (Qi) equal to the sum of its production (Pi), respiration (Ri, gC.m -2 ), and excretion of unassimilated food (Ui).

Parameterisation of the Ecopath model describing the situation before the wind farm

The selection and aggregation of functional groups included in the Ecopath model was based on biological and ecological characteristics of the species such as their food preference, size, and commercial importance as well as on data availability. On this basis, 37 groups were retained (Table 1, Fig. 2), two of which were seabirds, four marine mammals, eighteen fish, nine invertebrates, one zooplankton, one primary producers, one bacteria, and one detritus group. <Table 1> <Figure 2>

Seabirds

Abundance data were collected from the 41 boat surveys conducted by the Normandy Ornithological Group (GONm) on a monthly basis, from January 2008 to December 2010 [START_REF] Morel | Bilan et actualisation des études ornithologiques menées entre 2008 et 2010 par le Groupe ornithologique normand[END_REF]. The Bay of Seine is on the migration route and wintering area for many marine birds. Consequently, the proportion of prey captured outside the area was considered as imports in seabird diets. The species observed inside the implantation area of the future Courseulles-sur-mer offshore wind farm were grouped into two categories according to their main feeding strategies. The "Plunge and pursuit divers" were composed of northern gannets (Sula basana), loon (Gavia sp.), auks (common mures Uria aalge, razorbills Alca torda), cormorant (Phalacrocorax carbo), and scoters (black scoter Melanitta nigra, White-winged scoter Melanitta fusca). The "surface feeders" were all gulls (herring gulls Larus argentatus, common gull Larus canus, lesser-backed gulls Larus fuscus, and great black-backed gulls Larus marinus).

The mean body mass of these species were derived from Hunt et al. (2005). Conversion factors of 0.3 and 0.4

were used to convert wet weights into dry weights and then into carbon contents, respectively [START_REF] Lassalle | Lower trophic levels and detrital biomass control the Bay of Biscay continental shelf food web: Implications for ecosystem management[END_REF].

Daily consumption ratios were calculated according to the following empirical equation [START_REF] Nilsson | Numbers, food consumption, and fish predation by birds in Lake Möckeln, Southern Sweden[END_REF]:

Log (Rc) =-0.293 + 0.85 * log10 (body mass) (Eq. 3)

This value was then multiplied by 365 days and divided by the mean weight of the taxon to provide annual Q/B ratio in year -1 . The P/B ratio for the two functional groups was based on estimates published in [START_REF] Nelson | Seabirds: their Biology and Ecology[END_REF]. For these two groups, the diet compositions were retrieved from literature (Hunt et al., 2005). The proportion of prey captured outside the area was considered as imports in their diet (see Table 2 in Appendix A).

Marine mammals

Abundance data for bottlenose dolphins (Tursiops truncatus) and harbour porpoises (Phocoena phocoena)

were collected from aerial surveys from November 2011 to August 2012 [START_REF] Martinez | Etude des mammifères marins dans le cadre du parc éolien en mer du Calvados : Analyse des données existantes , synthèse bibliographique et préconisations de suivi 122[END_REF]. Abundance for harbour seals (Phoca vitulina) and grey seals (Halichoerus grypus) were derived from telemetric surveys from 2007 to 2013 [START_REF] Martinez | Etude des mammifères marins dans le cadre du parc éolien en mer du Calvados : Analyse des données existantes , synthèse bibliographique et préconisations de suivi 122[END_REF].

For each species, the mean body weight was calculated according to its maximum body length [START_REF] Trites | Estimating mean body masses of marine mammals from maximum body lengths[END_REF]. To convert wet weights into carbon contents, a conversion factor of 0.1 was used [START_REF] Bradford-Grieve | Pilot trophic model for subantarctic water over the Southern Plateau, New Zealand: A low biomass, high transfer efficiency system[END_REF]. To estimate the Q/B ratio, we used the metabolic rates and the daily consumption according to the empirical equations of [START_REF] Boyd | Energetics: consequences for fitness[END_REF] and [START_REF] Spitz | Proximate composition and energy content of forage species from the Bay of Biscay: high or lowquality food? ICES[END_REF]. The P/B ratios for these four species were taken from [START_REF] Christensen | Databasedriven models of the world's large marine ecosystems[END_REF]. Their diet compositions were defined according to [START_REF] Spitz | Dietary plasticity of the oceanic striped dolphin, Stenella coeruleoalba, in the neritic waters of the Bay of Biscay[END_REF]. Based on the aerial surveys, marine mammal distributions cover large spatial scales far beyond the Bay of Seine limits. Consequently, the proportion of prey captured outside the area was considered as imports in their diet (see Table 2 in Appendix A).

Fish compartments

Abundance data for fish were collected from the GOV ("Grande Ouverture Verticale"= high opening) bottomtrawl survey conducted annually in October by IFREMER in the eastern English Channel and the south of the North Sea since 1988 (Channel Ground Fish Survey, CGFS). Data were averaged over 3 years (from 2010 to 2013). Fish were grouped into 6 functional groups: sharks and rays, gurnards, piscivorous, planktivorous, benthos feeders, and other flatfish. Moreover, mackerel (Scomber scombrus), European sea bass (Dicentrarchus labrax), Atlantic cod (Gadus morhua), whiting (Merlangius merlangus), Atlantic horse mackerel (Trachurus trachurus), pouting (Trisopterus luscus), poor cod (Trisopterus minutus), European pilchard (Sardina pilchardus), European sprat (Sprattus sprattus) sea bream (Spondyliosoma cantharus), common sole (Solea solea), and European plaice (Pleuronectes platessa) formed 12 single-species compartments. These 12 species are either commercial species or species known to be attracted by the reef effect. Therefore, they were not aggregated with the other compartments in order to see more in details the potential impact of the MRE.

Fish wet body weights (originally in kg km -2 ) were converted to carbon contents using a conversion factor of 0.11 [START_REF] Oguz | A coupled plankton-anchovy population dynamics model assessing nonlinear controls of anchovy and gelatinous biomass in the Black Sea[END_REF]. Q/B and P/B ratios were taken from [START_REF] Mackinson | An ecosystem model of the North Sea to support an ecosystem approach to fisheries management: description and parameterisation[END_REF]. The diet compositions were retrieved from the literature [START_REF] Cachera | mplications of morphological and functional traits for trophic relationships within fish communities and marine trophic network architecture[END_REF]. Landings data were obtained from the Fisheries Information System of IFREMER (http://sih.ifremer.fr/).

Invertebrate compartments

Cephalopods

Abundance data (in kg.km -2 ) for cephalopods were also collected from the GOV bottom-trawl survey CGFS and averaged over 3 years (from 2010 to 2013). Cephalopods were divided into 2 groups: "Bentho-pelagic cephalopods" composed of Loligo sp. and Allotheuthis sp., and "Benthic cephalopods" composed of Sepia officinalis., Conversion factors of 0.192 and 0.402 were used to convert wet weights into dry weights and then into carbon contents, respectively [START_REF] Brey | Body composition in aquatic organisms -A global data bank of relationships between mass, elemental composition and energy content[END_REF]. Q/B and P/B ratios were taken from [START_REF] Sanchez | Effects of fisheries on the Cantabrian Sea shelf ecosystem[END_REF]. Landings data were taken from the Fisheries Information System of IFREMER (http://sih.ifremer.fr/). Diet compositions were retrieved from the literature [START_REF] De Pierrepont | Stomach contents of English Channel cetaceans stranded on the coast of Normandy[END_REF][START_REF] Daly | Cephalopod consumption by trawl caught fish in Scottish and English Channel waters[END_REF].

Benthic invertebrates

Benthic invertebrates were sampled with a 0.1 m² Day grab in June 2009. Species were grouped into 4 compartments: "predators", "filter feeders", "bivalves" and "deposit feeders". Bivalves were not aggregated with the filter feeders to investigate in more details their importance in the functioning of the trophic web as well as to test the hypothesis of Norling and Kaustky (2008). In addition the above 4 groups, king scallop (Pecten maximus) was included as a single-species compartment given its economic value. Ash-free dry weights were converted to carbon contents using a conversion factor of 0.518 (Salonen et al., 1976[START_REF] Brey | Population Dynamics in Benthic Invertebrates[END_REF]. P/B and Q/B were taken from Le [START_REF] Loc'h | Structure, fonctionnement, évolution des communautés benthiques des fonds meubles exploités du plateau continental Nord Gascogne[END_REF] and [START_REF] Brey | Population Dynamics in Benthic Invertebrates[END_REF], and diet compositions were taken from Rybarczyk and Elkaim (2003).

Suprabenthos

The suprabenthos is defined as living organisms in the water layer immediately adjacent to the bottom that make daily vertical migrations and / or seasonal movements at varying distances from the bottom [START_REF] Brunel | Le traîneau suprabenthique MACER-GIROQ : appareil amélioré pour l'échantillonnage quantitatif étagé de la petite faune nageuse au voisinage du fond[END_REF]) (e.g. gammarids, corophium). Abundance data were collected from [START_REF] Vallet | Le compartiment suprabenthique des fonds circalittoraux de la manche : composition faunistique et quantitative, et role des transferts benthos/pelagos[END_REF] that studied suprabenthos all across the English Channel. P/B and Q/B ratios were taken from [START_REF] Brey | Population Dynamics in Benthic Invertebrates[END_REF] and Le [START_REF] Loc'h | Structure, fonctionnement, évolution des communautés benthiques des fonds meubles exploités du plateau continental Nord Gascogne[END_REF], and the diet composition was obtained from [START_REF] Lobry | Diversity and stability of an estuarine trophic network[END_REF]. Ash-free dry weights were converted to carbon contents using a conversion factor of 0.518 (Salonen et al., 1976[START_REF] Brey | Population Dynamics in Benthic Invertebrates[END_REF].

Meiofauna

The values of mean annual biomass of meiofauna, the P/B ratio and Q/B were obtained from the literature [START_REF] Ratsimbazafy | Spectres de taille des peuplements benthiques de sables grossiers de la Manche[END_REF][START_REF] Chardy | Carbon flows in a subtidal fine sand community from the western English Channel: a simulation analysis[END_REF][START_REF] Loc'h | Structure, fonctionnement, évolution des communautés benthiques des fonds meubles exploités du plateau continental Nord Gascogne[END_REF].

Zooplankton

Mean annual biomasses of zooplankton were collected from the Seine Aval I programme. P/B and P/C ratios were obtained from another study focused on the Eastern part of the Bay of Seine (Rybarczyk and Elkaim, 2003).

Bacteria

The benthic bacterial biomass, P/B, and Q/B ratios were taken from [START_REF] Chardy | Modèle de simulation du système benthique des sédiments grossiers du golfe normandbreton (Manche)[END_REF], [START_REF] Mcintyre | The benthos of the western North Sea.Rapp. P.-v. Réun[END_REF], and [START_REF] Mackinson | An ecosystem model of the North Sea to support an ecosystem approach to fisheries management: description and parameterisation[END_REF], respectively.

Phytoplankton

The phytoplankton biomass and P/B ratio were taken from data collected in the Bay of Seine by [START_REF] Baehr | Réseau Hydrologique Littoral Normand (RHLN) -Suivi[END_REF] and [START_REF] Souissi | Etude du comportement natatoire, de la reproduction et du développement d'Eurytemora affinis: combinaison des approches expérimentale au laboratoire et in situ et modélisation[END_REF].

Detritus

The mean annual biomass of dead organic matter was obtained from a study focused on the Eastern part of the Bay of Seine [START_REF] Tecchio | The mosaic of habitats of the Seine estuary: Insights from food-web modelling and network analysis[END_REF].

Balancing the Ecopath model

To obtain a mass-balanced model, inputs (i.e. B, P/B, Q/B, EE, and diets) were slightly and manually modified to satisfy the constraint of Ecotrophic Efficiency lower than 1. We also checked that physiological rates were within the known limits for each functional group: (i) P/Q of 0.1-0.3 for consumers, and (ii) respiration/biomass (R/B) ratios of 1-10 for fish groups. Biomass accumulation and net migration were both set to zero. The EwE pedigree routine was used to quantify the input parameter uncertainties [START_REF] Christensen | Ecopath with Ecosim: methods, capabilities and limitations[END_REF]. It helped to identify the least certain parameters that should be modified first to achieve mass balance. The balancing approach that we used was top-down, starting with the top predator groups and moving down the food web to balance inconsistencies. When modifications of the data had to be performed, diet compositions (DC) were modified first, and then ratios of P/B and Q/B. Biomasses (B) were considered as less uncertain, and thus were modified the last during the balancing process.

Biomasses of the small pelagic fish and flatfish were left to be estimated by the model after setting their Ecotrophic Efficiency to 0.99 given their high exploitation rate. The estimated biomasses were higher than the input data first entered during model construction for those two groups. This can be partly explained by the fact that the GOV bottom-trawl deployed during the Channel Ground Fish Survey by IFREMER is not fully adapted to capture these species, the abundance of which is thus likely to be underestimated. In the same way, the deposit feeders and suprabenthos biomasses were also left to be estimated by the model assuming an Ecotrophic Efficiency to 0.99.

Simulating the "reef effect" due to the wind farm implantation using Ecosim simulations

The Ecosim module was used to analyse the potential impacts of biomass accumulation on hard substrates represented by the wind turbines and the scour protections on the structure and functioning of the local trophic web during the operational phase. The dynamic routine of the EwE package, Ecosim allows to describe temporal changes of the system variables (biomass, fishing, predation) starting from the initial Ecopath model [START_REF] Walters | Structuring dynamic models of exploited ecosystems from trophic mass-balance assessments[END_REF][START_REF] Christensen | Ecopath with Ecosim: methods, capabilities and limitations[END_REF]. The Ecosim equation that models the biomass growth rate for each group (i) is:

𝑑𝐵 𝑖 𝑑𝑡 = 𝑔 𝑖 ∑ 𝑄 𝑗𝑖 𝑗 -∑ 𝑄 𝑖𝑗 𝑗 + 𝐼 𝑖 -(𝑀 𝑖 + 𝐹 𝑖 + 𝐸 𝑖 )𝐵 𝑖 (Eq. 4)
Where Ii and Ei are the immigration and emigration rates, Mi is the natural mortality, and Fi is the fishing mortality [START_REF] Walters | Structuring dynamic models of exploited ecosystems from trophic mass-balance assessments[END_REF][START_REF] Christensen | Ecopath with Ecosim: methods, capabilities and limitations[END_REF]. Calculations of the consumption rates (Qij) are based upon the 'foraging arena' theory, in which the biomass of i is divided between available prey (vulnerable fraction, Vi) and unavailable prey (non-vulnerable fraction, Bi -Vi). A low value of vulnerability will indicate a 'bottom-up' controlled interaction, while a high value of vulnerability will indicate that mortality of the prey is controlled by the predator biomass, as in a 'top-down' control [START_REF] Ahrens | Foraging arena theory[END_REF].

Ecosim was used to build another Ecopath solution, derived from the initial Ecopath model described above.

Biomasses of species that would presumably profit from the "reef effect" such as benthic invertebrates (filter feeders, bivalves, and predators), benthos feeders fishes, whiting, pouting, Atlantic cod, other flatfish, sole and surface feeders seabirds, were modelled based on data from the literature (Koller et al., 2006;[START_REF] Reubens | Aggregation and feeding behaviour of pouting (Trisopterus luscus) at wind turbines in the Belgian part of the North Sea[END_REF]Lindebon et al., 2011, Krone et al., 2013a;Krone et al., 2013b;[START_REF] Reubens | Aggregation at windmill artificial reefs: CPUE of Atlantic cod (Gadus morhua) and pouting (Trisopterus luscus) at different habitats in the Belgian part of the North Sea[END_REF]. These changes in biomass were the main variations taken into account to drive the evolution of the system through time. Species biomasses on the turbine foundations and scour protections were calculated by multiplying the average biomass per m² found in the literature by the surface area represented by the turbine foundations and scour protections and divided by the total wind farm area at Courseulles-sur-mer. Then, the estimated increase was added to the basal biomass for each functional group susceptible to profit from the implantation of the wind farm in 2018. Forcing time series over a period of 30 years were as such established for the biomass of the following groups: benthic invertebrates (filter feeders, bivalves, and predators), benthos feeders fish, whiting, pouting, Atlantic cod, other flatfish, sole, surface feeders seabirds. These forcing time series were responsible for a disruptive change in the biomass of the species cited above. Ecosim model were run with the new biomass values for the targeted groups listed above and the original biomass values for the other functional groups in the model. In this scenario, the biomass of groups that could presumably profit from a reef effect were simultaneously increased and vulnerability was set to 2 for all groups. In this scenario, we chose to take into account all the effects (direct and indirect), not only those directly propagating from prey-predator interactions. The biomass and production of the phytoplankton was blocked at the initial value. All other parameters and ratios remained unchanged. Then, a new Ecopath model was extracted at the end of the 30 years simulation to compare the situation before (BOWF (Before Offshore Wind Farm) model described above) and after the construction of the offshore wind farms (REEF scenario).

To test the robustness of our working hypotheses, four sensitivity analyses were also performed to analyse effects of fish and benthic aggregation on the trophic web functioning, inside an OWF. The methods included:

(1) forcing biomass dynamics of only the bivalves and filters feeders compartments through time (forcing biomass); (2) starting to increase the biomass of benthic organisms and then one year later increase the biomass of fish that would presumably profit from the reef effect in order to take into account the different species time span (time lag); ( 3) and ( 4) changes in the vulnerability of the bivalve group. Vulnerability indicates the degree to which an increase in predator biomass will cause mortality for a prey [START_REF] Christensen | Ecopath with Ecosim version 6 User Guide[END_REF]. In these two additional scenarios, we increased the vulnerability of bivalves to 5 and 10 respectively. These sensitivity analyses are presented in the Supplementary Material Appendix B.

Analysing ecosystem organisation, major interactions and emergent properties

For the two Ecopath models (BOWF model and REEF scenario), the trophic level of each functional group was calculated from its diet composition matrix. It is computed as the weighted average of the trophic levels of its prey, when primary producers and non-living material are set at a trophic level of 1:

𝑇𝐿 𝑗 = 1 + ∑ 𝐷𝐶 𝑗𝑖 𝑇𝐿 𝑗 𝑁 𝑖=1 (Eq. 5)
where DCji is the fraction of the prey i in the diet of the predator j.

Ecological Network Analysis (ENA) indices were calculated using the network analysis plug-in included in EwE [START_REF] Christensen | Ecopath with Ecosim: methods, capabilities and limitations[END_REF]. The following ENA indices were retained:

 Total System Throughflow (TST gC m -2 year -1 ) was calculated as the sum of the flow balance (inflow = outflow) of all compartments [START_REF] Latham | Network flow analysis algorithms[END_REF].

 The Total System Throughput (T.., gC m -2 year -1 ) was calculated as the sum of all the flows in the food web, characterising its overall activity and size [START_REF] Latham | Network flow analysis algorithms[END_REF].

 The Omnivory Index (OI) represents the trophic specialisation of the predator, assuming values close to zero when the consumer is fully specialized, feeding on a single trophic level, and higher values when the predator feeds on several trophic levels [START_REF] Pauly | Improved construction, parameterization and interpretation of steady-state ecosystem models[END_REF].

 The System Omnivory Index (SOI) was calculated as the average of the OIs of the individual group, weighted by the logarithm of each consumer intake [START_REF] Pauly | Improved construction, parameterization and interpretation of steady-state ecosystem models[END_REF][START_REF] Christensen | Ecopath with Ecosim: methods, capabilities and limitations[END_REF]. It is both a measure of the predators trophic specialisation in terms of trophic levels and an indicator of the structure and complexity of a trophic network, assuming that high values of SOI correspond to a web-like structure and low values of SOI to a chain-like structure [START_REF] Libralato | System Omnivory Index[END_REF]. For instance, marine ecosystems of the northern Europe have a SOI ranging from 0.14 to 0.36 [START_REF] Mackinson | An ecosystem model of the North Sea to support an ecosystem approach to fisheries management: description and parameterisation[END_REF].

 The Finn's Cycling Index (FCI) gives the percentage of all flows generated by cycling (i.e. the percentage of carbon flowing in circular pathways) [START_REF] Finn | Flow analysis of models of the Hubbard Brook ecosystem[END_REF].

 The Ascendency (A) is a measure of the system activity (Total System Throughput) linked to its degree of organization (Average Mutual Information; AMI) [START_REF] Ortiz | Trophic models of four benthic communities in Tongoy Bay (Chile): comparative analysis and preliminary assessment of management strategies[END_REF]. This index was related to the developmental status or maturity of an ecosystem [START_REF] Ulanowicz | Growth and Development: Ecosystems Phenomenology[END_REF].

 The Transfer Efficiency (TE) is the fraction of total flows of each discrete trophic level that throughputs into the next one [START_REF] Lindeman | The trophic dynamics aspect of ecology[END_REF]. The ''Lindeman spine plot'' is a representation of trophic transfers into a linear food chain. It includes the fraction of the biomass directed to detritus by each discrete trophic level ('flow to detritus') and the transfer efficiency from one level to the next one (TE).

The Mixed Trophic Impact (MTI) routine was applied to evaluate the impacts of direct and indirect interactions in the food web. This analysis shows the theoretical impact that a slight increase in the biomass of one group would have on the biomasses of all the other groups in the system [START_REF] Ulanowicz | Mixed trophic impacts in ecosystems[END_REF].

Although this is a static analysis that does not account for temporal scale changes, the MTI can be used as a sensitivity analysis to explore possible impacts of moderate biomass variations. The Keystoneness Index was calculated for each functional group, to identify which groups possess a high overall effect on the other groups compared to their relatively low biomass. Calculations were made according to the index defined by [START_REF] Libralato | A method for identifying keystone species in food web models[END_REF]. This analysis uses the MTI matrix to calculate an index summarising the impact that a minimal variation of biomass of a particular group would have on the biomasses of the other groups in the system. The Detritivory/Herbivory ratio (D/H) is the ratio between values of detritivory flows (from detritus to trophic level II) and herbivory flows (from primary producers to trophic level II) [START_REF] Ulanowicz | Ecosystem health and trophic flow networks[END_REF]. The proportion between biomass of fish groups and biomass of invertebrate groups was also calculated.

RESULTS

An Ecopath model (BOWF model) of the area was constructed using data from local sampling surveys or from similar ecosystems. Another Ecopath model (REEF scenario) was derived after simulating 30 years of dynamic evolution of the area following the construction of an offshore wind farm and the increase in hard substrates causing a reef effect (i.e. aggregation of biomass).

Compartments' ecological roles before the installation of the offshore wind farm

The overall pedigree index value calculated for the BOWF model before the implantation of the offshore wind farm was 0.523.

The functional group dominating biomass was "bivalves" (mostly composed of the clam Polititapes rhomboides), which represented 42% of the total living biomass of the system (Table 1). The functional groups contributing most to total throughflows were zooplankton, bacteria, and bivalves, with contributions of 36%, 15%, and 8%, respectively.

The Trophic Level of functional groups ranged from TL=1 for primary producers and detritus, as imposed by construction, to a maximum of 4.8 for grey seals in the BOWF model (see Table 1 in Appendix A). Other marine mammals (i.e. bottlenose dolphins, harbour porpoises and harbour seals) ranked just below as top predators in the trophic webs. The omnivory of the functional groups, estimated by the omnivory index (OI), was low overall (0.001-0.474), except for Surface-feeding seabirds (OI=0.757) (see Table 1 in Appendix A).

These low values indicate a general dietary specialisation of the fauna, each functional group feeding on a narrow range of trophic levels.

The MTI analysis highlighted that benthic invertebrate predators negatively affected benthic invertebrate filter feeders, bivalves, deposit feeders, suprabenthos and meiofauna (Fig. 3). Other predators (such as sea bream or flafish), also feeding on those benthic invertebrates and thus considered as competitors, responded negatively to an increase of benthic invertebrate predators' biomass. In fact, functional groups benefiting from an increase in benthic organisms' biomass (predators, filter feeders and bivalves) were some fish species (i.e. flat fish and sea bream), marine mammals and seabirds. Pouting exerted a widespread influence over the trophic web, due to its wide diversity of prey items (benthic invertebrate deposit feeders, filters feeders, and predators, pilchard, sprat, and planktivorous fish).

<Figure 3>

The keystoneness index was highest for pouting (0.095) and for benthic invertebrate predators (0.059), which also presented the maximum values of relative total impact (Fig. 4; see Table 1 in Appendix A). Another group with relatively high keystoneness and low biomass was the harbor porpoise. <Figure 4>

Ecosystem structural features after the installation of the wind farm

Based on the simulation of the wind farm presence, REEF scenario, Ecosim generated a variation in biomass of the functional groups for which the biomass inputs were not set a priori.

An increase in substrates available for epibenthic sessile organisms and fish after the wind farm construction implied an increase of the total system biomass by 40%.

First, for those functional groups for which we calculated an accumulation of biomass on new substrates, the new biomass values increased by a factor of 6 for the surface feeders seabirds (dominated by Larus sp.), 3.5 for the Atlantic cod, 4 for whiting, 2 for pouting, 2 for fish benthos feeders (dominated by Callionymus sp.), 2 for sole, 4 for other flatfish (dominated by Limanda limanda), 1.5 for benthic invertebrate predators (dominated by the omnivorous species Psammechinus miliaris), 1.5 for filter feeders (Balanus sp.), and 2 for bivalves (dominated by Mytilus edulis) (Table 1).

For groups whose biomass was not forced, the construction of the wind farm induced an increase in the biomass of top predators, except for "diving seabirds" (Table 1). The biomass of sea bream and plaice were higher in the REEF scenario than in the BOWF model (approximately 3 times higher, respectively; Table 1).

In contrast, Atlantic horse mackerel, poor cod, and piscivorous fish declined strongly with a 55%, 81%, and 97% diminution, respectively (Table 1). The biomass of benthic invertebrates, deposit feeders and suprabenthos also decreased in the REEF scenario (with a decrease of 17% and 15% respectively). The ratio of fish biomass over invertebrate biomass was reduced by approximately 34% between the two periods (BOWF model/REEF scenario). This was related to the strong increase in benthic invertebrate biomass that was multiplied by approximately 2 in the REEF scenario, while fish biomass was multiplied by 1.1 only. These

The keystoneness index varied between the two periods as biomasses changed (Fig. 4; see Table 1 in Appendix A). Pouting was the functional group with the highest keystoneness index in the two scenarios. In the BOWF model, benthic invertebrate predators occupied the second place followed by harbor porpoise whereas in the REEF scenario, zooplankton occupied the second place and was followed by benthic invertebrate predators.

The total ecosystem activity (T..), representing the sum of all flows in the system, increased between the two periods by approximately 13.96% (Table 2). The System Omnivory index (SOI) of the 2 trophic webs increased by 15.03% (from 0.173 to 0.199) between the two periods. This increase should be related to the variations of pouting omnivory (i.e. increased by a factor of 3). The Finn's Cycling Index (FCI) increased by 40% between the two scenarios (Table 2). This result is in line with the increase of detritivory (mainly due to benthic invertebrate predators and filter feeders), which doubled. The ascendency (A) increased by 15% (Table 2).

The transfer efficiencies (TE) showed a similar pattern in between the two periods, decreasing with TL in the 2 models (Fig. 5). However, values were slightly lower in the REEF scenario.

<Figure 5>

The comparison of compartment throughflows before and after the construction of the offshore wind farm showed that activity of top predators, except for "diving seabirds", increased after the construction. The compartments sharks and rays, Atlantic cod, whiting, pouting, European sprat and sea bream strongly increased their activity after the construction as well (Fig. 6 ). A similar pattern was observed with all flat fish groups (i.e. sole, plaice, and other flatfish). Activity strongly increased after the construction in some benthic groups, namely invertebrate predators, filter feeders and bivales. In contrast, other benthic groups such as king scallop, deposit feeders and suprabenthos, reduced their overall activity once the offshore wind farm was built.

<Figure 6>

The system overall EE (the percentage of production consumed by predators including fishing activities) increased by 5% between the two periods. For instance, the phytoplankton biomass and P/B remained unchanged in the REEF scenario but its EE increased by 32%. The biomasses and consumptions exerted by bivalves and benthic invertebrates filter feeders were higher in the REEF scenario than in the BOWF model; consuming/grazing more phytoplankton (e.g. until 4 times higher for filter feeders; Table 1). The EE of these species were also higher in the REEF scenario due to the fact that they were more consumed by fish such as cod, pouting and sea bream. The EE of these fish species were also higher as they were more consumed by marine mammals. For instance, Atlantic cod was consumed approximately 5 and 3.5 times more by cetaceans and seals, respectively, after the wind farm implantation. Again, after the construction, the consumption of detritus in the system increased by 68.5%.

In terms of flow analysis, the detritivory/herbivory ratio (D/H) increased by 18.8% between the two periods.

The detritivory was multiplied by 1.5 and the herbivory was multiplied by 1.2 between the two situations.

Sensitivity analyses

The results of the four scenarios (presented in the Supplementary material, Appendix B) highlight that the choices made in the "REEF" scenario were robust as they show that even considering a possible range of variability, we obtained the same main results.

For instance, for groups without forced biomass at the start of the simulation, the construction of the wind farm induced an increase in biomass, especially for top predators, in the four additional scenarios (Table 1, in Supplementary Material, Appendix B). For instance, the biomass of sea bream after 30 years of simulations were higher in the four scenarios than in the "BOWF" Ecopath model (approximately 3 times higher in the "REEF Filter Feeders" and "time lag" scenarios and approximately 4 times higher in the "REEF Bivalve V5" and "V10" (Table 1, in Supplementary material, Appendix B)). On the same line, the biomass of plaice was higher in the four scenarios compared to the BOWF Ecopath model (approximately 3 times higher). This generalized increase in apex predators was congruent with the one highlighted under the "REEF" scenario. However, in the "REEF Filter feeders", the biomass of predatory fish (cod, whiting) resulting from this simulation increased, but this increase was inferior to the input that we originally entered for the "REEF scenario". The difference can be explained because EwE takes into account only prey-predator interactions and does not take into account other indirect effects such as the reserve effect that exist in the park where biomass sampling was performed.

In terms of flow analysis, we observed an increase in the Detritivory/Herbivory ratio (D/H) between the BOWF model and the different scenarios (Table 2, in Supplementary Material, Appendix B). For instance, the D/H increased by 11%, 17%, 20% in the "REEF filter feeders", "REEF time lag", "Reef mussel V5", "Reef mussel V10", respectively (Table 2, in Supplementary Material, Appendix B). Other ENA indices remained mostly unchanged under the different scenarios. Again, this change in D/H was in accordance with the conclusion drawn from the "Standard REEF" scenario.

Discussion

4.1 Food web control before the installation of the offshore wind farm From a methodological point of view, the high value of the pedigree index indicated that the input data used in the reference Ecopath model (BOWF model) were of good quality when compared to the distribution of pedigree values for pre-existing models [START_REF] Morissette | Complexity, Cost and Quality of Ecosystem Models and Their Impact on Resilience: A Comparative Analysis, with Emphasis on Marine Mammals and the Gulf of St[END_REF]. In fact, the pedigree index (0.523) was in the highest part of the range (0.164 to 0.676) reported in [START_REF] Morissette | Complexity, Cost and Quality of Ecosystem Models and Their Impact on Resilience: A Comparative Analysis, with Emphasis on Marine Mammals and the Gulf of St[END_REF]. Indeed, biomass data were mainly obtained from local, highly replicated, and detailed samplings and the diet compositions of the main fish species came from stomach content studies performed in the eastern English Channel.

The Courseulles-sur-mer food web appeared to be mostly controlled by intermediate trophic levels. First, the MTI analysis revealed that benthic invertebrate predators and pouting, which occupied an intermediate trophic level (TL= 3 and TL=3.7 respectively), had a strong impact on numerous groups of both higher and lower trophic levels in the system. For instance, pouting supported a high diversity of predators (i.e. marine mammals, cephalopods, elasmobranch and teleosts) and fed mainly on benthic invertebrate predators (i.e. crustaceans), filter feeders, and suprabenthos. This result concurred with the high ranking of pouting in the keystoneness index (classification see Table 1 in Appendix A). A keystone group is defined as a group having a high structuring impact on the other groups, despite a relatively low biomass [START_REF] Power | Challenges in the Quest For Keystone[END_REF]. Since pouting biomass was high (i.e. 3.85 gC m -2 year -1 ), this group was likely to be a key structuring group in the system rather than a keystone group sensu [START_REF] Power | Challenges in the Quest For Keystone[END_REF]. These results suggest a possible "wasp-waist" control of the system by intermediate trophic levels [START_REF] Cury | Small pelagics in upwelling systems: patterns of interaction and structural changes in "waspwaist" ecosystems[END_REF]. In "wasp-waist" systems, the flow of energy is controlled by the mid-trophic levels rather than the bottom or top organisms. The mid-trophic levels exert top-down control on zooplankton and benthic groups, and bottom-up control on top predators [START_REF] Cury | Small pelagics in upwelling systems: patterns of interaction and structural changes in "waspwaist" ecosystems[END_REF]. This type of control has generally been demonstrated to be the norm for small plankton-feeding pelagic species, such as anchovies and sardines, in upwelling pelagic ecosystems around the world [START_REF] Cury | Small pelagics in upwelling systems: patterns of interaction and structural changes in "waspwaist" ecosystems[END_REF](Cury et al., , 2004;;[START_REF] Coll | Trophic flows, ecosystem structure and fishing impacts in the South Catalan Sea, Northwestern Mediterranean[END_REF][START_REF] Bakun | Wasp-waist populations and marine ecosystem dynamics: Navigating the "predator pit" topographies[END_REF]. The role played here by pouting, a demersal species, was hence an original feature of the Courseulles-sur-mer food web. Pouting could then be considered as a benthic equivalent of sardines but with a higher position in the food web compared to examples involving small pelagics. However, these results are only based on the MTI and Keystoneness analysis that are interrelated and must be taken with caution.

Potential impacts of the reef effect inside the offshore wind farm on the trophic web functioning

As the results show that even considering a possible range of variability through the 4 variants of the "REEF" scenario, we obtained the same main results, we choose to discuss only the results of the "REEF" scenario (Supplementary Material, Appendix B).

The construction of the Courseulles-sur-mer offshore wind farm was suspected to increase detritivory in the food web. As expected, the D/H ratio changed positively between the two periods, underlying the importance of the trophic interactions involved in the detrital chain [START_REF] Dame | A Statistical Test of Network Analysis: Can it Detect Differences in Food Web Properties?[END_REF]. This was related to the higher consumption of detritus by benthic organisms and might confirm the hypothesis of Norling andKautsky (2007, 2008) by which blue mussels expansion could be responsible for a shift from primary producers and grazers dominated food chains towards a more detritus-feeding community. Sessile organisms, such as blue mussels colonizing the 75 turbines, are indeed expected to enhance the benthic production of food for fish and benthic organisms through the deposition of organic matter such as feces and dead organisms (Wilhemsson et al., 2006;[START_REF] Maar | Local effects of blue mussels around turbine foundations in an ecosystem model of Nysted off-shore wind farm, Denmark[END_REF]. Wind turbines and scour protections were identified as offering particularly favorable substrates and feeding conditions for blue mussels in field studies [START_REF] Wilhelmsson | The influence of offshore windpower on demersal fish[END_REF][START_REF] Wilhelmsson | Fouling assemblages on offshore wind power plants and adjacent substrata[END_REF][START_REF] Maar | Local effects of blue mussels around turbine foundations in an ecosystem model of Nysted off-shore wind farm, Denmark[END_REF]Krone et al., 2013). Bivalves can form dense belts and, in some cases, account for almost 97% of the total epibenthic biomass on foundations [START_REF] Maar | Local effects of blue mussels around turbine foundations in an ecosystem model of Nysted off-shore wind farm, Denmark[END_REF]. According to [START_REF] Maar | Local effects of blue mussels around turbine foundations in an ecosystem model of Nysted off-shore wind farm, Denmark[END_REF], wind turbines can support a mussel biomass ten times higher per unit area than the one observed on bridge pillings in the same region, and the growth of blue mussels on turbines can also double the biomass of filter feeders in a wind farm area as a whole compared to the situation before its construction. Another potential effect suggested in the litterature is an input of organic material from fish and crustaceans closely associated with the turbines as well as an entrapment of organic material by the turbines themselves, contributing to an enrichment of the seabed and enhancing the abundance of deposit-feeding organisms and their predators [START_REF] Maar | Local effects of blue mussels around turbine foundations in an ecosystem model of Nysted off-shore wind farm, Denmark[END_REF][START_REF] Wilhelmsson | Greening Blue Energy : Iden fying and managing the biodiversity risks and opportuni es of o ff shore renewable energy[END_REF].

This material provided an additional source of food but, more importantly, a different "food quality" (Koller et al., 2006). In soft bottom communities, filters and detritus feeders feed on small particulate matter deposited on the seabed (Koller et al., 2006). Koller et al. (2006) stated that this different quality of food coming from the wind turbines was responsible for a "shortcut within the food web" because this resource was consumed by larger predators and scavengers. Other effects suggested in the literature, but that could not be demonstrated here as our flows were only in carbon currency, are that the increase in filter feeders biomass, and more particularly in blue mussels, could imply an increased excretion of ammonium and thus a clearer water (reduction of water turbidity), which in turn could lead to an increase in growth rates of phytoplankton and filamentous algae [START_REF] Kautsky | circulation of matter and nutrients in a Baltic[END_REF][START_REF] Prins | The role of the blue mussel Mytilus edulis in the cycling of nutrients in the Oosterschelde estuary (The Netherlands)[END_REF][START_REF] Norling | Patches of the mussel Mytilus sp. are islands of high biodiversity in subtidal sediment habitats in the Baltic Sea[END_REF].

The introduction of turbines with their associated scour protections generated an additional source of food in the ecosystem. Habitats created by the monopile foundations and the fauna they harbour were responsible for an increase in the system total biomass. Possibly due to the biomass modifications, EE values (the percentage of production consumed by predators) of the whole ecosystem showed an increase of 5%.

This result can be explained by the increase in predation exerted by the species attracted by the reef effect.

For instance, our model showed that the benthic invertebrates colonising the monopile foundations served in turn as food resources for other species such as poutings and sea breams. The related increases in pouting, cod and sea bream biomass was in fine beneficial to their predators, notably marine mammals. These results confirm the hypothesis enounced in the introduction of this study that the benthic biomass increase acts as an additional prey resource for higher trophic levels up to apex predators [START_REF] Lindeboom | Short-term ecological effects of an offshore wind farm in the Dutch coastal zone; a compilation[END_REF][START_REF] Scheidat | Harbour porpoises ( Phocoena phocoena ) and wind farms: a case study in the Dutch North Sea[END_REF]Russell et al., 2014). This result was also in line with the stomach content analyses of [START_REF] Reubens | Aggregation and feeding behaviour of pouting (Trisopterus luscus) at wind turbines in the Belgian part of the North Sea[END_REF], who demonstrated that pouting fed on the macrobenthos produced on the Thornton bank wind turbines in the Belgian part of the North Sea. For instance, the amphipode, Jassa herdmani, presented a numerical abundance index of 84.6% and it was the most important prey species of the pouting dietary composition [START_REF] Reubens | Aggregation and feeding behaviour of pouting (Trisopterus luscus) at wind turbines in the Belgian part of the North Sea[END_REF]. Moreover, it could be assumed that seabirds strongly profit from additional biomass of epifaunal bivalves on the 75 turbines as they would become easily available. These basic parameters estimates analysis was to some point consistent with the relatively low values of SOI indicating a chain-like structure both before and after the installation of the offshore wind farm.

According to our model, the "reef effect" generated by the construction of the Courseulles-sur-mer offshore wind farm was predicted to have a relatively limited impact on the structure and flow pattern of the local food web. The comparison of the ENA indices (total ecosystem activity (T..), system omnivory index (SOI), ascendency (A) and keystoneness) between the BOWF model and the REEF scenario showed small variations between the two periods. Furthermore, the transfer efficiencies (TE) decreased parallely with TL in the 2 models indicating that the compartments, although exposed to an increase in biomass of some specific groups, behaved functionally in a similar way under the two scenarios. Ecopath is a single solution model and so direct statistical comparisons were not possible. As network indices of Ascendency are scaled according to log values of combinations of flows, small changes expressed in percentages could reflect much larger disparities, and hence larger ecological changes [START_REF] Ulanowicz | Growth and Development: Ecosystems Phenomenology[END_REF][START_REF] Baird | Comparative study on the trophic structure, cycling and ecosystem properties of four tidal estuaries[END_REF]). In addition, the ENA results from the BOWF model and the REEF scenario can be compared with other ecosystems studied with the same methodology (Ecopath) and located in the same biome such as the Bay of Somme (Rybarczyck et al., 2003), the Dublin Bay (Wilson and Parkes, 1998), and the Seine Estuary [START_REF] Tecchio | The mosaic of habitats of the Seine estuary: Insights from food-web modelling and network analysis[END_REF]. Values of ENA indices in both situations for the Courseulles-sur-mer area remained in the range delimited by these similar ecosystems, suggesting no major trophic structural and functional shift due to the installation of an offshore wind farm (Table 2). <Table 2>

Advantages and limitations of the EwE models

Conceptually, the main asset of this study was to lay the foundations defining an ecosystem-based approach to marine renewable energy management, in line with what has been done during the last 20 years in the Ecosystem Approach to Fisheries [START_REF] Garcia | The ecosystem approach to fisheries[END_REF]. Previous studies have largely focused on the conservation of some groups of valuable species and their habitats only. The proposed model considered the full range of size classes of biota, from prokaryotes to apex predators, for a representative site of the eastern Bay of Seine basin: the Courseulles-sur-mer offshore future wind farm. The approach for this specific site can then be transposed to other wind farm projects in the English Channel and broadly to other shallow and macrotidal seas of temperate latitudes. Applying this modelling method can enrich the field of environmental impact studies on future offshore wind farms and, more generally, on marine renewable energy sites.

Models for offshore wind farms are by definition atypical due to their intrinsic small spatial scale (here, 50

km 2 ) with one on the main drawbacks being the fact that the population dynamics and home range of mobile species vastly exceed the limits of wind farm sites. Here, as a partial solution, we considered trophic transfers outside the area of the Courseulles-sur-mer offshore wind farm for marine mammals and seabirds by setting imports in the diet composition matrix. This limitation is common to all Ecopath small-scale models (e.g. marine protected areas [START_REF] Albouy | Simulation of the combined effects of artisanal and recreational fisheries on a Mediterranean MPA ecosystem using a trophic model[END_REF][START_REF] Colléter | Modelling trophic flows in ecosystems to assess the efficiency of marine protected area (MPA), a case study on the coast of Sénégal[END_REF][START_REF] Valls | Modeling trophic interactions to assess the effects of a marine protected area: case study in the NW Mediterranean Sea[END_REF]. Regarding community changes, our choice here was to use estimates derived from the literature and expert knowledge and not from complex models. This option was relevant here as a lot of information coming from the offshore wind farms already in exploitation could be extracted and helped formulating meaningful hypotheses. Another possibility would have been to use these data for calibrating a community model predicting the changes in existing species and at the same time the arrival of new species around the turbines. Finally, the BOWF model and REEF scenario could not simulate all possible impacts generated by the increased biomass of mussels on biogeochemical process such as the excretion of ammonium as our model is based only on carbon flows.

Conclusions

This ecosystem-based approach of offshore wind farm impacts showed 1) an original control of the Courseulles-sur-mer site food web by pouting at the intermediate trophic levels, indicating a potentially "wasp-waist" controlled food web, 2) that the anticipated increase of mussel biomass after the offshore wind farm construction is predicted to lead to a food web dominated by detritivory, as hypothesized by [START_REF] Norling | Patches of the mussel Mytilus sp. are islands of high biodiversity in subtidal sediment habitats in the Baltic Sea[END_REF], and (3) that the anticipated increase in benthic invertebrate and benthos feeding fish biomass, in response to the reef effect, is predicted to attract and benefit to apex predators, as hypothesized by [START_REF] Lindeboom | Short-term ecological effects of an offshore wind farm in the Dutch coastal zone; a compilation[END_REF][START_REF] Henkel | Marine Renewable Energy and Environmental Interactions: Baseline Assessments of Seabirds, Marine Mammals, Sea Turtles and Benthic Communities on the Oregon Shelf[END_REF].

By combining the data collected on various ecosystem components, we determine in this study how the local food web structure and function may change 30 years after the installation of the offshore wind farm. The Ecopath models built in this study can then be useful to interpret how other threats, such as climate change or restrictions of fisheries activities within the offshore wind farm limits, can further affect the trophic web structure and functioning. This study could be considered as a first step in using food web models to assess offshore wind farm impacts on the whole ecosystem. Table 1. Biomass values, production over biomass (P/B) ratios, consumption over biomass (Q/B) ratios, and 967 Ecotrophic Efficiencies (EE) in the two Ecopath models ("before" and "after" the construction of the 968 Courseulles-sur-mer offshore wind farm in the Bay of Seine; BOWF model and REEF scenario, respectively). 969

Functional groups for which biomasses were set to their accumulated maximum in the REEF scenario are 970 marked in bold. Biomasses estimated in the BOWF model were indicated in grey and italic. 971 Biomass gC m -2 P/B (year -1 ) Q/B (year 

Figure 1 .

 1 Figure 1. Position of the Courseulles-sur-mer offshore wind farm in the Bay of Seine, north-western France.

Figure 2 .

 2 Figure 2. Functional groups of the Courseulles-sur-mer ecosystem model arranged using trophic levels as yaxis and benthic/pelagic partitioning on the x-axis. Trophic levels are relative to the BOWF model, before the construction. Functional groups written in blue and bold identify the functional groups for which the biomasses have been set to their accumulated maximum during for the REEF scenario.

Figure 3 .

 3 Figure 3. Mixed Trophic Impact (MTI) analysis performed on the BOWF model. Negative (red cells) and positive (blue cells) overall impacts are represented.

Figure 4 .

 4 Figure 4. Keystoneness index calculated for the two Ecopath models ("before" and "after" the construction of the Courseulles-sur-mer offshore wind farm; BOWF model is in blue and REEF scenario is in green). The size of the circles is proportional to the functional group biomass.

Figure 5 .

 5 Figure 5. Lindeman spine plot of flows and biomasses and transfer efficiencies by discrete trophic levels for the two Ecopath models.

Figure 6 .

 6 Figure6. Differences in compartment throughflows between the two Ecopath models. Note that the y-axis scale is log-transformed, and that this percentage analysis did not consider the difference in absolute values between functional groups. Grey bars identify functional groups for which the biomasses were set to their accumulated maximum during the Ecosim 30-years simulation of 'Reef Effect'. Black bars represent groups for which variations in biomass were an output of the simulation.
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Table 2 .

 2 General system statistics and ENA indices for the BOWF model compared to values obtained for similar Northern European systems. The Total System Throughput (T.., gC m -2 year -1 ) was calculated as the sum of all the flows in the food web. The Finn's Cycling Index (FCI) gives the percentage of all flows generated by cycling. The Ascendency (A) is a measure of the system activity (Total System Throughput) linked to its degree of organization (Average Mutual Information) and is given in gC m -2 year -1 .

					Biomass/Throughput Total living	Reference for Ecopath
	Ecosystems	T..	A	FCI		biomass	models
		4584.92 -	1442.6-		0.07-0.022	10.23-40.40	Tecchio et al., 2015
	Seine estuary	1161.05	6058.6	3.65 -20.65			
	Bay of Somme	2312.1	2401.6	12.2	0.01	27.44	Rybarczyck et al., 2003
	BOWF model	1607.616	1869.1	9.16	0.030	48.12	
	REEF scenario	1831,933	2156,9	12,86	0.041	74.73	
	Dublin Bay	724.69	848.5	31.9			Wilson and Parkes, 1998
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