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Chapitre I Introduction générale de la thèse

Cette thèse vise à quantifier l'influence respective des forçages climatiques et des activités de chalutage sur la dynamique des sédiments et en particulier la variabilité des flux sédimentaires à l'échelle du plateau continental du Golfe de Gascogne.

Les mouvements sédimentaires en milieu marin résultent d'une combinaison de facteurs dynamiques naturels tels que les apports par les fleuves, la remise en suspension sous l'effet des vagues et des courants, mais aussi de facteurs anthropiques, en particulier liés aux activités de chalutage et de dragage, à la conchyliculture, ou encore à l'extraction de granulats. Cette dynamique sédimentaire se traduit par des transferts de sédiments le long de la côte ou entre la côte et le large, dont les résultantes s'expriment en termes d'érosions et de dépôts, ou en termes de modification de la nature des fonds. Classiquement, cette dynamique aboutit à des zones d'accumulation de sédiments dans les zones calmes (e.g. zones lagunaires, baies) et au contraire à des zones préférentiellement érodées notamment le long des côtes ou au niveau des zones exploitées par l'homme.

Parmi les facteurs anthropiques influençant la dynamique sédimentaire, les activités de pêche sont reconnues par la communauté scientifique internationale comme un forçage majeur contribuant tant à la remise suspension de sédiments (e.g. Durrieu de [START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF][START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF]Oberle et al. 2015a) qu'à l'altération des fonds marins (e.g. [START_REF] Palanques | Impact of bottom trawling on water turbidity and muddy sediment of an unfished continental shelf[END_REF]Oberle et al. 2015b). En effet, l'action mécanique exercée par les engins de pêche sur le fond de la mer est à l'origine d'une remise en suspension sédimentaire significative pouvant intervenir dans des environnements plus profonds où l'influence des forçages naturels est moins régulière. Aujourd'hui, l'impact du chalutage de fond est reconnu comme étant le facteur anthropique le plus influant et impactant à l'échelle des plateaux continentaux du monde entier [START_REF] Watling | Disturbance of the seabed by mobile fishing gear: a comparison to forest clearcutting[END_REF][START_REF] Puig | Ploughing the deep sea floor[END_REF].

Du fait de sa localisation, le plateau continental est un endroit clé faisant le lien entre le continent et l'océan profond. Il constitue un secteur réceptacle du matériel particulaire d'origine continentale, dont une part essentielle constitue la plateforme continentale, et une part inconnue est évacuée vers l'océan profond à travers le talus continental incisé ou non de canyons. L'évaluation des flux particulaires à cette échelle nécessite de connaître à la fois la variabilité spatio-temporelle des quantités de matière en suspension résultant de l'influence des différents forçages naturels et anthropiques, mais aussi la circulation à l'échelle de toute la colonne d'eau. Etant donné la difficulté de caractériser cette dynamique grande échelle par la mesure, les flux particulaires régionaux sont généralement mal connus, rendant ainsi difficile l'évaluation des sources et puits de sédiments.

Les enjeux autour d'une quantification des flux sédimentaires sont nombreux. Une telle quantification fournit une vision d'ensemble de la dynamique, de l'érosion jusqu'au dépôt, et permet ainsi d'évaluer et prédire l'évolution du stock sédimentaire en réponse aux divers forçages. Raisonner en termes de flux permet donc d'effectuer des budgets sédimentaires (apports et exports du système). Dans le cas du chalutage de fond, cela permet notamment d'examiner le devenir des particules remises en suspension et d'évaluer la contribution vis-à-vis de la dynamique naturelle en termes de transport résiduel (e.g. vers le large ou vers la côte), et l'impact associé sur l'évolution de la nature des fonds. D'autre part, la zone côtière est un milieu fortement anthropisé où les populations se concentrent et où les aménagements ne cessent de se développer. Parmi ces aménagements, on peut notamment mentionner le nombre grandissant de barrages [START_REF] Syvitski | Sediment flux and the Anthropocene[END_REF] susceptibles d'engendrer une diminution des apports terrigènes par les fleuves. Les fonds marins constituent aussi une ressource largement exploitée par l'homme, notamment au travers des extractions de granulats (sables et graviers), ces derniers étant une matière première très convoitée, en particulier pour la construction, ainsi que pour des projets de poldérisation ou de rechargement de plages. Ainsi ces activités humaines sont susceptibles d'amplifier le phénomène d'érosion des côtes, déjà naturellement induit par l'action conjointe des vents, de la houle, et des courants. L'étude de la dynamique sédimentaire dans son ensemble apparait essentielle (dans ce type de problématiques) afin d'anticiper au mieux les conséquences à long terme sur le milieu marin, et de mettre en place des plans de gestion adaptés s'inscrivant dans une logique d'exploitation durable de la ressource.

La dynamique des sédiments est aussi intimement liée à d'autres thématiques touchant au milieu marin. Le fond marin est un milieu riche en réactions chimiques susceptibles de recycler la matière organique et de libérer des éléments nutritifs dans la colonne d'eau. Il constitue le lieu de vie d'un grand nombre d'espèces sensibles à la stabilité des sédiments, elle-même soumise aux différents forçages naturels et anthropiques. D'autre part, la turbidité liée aux quantités de sédiments en suspension conditionne la répartition verticale de la lumière dans la colonne d'eau et peut ainsi être un facteur de limitation de la production primaire. Du fait de leur fraction organique, la présence de matières en suspension près du fond constitue également une source de nourriture pour certains groupes fonctionnels de la faune benthique (les "suspensivores") et participe donc à la caractérisation des habitats benthiques. L'évaluation des flux de contaminants est aussi liée à la dynamique des sédiments (e.g. [START_REF] Dufois | Modélisation du transport particulaire dans le Golfe du Lion en vue d'une application au devenir des traceurs radioactifs issus du Rhône[END_REF]). En effet, les sédiments fins sont capables de fixer différents types de polluants, et apparaissent comme des vecteurs de contaminants du domaine continental vers le domaine marin. Ces polluants peuvent être ainsi dispersés sur le plateau et se retrouver piégés dans les sédiments loin de leur source d'émission, influençant la qualité de l'environnement marin.

Le cas du Golfe de Gascogne

Le Golfe de Gascogne est un cas d'étude complexe du fait de sa configuration et de la diversité des forçages y intervenant (vagues, vent, marée, apport fluviaux, activités de chalutage). Il s'étend du Cap Finisterre à la pointe bretonne. Il se caractérise notamment par un plateau continental de largeur variable et dont l'orientation change en suivant le trait de côte.

La circulation générale dans le Golfe de Gascogne, i.e. de la plaine abyssale au plateau, a largement été étudiée à partir de différents types d'observations (par bouées dérivantes, e.g. [START_REF] Van Aken | Surface currents in the Bay of Biscay as observed with drifters between 1995 and 1999[END_REF], Charria et al. 2013; par courantomètres, e.g. [START_REF] Batifoulier | Poleward coastal jets induced by westerlies in the Bay of Biscay[END_REF][START_REF] Boyer | Circulation on the shelf and the upper slope of the Bay of Biscay[END_REF][START_REF] Kersalé | Poleward along-shore current pulses on the inner shelf of the Bay of Biscay[END_REF] ou grâce au développement de modèles numériques (e.g. [START_REF] Pingree | Celtic and Armorican slope and shelf residual currents[END_REF]Lazure et al. 2008). Plusieurs synthèses de ces circulations sont proposées dans la littérature, e.g. [START_REF] Koutsikopoulos | Physical processes and hydrological structures related to the Bay of Biscay anchovy[END_REF], [START_REF] Ferrer | Low-salinity plumes in the oceanic region of the Basque Country[END_REF] ou plus récemment [START_REF] Charria | Surface layer circulation derived from Lagrangian drifters in the Bay of Biscay[END_REF].

Malgré la littérature abondante décrivant la circulation sur le plateau, aucune étude n'a, à ce jour, proposé une évaluation des flux sédimentaires à cette échelle. La dynamique sédimentaire du Golfe de Gascogne a été abordée par l'observation, permettant de proposer des quantifications des apports fluviaux [START_REF] Jouanneau | Fine-grained sediment budget on the continental margin of the Bay of Biscay[END_REF][START_REF] Maneux | Assessment of suspended matter input into the oceans by small mountainous coastal rivers: the case of the Bay of Biscay[END_REF], une description de la distribution des sédiments en suspension et des taux de sédimentation [START_REF] Castaing | Relationship between hydrology and seasonal distribution of suspended sediments on the continental shelf of the Bay of Biscay[END_REF][START_REF] Lesueur | Sedimentation rates and fluxes in the continental shelf mud fields in the Bay of Biscay (France)[END_REF][START_REF] Dubrulle | Nature and rates of fine-sedimentation on a mid-shelf: "La Grande Vasière" (Bay of Biscay, France)[END_REF], ou encore une description de la dynamique (taux d'accumulation, flux) intervenant dans les canyons sous-marins au niveau du talus (e.g. Durrieu de Madron et al. 1999;[START_REF] Schmidt | Particle fluxes and recent sediment accumulation on the Aquitanian margin of Bay of Biscay[END_REF][START_REF] Schmidt | Recent sediment transport and deposition in the Cap-Ferret Canyon, South-East margin of Bay of Biscay[END_REF]. A des échelles spatiales plus restreintes, la compréhension de la dynamique des remises en suspension a également été abordée par la modélisation numérique (e.g. [START_REF] Tessier | Caractérisation et dynamique des turbidités en zone côtière: l'exemple de la région marine Bretagne Sud[END_REF]) ou la télédétection (e.g. [START_REF] Froidefond | Monitoring suspended particulate matter fluxes and patterns with the AVHRR/NOAA-11 satellite: application to the Bay of Biscay[END_REF][START_REF] Petus | Estimating turbidity and total suspended matter in the Adour River plume (South Bay of Biscay) using MODIS 250-m imagery[END_REF].

L'impact des activités de chalutage a été mis en évidence par de précédentes études au niveau de la Grande-Vasière (pêcheries de langoustines), large étendue sablo-vaseuse située sur le plateau du Golfe de Gascogne. [START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF] ont notamment réalisé une première estimation de l'impact de ces activités sur la remise en suspension des sédiments et sur une éventuelle évolution de la nature des fonds. Néanmoins, cette première évaluation présentait de nombreuses incertitudes liées d'une part aux estimations des remises en suspension induites par les forçages naturels, et d'autre part à la contribution réelle du chalutage à cette remise en suspension, estimée à partir d'observations mentionnées dans la littérature. En effet, les impacts physiques liés au chalutage, notamment sur la remise en suspension et sur le fond sédimentaire (nature, structure, enfoncement du chalut), ont fait l'objet de plusieurs études sur différents sites. Ces études sont basées sur des observations (e.g. Durrieu de [START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF][START_REF] Dellapenna | The impact of shrimp trawling and associated sediment resuspension in mud dominated, shallow estuaries[END_REF]) ou des travaux de modélisation [START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF]. Néanmoins, les impacts mis en évidence pour un cas d'étude donné peuvent difficilement être généralisés ou appliqués à une autre zone d'étude car ils dépendent fortement de la nature du fond, du type d'engin utilisé, et de la dynamique naturelle caractérisant la zone en question.

Stratégie d'étude

Une approche par modélisation numérique 3D a été choisie afin de caractériser la variabilité des flux sédimentaires à l'échelle du plateau. En effet, la modélisation offre la possibilité d'intégrer de nombreux processus et fournit une information très riche dans les trois dimensions de l'espace et dans le temps. Elle présente donc un avantage considérable sur la mesure in situ qui ne fournit généralement qu'une donnée ponctuelle. Plusieurs études ont en effet montré que la modélisation numérique était une solution permettant une estimation des flux sédimentaires à l'échelle régionale (e.g. [START_REF] Wiberg | Sediment transport on the Palos Verdes shelf over seasonal to decadal time scales[END_REF][START_REF] Ulses | Suspended sediment transport in the Gulf of Lions (NW Mediterranean): Impact of extreme storms and floods[END_REF][START_REF] Guillou | Numerical simulation of tide-induced transport of heterogeneous sediments in the English Channel[END_REF].

La mise en place d'une modélisation de la dynamique sédimentaire nécessite d'avoir une bonne connaissance des processus sédimentaires intervenant au niveau de la zone d'étude et de paramétrer judicieusement les processus physiques intégrés dans le modèle. La mise en oeuvre du modèle sera donc réalisée sur la base de comparaisons avec des mesures afin d'optimiser et valider son paramétrage et de déterminer son degré d'incertitude. Dans le cas d'une modélisation 3D des flux sédimentaires, cette validation englobe à la fois l'hydrodynamique (circulations 3D et propagation des vagues), l'hydrologie (température, salinité), et la dynamique sédimentaire (e.g. concentrations en suspension, nature du sédiment superficiel). La validation relative à la dynamique des sédiments en suspension sera réalisée à partir d'une station de mesure fixe (couplant mesures acoustiques et optiques) concernant toute la colonne d'eau, ou à partir d'images satellites fournissant les concentrations de matière en suspension à la surface de l'océan [START_REF] Gohin | Annual cycles of chlorophyll-a, non-algal suspended particulate matter, and turbidity observed from space and in-situ in coastal waters[END_REF].

Un autre aspect essentiel de cette étude par modélisation consiste à rendre compte de l'effet du chalutage en termes de remise en suspension dans le modèle. L'érosion du sédiment de fond induite par le chalutage est spécifique à chaque zone d'étude car elle dépend notamment des caractéristiques du sédiment de fond (e.g. nature, état de consolidation) et des types d'engins de pêche utilisés. Des campagnes de mesures ont donc été réalisées afin de caractériser la remise en suspension liée aux activités de chalutage sur le plateau du Golfe de Gascogne, et plus particulièrement au niveau de la Grande-Vasière. Au cours de ces campagnes (intervenant dans le cadre du projet européen BENTHIS), les impacts potentiels sur le fond ont aussi fait l'objet de mesures, dans le but d'évaluer les effets sur la structure et la nature du sédiment de surface, ainsi que sur la microtopographie du fond (traces laissées par le chalut sur le fond).

Organisation de la thèse

Cette thèse s'articule autour de trois chapitres basés sur des publications (acceptée, soumise, et en cours). Les caractéristiques de la zone d'étude ainsi que les éléments bibliographiques relatifs aux différents aspects de la thèse seront abordés au fur et à mesure au sein de ces trois chapitres.

Le premier axe d'étude de cette thèse concerne la caractérisation des différents impacts physiques liés aux activités de chalutage en termes de remise en suspension et d'altération des fonds au niveau de la Grande-Vasière. Le chapitre II (article publié dans la revue Ocean Dynamics) présente donc les différents protocoles d'acquisition de mesures mis en place, et les différentes données qui ont permis de quantifier ces impacts. Ces expérimentations aboutissent notamment à l'estimation d'un flux d'érosion induit par le chalutage. Des premiers éléments de comparaison entre l'érosion d'origine naturelle (estimée à partir d'un modèle en cours de validation) et celle liée au chalutage sont donnés à l'échelle de la Grande-Vasière. Le travail de validation abordé dans le chapitre III permettra de réajuster les contributions respectives des forçages naturels et du chalutage sur la remise en suspension des sédiments sur le plateau dans le chapitre IV. Ce chapitre inclut aussi une synthèse bibliographique sur les impacts physiques induits par le chalutage, ainsi que les travaux préliminaires effectués sur ce sujet dans le cas spécifique du plateau continental du Golfe de Gascogne. Il peut paraître paradoxal de présenter l'effet des activités de chalutage avant de décrire les remaniements sédimentaires sous l'effet des forçages naturels. C'est l'opportunité de campagnes en mer dans le cadre du projet européen BENTHIS qui m'ont conduit, dès ma première année de thèse, à mettre en place un certain nombre de protocoles visant à quantifier ces impacts.

Le chapitre III relate la mise en place du modèle 3D et les différentes étapes liées à son paramétrage et à sa validation. L'optimisation du paramétrage du modèle repose principalement sur la formulation et l'ajustement d'une nouvelle loi d'érosion sous l'influence combinée des vagues et des courants. Cet ajustement se base sur plusieurs simulations numériques utilisant différents paramétrages de l'érosion. Un paramétrage optimal est adopté, suite à l'évaluation de la pertinence de chaque simulation en termes de concentrations de sédiments en suspension, en comparaison avec des mesures obtenues au niveau d'une station fixe investiguant l'ensemble de la colonne d'eau. Ce chapitre inclut une revue de la littérature sur l'érosion des sédiments mixtes (sables fins et vases), et en particulier explore le comportement du sédiment dans un régime de transition entre sédiments cohésifs et non cohésifs.

La formulation du flux d'érosion induit par le chalutage de fond (définie dans le chapitre II) est ensuite intégrée dans le modèle. Suite à la validation de ce dernier dans le chapitre III, la quantification des flux sédimentaires à l'échelle régionale est donc proposée. En premier lieu, ce chapitre synthétise la littérature sur l'hydrodynamique du plateau du Golfe de Gascogne.

Sur la base de simulations numériques de 5 ans (avec et sans l'influence du chalutage de fond), le chapitre IV présente la variabilité des flux sédimentaires sur le plateau à différentes échelles de temps, depuis l'évènement (caractérisation de régimes typiques de flux) jusqu'à l'échelle saisonnière ou annuelle. L'influence du chalutage sur les flux sédimentaires (verticaux, c'est-à-dire la resuspension, et horizontaux) et sur l'évolution de la nature du fond est estimée.

Enfin, le chapitre V de la thèse dresse une synthèse des résultats obtenus et mentionne les différentes perspectives de recherche qui pourraient faire suite à ce travail.

Chapitre II

Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France) Introduction au chapitre II L'impact du chalutage de fond fait l'objet d'un grand intérêt de la part de la communauté scientifique internationale depuis plusieurs décennies. De nombreux impacts environnementaux ont été avérés en termes d'altération des fonds, de perturbation des écosystèmes benthiques, et de surexploitation des stocks de pêche (e.g. synthèses de Jones 1992;[START_REF] Linnane | A review of potential techniques to reduce the environmental impact of demersal trawls[END_REF][START_REF] Kaiser | Modification of marine habitats by trawling activities: prognosis and solutions[END_REF][START_REF] Martín | Commercial bottom trawling as a driver of sediment dynamics and deep seascape evolution in the Anthropocene[END_REF]. Désormais, le chalutage est reconnu comme étant probablement le forçage anthropique le plus influant à l'échelle des plateaux continentaux du monde entier [START_REF] Watling | Disturbance of the seabed by mobile fishing gear: a comparison to forest clearcutting[END_REF][START_REF] Puig | Ploughing the deep sea floor[END_REF]Oberle et al. 2015a). Du point de vue de son influence sur la dynamique sédimentaire, de nombreuses études ont mis en évidence que son action mécanique sur le fond, était à l'origine d'une remise en suspension significative se manifestant par la formation d'un panache turbide. Ces panaches turbides restent généralement localisés près du fond (10 m au dessus du fond) mais peuvent s'étendre latéralement sur plusieurs centaines de mètres, et sont associés à des concentrations de sédiments en suspension de plusieurs centaines de mg.l -1 (e.g. [START_REF] Schubel | Shrimping as a source of suspended sediment in Corpus Christi Bay (Texas)[END_REF][START_REF] Schoellhamer | Anthropogenic Sediment Resuspension Mechanisms in a Shallow Microtidal Estuary[END_REF][START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF][START_REF] Dellapenna | The impact of shrimp trawling and associated sediment resuspension in mud dominated, shallow estuaries[END_REF]. A l'échelle annuelle, les surfaces chalutées sur les plateaux continentaux du monde entier sont considérables (certaines zones sont ratissées plusieurs fois par an; e.g. [START_REF] Churchill | The effect of commercial trawling on sediment resuspension and transport over the Middle Atlantic Bight continental shelf[END_REF][START_REF] Watling | Disturbance of the seabed by mobile fishing gear: a comparison to forest clearcutting[END_REF]Oberle et al. 2015a), et les quantités de sédiments remis en suspension associées aux chalutages pourraient être équivalentes à celles déversées par les fleuves dans l'océan (Oberle et al. 2015a). La caractérisation de la remise en suspension induite par le chalutage est primordiale pour de multiples raisons. Tout d'abord, une fraction des particules remises en suspension puis advectées par les courants est susceptible d'être déplacée d'un secteur à l'autre du plateau. Plusieurs études ont ainsi montré une contribution très significative du chalutage à l'export de sédiments vers le large [START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF]Oberle et al. 2015a). D'autre part, la nature et la structure du sédiment de fond peuvent être modifiées. En effet, les différents constituants des chaluts pénètrent dans le sédiment superficiel (e.g. [START_REF] Linnane | A review of potential techniques to reduce the environmental impact of demersal trawls[END_REF], ce qui a pour conséquence directe un remaniement important et le lessivage de la fraction fine du fond (e.g. [START_REF] Palanques | Impact of bottom trawling on water turbidity and muddy sediment of an unfished continental shelf[END_REF][START_REF] Palanques | Effects of bottom trawling on the Ebro continental shelf sedimentary system (NW Mediterranean)[END_REF]Oberle et al. 2015b).

Bien que ces processus soient aujourd'hui connus, l'ampleur des impacts en termes de remise en suspension et d'altération du fond reste dépendante du cas d'étude et de ses caractéristiques, telles que la nature du fond, le type de chalut utilisé, et la circulation hydrodynamique locale. Il est donc délicat de généraliser les impacts associés à un environnement et de les transposer à un autre cas d'étude. Cela est d'autant plus vrai lorsqu'on souhaite évaluer l'influence du chalutage par rapport à la dynamique naturelle locale. Malgré quelques études évoquant un impact certain du chalutage de fond sur la remise en suspension et sur la structure du fond sédimentaire [START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF][START_REF] Dubrulle | Nature and rates of fine-sedimentation on a mid-shelf: "La Grande Vasière" (Bay of Biscay, France)[END_REF][START_REF] Leynaud | Evolution sédimentologique de la Grande Vasière (GV). Rapport d'activité[END_REF], les connaissances relatives aux impacts physiques liés au chalutage restent limitées dans le cas spécifique du Golfe de Gascogne. En effet, aucune mesure n'a à ce jour permis de caractériser la remise en suspension locale générée dans le sillage d'un chalut, et les impacts "courtterme" sur le sédiment superficiel restent peu connus (enfoncement du chalut dans le fond, remobilisation, lessivage des particules fines ...). Ce deuxième chapitre présente les données acquises au cours de campagnes en mer qui ont eu pour but d'apporter de nouveaux éléments sur l'impact physique du chalutage dans le cas du Golfe de Gascogne. La zone d'étude est la "Grande-Vasière", vaste étendue sablo-vaseuse du plateau, mentionnée dans la littérature comme étant particulièrement impactée par le chalutage de fond (e.g. [START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF]. Deux zones, soumises à différentes pressions de pêche, ont été sélectionnées. Le dispositif expérimental mis en place vise d'une part, à caractériser la turbidité générée dans le sillage d'un chalutier professionnel représentatif de la flotte locale, et d'autre part à évaluer l'impact du chalut sur la micro-topographie, la nature et la structure du fond sédimentaire. La capacité d'un engin de pêche alternatif à limiter la remise en suspension est aussi évaluée. Enfin, outre l'intérêt de la mesure elle-même, l'idée sous jacente de ces déploiements est aussi de déterminer un proxy permettant de rendre compte de l'érosion locale induite par le chalutage, pouvant ensuite être utilisé dans un modèle numérique hydro-sédimentaire.

II.1. Introduction

Environmental issues linked to bottom trawling have been studied for several decades in terms of seabed alteration, benthic ecosystem disturbances, and fish stocks overexploitation (e.g. [START_REF] Graham | Effect of trawling on animals of the sea bed[END_REF][START_REF] Main | A Study of Bottom Trawling Gear on Both Sand and Hard Ground[END_REF][START_REF] Castaing | Le transfert à l'océan des suspensions estuariennes: cas de la Gironde[END_REF], 1983;[START_REF] Groot | The impact of bottom trawling on benthic fauna of the North Sea[END_REF][START_REF] Kaiser | Modification of marine habitats by trawling activities: prognosis and solutions[END_REF]. The development of more efficient and impacting fishing techniques starting in the sixties raised the international awareness of the environmental issue associated with their use [START_REF] Cole | Heavy tickler chain-right or wrong[END_REF][START_REF] Van Beek | On the survival of plaice and sole discards in the otter-trawl and beam-trawl fisheries in the North Sea[END_REF]). The use of heavier gears [START_REF] Cole | Heavy tickler chain-right or wrong[END_REF][START_REF] Chittenden Me | Effect of a tickler chain and tow duration on trawl catches of the blue crab, Callinectes sapidus[END_REF][START_REF] Linnane | A review of potential techniques to reduce the environmental impact of demersal trawls[END_REF] indeed improved their efficiency, while increasing their impact on the seabed and benthic ecosystems [START_REF] Jones | Environmental impact of trawling on the seabed: a review[END_REF][START_REF] Hall | The effects of fishing on marine ecosystems and communities[END_REF]. Nowadays, physical and biological impacts induced by bottom trawling are qualitatively known (e.g. reviews: Jones 1992; [START_REF] Linnane | A review of potential techniques to reduce the environmental impact of demersal trawls[END_REF][START_REF] Kaiser | Modification of marine habitats by trawling activities: prognosis and solutions[END_REF][START_REF] Martín | Commercial bottom trawling as a driver of sediment dynamics and deep seascape evolution in the Anthropocene[END_REF] and most authors agree to state that trawling probably constitutes the main anthropogenic pressure on the continental shelves and slopes worldwide [START_REF] Watling | Disturbance of the seabed by mobile fishing gear: a comparison to forest clearcutting[END_REF][START_REF] Puig | Ploughing the deep sea floor[END_REF].

Trawling induced seabed scraping is responsible for the injection of sediments in the water column, that results in a local turbidity increase (up to several hundreds of mg.l -1 ) and the formation of a turbid plume in the trawl wake (e.g. [START_REF] Schubel | Shrimping as a source of suspended sediment in Corpus Christi Bay (Texas)[END_REF][START_REF] Schoellhamer | Anthropogenic Sediment Resuspension Mechanisms in a Shallow Microtidal Estuary[END_REF][START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF][START_REF] Dellapenna | The impact of shrimp trawling and associated sediment resuspension in mud dominated, shallow estuaries[END_REF]). The plume characteristics (i.e. lateral and horizontal extensions, suspended sediment concentrations, duration) depend on multiple factors such as seabed composition (fine particles content), trawl type and traction speed, and local hydrodynamic forcing [START_REF] Linnane | A review of potential techniques to reduce the environmental impact of demersal trawls[END_REF][START_REF] O'neill | The mobilisation of sediment by demersal otter trawls[END_REF]. The turbid plume height usually reaches 2 to 3 times the net vertical opening [START_REF] Main | A study of the sand clouds produced by trawl boards and their possible effect on fish capture[END_REF][START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF] and its lateral spreading generally ranges from a few tens to several hundreds of meters depending on the distance from the source. For instance, in the case of muddy seabeds in the micro-tidal environment of the Gulf of Lions (Mediterranean sea), Durrieu de [START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF] measured a 5 m high and 150 m wide turbid plume at 90 m water depth. The turbid plume lifetime mainly depends on the settling velocity and the concentration of the particles in suspension (which have an impact on flocculation processes), the current velocity (responsible for advection), and turbulent shear in the bottom boundary layer [START_REF] Manning | A laboratory examination of floc characteristics with regard to turbulent shearing[END_REF][START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF][START_REF] O'neill | The mobilisation of sediment by demersal otter trawls[END_REF]. For instance, Durrieu de [START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF] observed that 30 minutes after its generation, the suspended sediment load had reduced from one to two thirds of its value just after trawling, and less than one third remained in suspension after a few hours. In certain environments, sediments resuspended by trawling may contribute to the maintenance of the bottom nepheloid layer [START_REF] Schoellhamer | Anthropogenic Sediment Resuspension Mechanisms in a Shallow Microtidal Estuary[END_REF][START_REF] Pilskaln | Resuspension of sediment by bottom trawling in the Gulf of Maine and potential geochemical consequences[END_REF][START_REF] Palanques | Impact of bottom trawling on water turbidity and muddy sediment of an unfished continental shelf[END_REF]. While inducing sediment resuspension, trawls are likely to initiate the release of nutrients or contaminants and more generally to affect chemical exchanges at the water-sediment interface [START_REF] Olsen | Pollutant-particle associations and dynamics in coastal marine environments: a review[END_REF][START_REF] Pilskaln | Resuspension of sediment by bottom trawling in the Gulf of Maine and potential geochemical consequences[END_REF][START_REF] Bradshaw | Bottom trawling resuspends sediment and releases bioavailable contaminants in a polluted fjord[END_REF].

At the continental shelves scale, some areas may be trawled several times per year (e.g. [START_REF] Churchill | The effect of commercial trawling on sediment resuspension and transport over the Middle Atlantic Bight continental shelf[END_REF]Oberle et al. 2015a). Several estimates of the annual area trawled on the continental shelves worldwide have been proposed in previous studies. For instance, [START_REF] Watling | Disturbance of the seabed by mobile fishing gear: a comparison to forest clearcutting[END_REF], [START_REF] Kaiser | Modification of marine habitats by trawling activities: prognosis and solutions[END_REF], or more recently Oberle et al. (2015a) respectively estimated a total area of 14.80, 19.98, and 13.67 million km 2 trawled per year. Combining these values with existing estimates of local trawling-induced sediment resuspension fluxes [START_REF] Churchill | The effect of commercial trawling on sediment resuspension and transport over the Middle Atlantic Bight continental shelf[END_REF][START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF][START_REF] Dellapenna | The impact of shrimp trawling and associated sediment resuspension in mud dominated, shallow estuaries[END_REF][START_REF] Dounas | Large-scale impacts of bottom trawling on shelf primary productivity[END_REF][START_REF] O'neill | The mobilisation of sediment by demersal otter trawls[END_REF], Oberle et al. (2015a) estimated a global bottom trawling-induced resuspension of 21.87 Gt.yr -1 which is on the same order of magnitude as the annual fluvial sediment flux to the ocean (17.8-20 Gt.yr -1 , according to [START_REF] Syvitski | Impact of humans on the flux of terrestrial sediment to the global coastal ocean[END_REF]. [START_REF] Churchill | The effect of commercial trawling on sediment resuspension and transport over the Middle Atlantic Bight continental shelf[END_REF] showed that when wave action is weak, trawling could be the most significant source of resuspension on the outer shelf of the Middle Atlantic Bight. Furthermore, resuspended sediments are potentially advected away from the generation source. For instance, [START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF] estimated that trawling activities in the Gulf of Lions could contribute up to 20% of the annual shelf-to-slope export of suspended sediment at the scale of the Gulf. On the NW Iberian shelf, Oberle et al. (2015a) estimated that 65% of resuspended sediment by bottom trawling (8.78 Mt.yr -1 ) were exported offshelf, which represented a six-fold increase regarding natural off-shelf sediment transport. More generally, trawling-induced resuspension becomes more and more significant over natural resuspension as the water depth increases and as the wave contribution to the total bottom shear stresses decreases (e.g. Oberle et al. 2015a).

Fishing gears leave marks on the seabed; the characteristics of these tracks (penetration depths, longevity) depend on the sediment fine particles content, the type of trawl gears and the magnitude of local natural forcing. In sandy environments exposed to waves and currents, shallow tracks (a few centimetres) can be filled within a few hours [START_REF] Krost | Otter trawl tracks in Kiel Bay (Western Baltic) mapped by side-scan sonar[END_REF]. Tracks depth may be more significant in muddy sediments (up to 30 cm deep) and last up to several months or even a few years in deeper environments (beyond 50 meters water depth, e.g. [START_REF] Jones | Environmental impact of trawling on the seabed: a review[END_REF][START_REF] Linnane | A review of potential techniques to reduce the environmental impact of demersal trawls[END_REF][START_REF] Palanques | Impact of bottom trawling on water turbidity and muddy sediment of an unfished continental shelf[END_REF][START_REF] Gilkinson | Processes of physical change to the seabed and bivalve recruitment over a 10-year period following experimental hydraulic clam dredging on Banquereau, Scotian Shelf[END_REF]. [START_REF] Puig | Ploughing the deep sea floor[END_REF] nicely showed how repeated ploughing action due to trawling drastically smoothed the submarine canyons topography. The surficial sediment can be deeply disturbed in terms of vertical structure (mixing, lithology; e.g. [START_REF] Mayer | Effects of commercial dragging on sedimentary organic matter[END_REF][START_REF] Simpson | An investigation of the cumulative impacts of shrimp trawling on mudbottom fishing grounds in the Gulf of Maine: effects on habitat and macrofaunal community structure[END_REF]Oberle et al. 2015b), habitat complexity [START_REF] Schwinghamer | Quantifying the impact of trawling on benthic habitat structure using high resolution acoustics and chaos theory[END_REF], bottom roughness [START_REF] Jennings | Marine fisheries ecology[END_REF], grain size and biogeochemical features (e.g. [START_REF] Pilskaln | Resuspension of sediment by bottom trawling in the Gulf of Maine and potential geochemical consequences[END_REF][START_REF] Palanques | Impact of bottom trawling on water turbidity and muddy sediment of an unfished continental shelf[END_REF][START_REF] Brown | Effects of commercial otter trawling on the physical environment of the southeastern Bering Sea[END_REF][START_REF] Dellapenna | The impact of shrimp trawling and associated sediment resuspension in mud dominated, shallow estuaries[END_REF][START_REF] Bradshaw | Bottom trawling resuspends sediment and releases bioavailable contaminants in a polluted fjord[END_REF]Oberle et al. 2015b), bioturbation rates linked to floral and faunal communities that are likely to influence the sediment stability [START_REF] Pilskaln | Resuspension of sediment by bottom trawling in the Gulf of Maine and potential geochemical consequences[END_REF], and even consolidation state [START_REF] Schoellhamer | Anthropogenic Sediment Resuspension Mechanisms in a Shallow Microtidal Estuary[END_REF]. However, as reported by Oberle et al. (2015b), although trawling-induced effects on benthic organisms and sediment biogeochemistry (e.g. [START_REF] Bradshaw | Bottom trawling resuspends sediment and releases bioavailable contaminants in a polluted fjord[END_REF][START_REF] Pusceddu | Chronic and intensive bottom trawling impairs deep-sea biodiversity and ecosystem functioning[END_REF] are well documented, the trawling-induced seabed changes in terms of sediment texture and lithology remain poorly understood.

The large impact of trawling on natural sediment and associated habitats induced a recent awareness of the need to develop new less-impacting trawling techniques. In particular, attempts for reducing the penetration in sediment lead to new gears the impact of which have to be investigated. Designing alternative gears less damaging regarding the marine environment is becoming a new technological challenge.

This study aims to quantify the weight of trawling activity among factors of resuspension on the continental shelf, considering i) the type of gear (more or less impacting), ii) the seabed composition (muddy sands with various mud concentrations) and iii) the fishing effort. The chosen site is the main mud belt on the continental shelf of the Bay of Biscay, called the "Grande-Vasière". We successively assess the trawling-induced resuspension for two types of gears, the potential influence of trawls on sediment sorting (grain size and water content analyses), and the trawl marks characteristics left on the seabed. We propose an original evaluation of a trawling-induced erosion rate based on the image processing of in situ trawling tracks videos. Finally, we assess the natural and the trawling-induced erosion fluxes over the whole study area so as to compare their relative contributions, depending on the water depth and the season. II.2. Environmental setting of the "Grande-Vasière", a large muddy zone in the Bay of Biscay II.2.1 Description of the environmental setting of the "Grande-Vasière"

The "Grande-Vasière" (hereinafter GV) stretches from Penmarc'h at the north to the Rochebonne shoal at the south on the French Atlantic continental shelf. Its limits are roughly defined by the contour represented on Fig. II.1, with a total surface of about 17 500 km 2 .

The presence of mud in the GV area is thought to result from Holocene deposits still fed by a modern fine sediment supply [START_REF] Vanney | Géomorphologie de la marge continentale sud-armoricaine[END_REF]. Rivers feeding the Bay of Biscay deliver about 2.5×10 6 t.yr -1 of fine sediments to the shelf [START_REF] Jouanneau | Fine-grained sediment budget on the continental margin of the Bay of Biscay[END_REF], with main contributions from the Gironde and the Loire estuaries (1.5×10 6 t.yr -1 and 0.5×10 6 t.yr -1 respectively, [START_REF] Castaing | Les apports sédimentaires actuels d'origine continentale aux océans[END_REF]. [START_REF] Jouanneau | Fine-grained sediment budget on the continental margin of the Bay of Biscay[END_REF] described the GV as a "mud belt" [START_REF] Mccave | Transport and escape of fine-grained sediment from shelf areas[END_REF] terminology) representing 75% of the surface covered by muddy sediments on the French Atlantic shelf. However, [START_REF] Dubrulle | Nature and rates of fine-sedimentation on a mid-shelf: "La Grande Vasière" (Bay of Biscay, France)[END_REF] described it as a patch of poorly sorted sands with entrapped fine-sediment material. This description is supported by observations showing that fine-sediment content does not exceed 30%, except near the two extremities (near Penmarc'h and Rochebonne Shoal) identified as preferential depocenters of fine sediments. Tidal currents on the middle shelf do not exceed 0.15 m.s -1 [START_REF] Castaing | Le transfert à l'océan des suspensions estuariennes: cas de la Gironde[END_REF][START_REF] Tessier | Caractérisation et dynamique des turbidités en zone côtière: l'exemple de la région marine Bretagne Sud[END_REF]. Between April and September, waves allow very limited sediment resuspension. On the other hand, northwesterly winds can induce the transport of estuarine plumes towards the shelf break [START_REF] Lazure | 3D modelling of seasonal evolution of Loire and Gironde plumes on Biscay Bay continental shelf[END_REF][START_REF] Castaing | Relationship between hydrology and seasonal distribution of suspended sediments on the continental shelf of the Bay of Biscay[END_REF], which induces deposition throughout the shelf. The natural resuspension decrease moving offshore enhances deposition as well. The rest of the year, only winter storms can significantly erode the bottom sediment [START_REF] Castaing | Le transfert à l'océan des suspensions estuariennes: cas de la Gironde[END_REF]; [START_REF] Barthe | Etude théorique de l'action des courants de marée et des houles sur les sédiments du plateau continental du Golfe de Gascogne[END_REF]. They locally generate deep furrows [START_REF] Folliot | La Grande Vasière : étude sédimentologique de deux secteurs septentrionaux[END_REF]) and more generally influence the erosion/deposition dynamics. During these energetic conditions, the GV area can be reduced by half [START_REF] Pinot | Géomorphologie de la plateforme continentale sud-armoricaine[END_REF]). Finally, the resulting annual sedimentation rate ranges from 1 to 3 mm [START_REF] Dubrulle | Nature and rates of fine-sedimentation on a mid-shelf: "La Grande Vasière" (Bay of Biscay, France)[END_REF].

Regarding seabed properties, [START_REF] Dubrulle | Nature and rates of fine-sedimentation on a mid-shelf: "La Grande Vasière" (Bay of Biscay, France)[END_REF] measured homogeneous vertical profiles of 210 Pb in the seabed that suggest that the upper 7-20 cm of sediment have been mixed within the last decades. They mentioned bioturbation as one of the potential factor explaining this surficial mixing. In addition, this region is intensively trawled (mainly for Norway lobster), which lead [START_REF] Dubrulle | Nature and rates of fine-sedimentation on a mid-shelf: "La Grande Vasière" (Bay of Biscay, France)[END_REF] to suggest fishing activities as an additional source of mixing. From historical grain size data [START_REF] Vanney | Géomorphologie de la marge continentale sud-armoricaine[END_REF][START_REF] Loc | Structure, fonctionnement, évolution des communautés benthiques des fonds meubles exploités du plateau continental Nord Gascogne[END_REF][START_REF] Bourillet | La Grande Vasière: architecture, mise en place et estimation des facteurs de son évolution[END_REF], [START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF] showed an increase of the sand/mud (mud: < 63 µm) ratio (from 4 to 6) over the past 30 last years corresponding to a fine particle loss. [START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF] roughly estimated the annual resuspended mass of fine sediments induced by storms (between 850 and 2000 Mt) and compared it with the one related to bottom trawling based on the combination of fishing efforts data and characteristics of the gears commonly used in the GV (between 180 and 380 Mt). They concluded that the fine material resuspended by bottom trawling could amount to 10 to 30% of the quantity mobilized by storms and that trawling could strongly influence the temporal evolution of the seabed in terms of structure and composition. These estimates were based on overly simplifying hypotheses (all detailed in the discussion section II.5.4), particularly regarding the quantification of the trawling-induced erosion flux. The penetration depth of the various trawling gears had indeed not been quantified for any kind of trawl in the GV, nor had the turbidity generated in the trawl wake been described. Carrying out these quantifications is one of the objectives of the present study detailed in Section II.3.

In order to assess the impact of trawling activities on the seabed, two 16 km 2 zones undergoing fishing efforts of contrasting magnitudes were selected (A and B,Fig. II.1). Both zones exhibit approximately the same water depth (~ 110 m). "Zone A", located near Belle-Ile island (central part of the GV), undergoes a moderate fishing activity whereas "Zone B" (northern part of the GV) is intensively trawled. The same experiments were carried out in both areas, and are reported in Section II.3.

A first series of investigation based on sediment sampling consisted in examining the surficial sediment characteristics for both zones. Measurements aimed to investigate differences between the two zones as well as the potential signature of the bottom trawling influence in the surficial sediment properties (i.e. grain size vertical profiles, fine fraction evolution over time).

II.2.2 Core analyses (grain size vertical profiles)

Surface sediment cores were sampled with a multiple corer preserving the interface (from Bowers and Connelly) using Perspex cores (internal diameter: 10 cm, length: 50 cm). Sediment cores were cut in 1 cm thick layers, every centimetre for the five upper centimetres, and then every 5 cm down to 25 cm below the interface. Grain size analysis and water content were carried out over the upper 25 cm of the cores sampled in the two zones during the May and June 2014 cruises (8 cores were sampled on zone A, 12 cores on zone B). Figs. II.2a and II.2c illustrate all grain size spectra compiled at each core depth (i.e. z SED = 1, 2, 3, 4, 5, 10, 15, and 20 cm) for zones A and B respectively. It is important to mention that only a few cores enabled to sample sediment until 25 cm depth. Therefore, average representativeness at this sediment depth can be potentially less significant. In the same way, average vertical profiles of d 10 , d 50 , mud (< 63 µm) content, and clay (< 4 µm) content (hereinafter called "grain size related parameters") were computed from grain size spectra of all stations at each sediment depth for both zones A and B (Fig. II.3) as well as the corresponding standard deviations (hereinafter called std).

In zone A (Fig. II.3a), the vertically averaged values for d 10 , d 50 , mud and clay contents are respectively 20.2± 9.5 µm, 226.3± 7.5 µm, 14.5± 1.6%, and 3.6± 0.4%. Standard deviations of d 50 , mud and clay contents do not exceed 10 µm, 3%, and 0.8% respectively in the upper 25 cm of sediment, which shows a certain homogeneity. This homogeneity is particularly visible on Fig. II.2a on which average grain size spectra are similar at the different depths within each core and across different stations. Grain size spectra are centred on d 50 , and continuously distributed between 150 and 400 µm. Nevertheless, std values linked to grain size related parameters seem to increase upwards in the upper 4 centimetres, especially parameters related to d 10 (from 3.5 to 19 µm), mud content (from 1 to 3%) and clay content (from 0.2 to 0.8%). and2.75 respectively when compared with those obtained for zone A. Generally, std values associated to all grain size related parameters are higher than those obtained for zone A at all sediment core depths and are of the same order of magnitude than vertically averaged ones. This variability is visible on Fig. II.2c on which more significant differences in grain size spectra can be noticed between the different stations at all sediment core depths. However, average grain size spectra performed at each sediment depth exhibit similarities regarding their distributions. The mean level grain size spectra are more widely spread and all levels include 2.5 times more coarse particles (above 500 µm) in zone B (18.8± 2.2%) than in zone A (7.4± 2.1%). Moreover, the upper 3 centimetres of the sedimentary column exhibit a d 10 increase (form 6.4 to 35.2 µm; i.e. +450%) and a d 50 increase (from 264 to 309 µm; i.e. +17%) upwards, along with an upward decrease of the mud content (from 28.3 to 16.8%; i.e. -41%) and the clay content (6.3 to 3.4%; i.e. -46%). 

II.2.3 Sonar surveys and temporal evolution of fine fraction in the seabed

The first step of the experiment was to carry out side scan sonar surveys of each zone (Fig. II.4) so as to investigate the homogeneity of the surficial sediment cover. Trawl tracks are visible in both areas and their density seems to be larger on zone B, which is coherent with the fact that it is more intensively trawled (see further, section II.4.2.1).

Changes in the GV seabed coverage over the past few decades (past 30 years) have been mentioned in the literature [START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF][START_REF] Dubrulle | Nature and rates of fine-sedimentation on a mid-shelf: "La Grande Vasière" (Bay of Biscay, France)[END_REF]. In order to confirm this trend and compare historical to modern seabed coverage, historical mud content data from areas surrounding zone A and zone B were gathered. Historical data points outside of zones A and B (Fig. II.4) were included in the analysis, provided they belonged to the same sediment facies SF2 (resp. SF3) as zone A (resp. B), as described in the surficial sediment map from [START_REF] Bouysse | Carte des sédiments superficiels du plateau continental du Golfe de Gascogne : partie septentrionale au 1/500 000[END_REF]. All data acquired before 2014 were collected using Hamon day-grabs [START_REF] Brown | Small-scale mapping of sea-bed assemblages in the eastern English Channel using sidescan sonar and remote sampling techniques[END_REF], leading to some sediment mixing over the upper 15 cm. In order to ensure consistency between older and more recent data, mud content values deduced from more recent sediment cores (described in section II.2.2) were vertically averaged over the upper 15 cm of surficial sediment. Fig. II.4 shows the data points location on zones A and B respectively for four different periods when data were available (i.e. 1967, 2000-2002, 2013, and 2014), with the corresponding mud contents averaged over each period. In zone A (Figs. II.4a,b), the past 50 years do not exhibit any significant change in mud content with values ranging from 12 to 18% and standard deviations between ± 0.43% and ± 1.28%. On the contrary, zone B (Figs. II.4c,d) shows differences of about 30% in terms of mud content between 1967 and 2014. The average mud content was indeed around 55± 11% in 1967 whereas it was only 23± 3.3% in 2014. 

II.2.4 Analysis of the surficial sediment variability in the GV

The relative homogeneity observed in the vertical profiles of the grain size parameters, especially in zone A, is in agreement with the regular fine sediment supply to the area [START_REF] Jouanneau | Fine-grained sediment budget on the continental margin of the Bay of Biscay[END_REF]. It may be reinforced by the important mixing induced by bioturbation (Le [START_REF] Loc | Structure, fonctionnement, évolution des communautés benthiques des fonds meubles exploités du plateau continental Nord Gascogne[END_REF]. A possible correlation between the benthic fauna density, the bioturbation intensity and the strength of fishing pressure remains an important question not addressed by this manuscript. The fine fraction decrease over time observed on the intensively trawled zone (B) cannot be explained by changes in the hydrodynamic regime, because i) no tendency of the wave regime in the Bay of Biscay has been described during this period and ii) at the regional scale the two zones are close enough to each other, so that any hydrodynamic trend observed in one zone would be expected in the other one. Regarding river discharges, the main sources of sediment input are the Loire and Gironde rivers. [START_REF] Planque | Large-scale hydroclimatic variability in the Bay of Biscay: the 1990s in the context of interdecadal changes[END_REF] showed that the Loire river discharge did not exhibit any significant trend between 1840 and 2000; it has remained quite stable since 2000. It can therefore be assumed that changes in mud content cannot be explained by a variation in sediment input either. The Gironde river influence may be assumed to be limited given the distance from zones A and B. Otherwise, the influence from the Gironde river should be larger in zone A than in zone B, but no trend has been observed in the former area.

A potential explanation for a change in surficial sediment can be inferred from investigating the evolution of chronic bottom trawling activities in the past few decades: the overall engine power of the French metropolitan fleet (including the French Atlantic one) has considerably increased between the 1960s and the 1990s [START_REF] Mesnil | Public-aided crises in the French fishing sector[END_REF], which is coherent with the timing of the observed mud content changes. Such a conclusion is confirmed by more significant trends in grain size related parameters observed in sediment cores of the most intensely trawled area (zone B): upward increases of d 10 , d 50 and upward decreases of mud and clay contents in the upper 3-4 centimetres of the surficial sediment (see section II.2.2).

II.3. Effects of bottom trawling

A second series of investigations consisted in quantifying the local trawling-induced resuspension in the water column as well as the seabed micro-topography disturbances (i.e. trawl tracks) induced by each of the trawl parts. Dynamic measurements were made from an oceanographic vessel (N/O Thalia) following a professional trawler in operation (F/V Côte d'Ambre) in different configurations (Fig. II.5).

II.3.1 Trawl configurations

Fig. II

.5 represents a schematic view of an otter trawl in a twin configuration, as used during all sea trials, and lists the different parts of the trawl. The main trawl parts impacting the seabed are doors, groundropes, and chains. The same otter twin trawl was used during all experiments, under two configurations that only differed by the type of doors. The doors are fixed on both sides of the trawl in order to maintain the lateral opening of the net. Groundropes correspond to an assembly of rubber disks (of identical size in our case), fixed at the basis of the net and thus directly in contact with the seabed. In case of a twin trawl, the clump is the articulation point between the two gears constitutive of the trawl. The trawl characteristics are presented in Table II.1. The "classical configuration" uses two Thyboron doors (Fig. II.6a), which have a permanent contact with the seabed. An "alternative configuration" uses Jumper doors [START_REF] Vincent | Optimisation des panneaux Jumper-Rapport final[END_REF], which have an intermittent contact with the seabed (Fig. II.6b). Jumper doors have been developed to limit the contact with the seabed and thus reduce the impacts on the benthic environment as well as the fuel consumption. The door tilts as soon as the shoe (i.e. the door base) collides with the seabed. Its new inclination induces lifting of the door, hence increasing its distance from the bed ("jumping" behaviour). The door thus follows the seabed topography while contact with the sea floor is limited. The jumper doors surface and weight are approximately the same as for classical doors. However, the surface in contact with the seabed is significantly reduced in the case of jumper doors, since only the shoe occasionally touches the ground. Weather conditions during deployments were calm, with a wind velocity inferior to 10 knots and current velocities that did not exceed 17 cm.s -1 after integration over a 3 m high bottom layer. Significant wave height was lower than 1 m in 100 m water depth. The ambient turbidity measured in the water column before trawling experiments was vertically homogeneous with values between 2 and 5 mg.l -1 during both cruises. The similar conditions encountered during both deployments make the data sets easily inter-comparable between the two zones. The first experiment consisted in assessing the turbid plume generated in the trawl wake with a multisensor probe. The oceanographic vessel stopped as close as possible to the trawl and then progressively got away from it. Up and down movements scanned the water column, avoiding any contact with the seabed, so as to catch the turbid plume signature (Fig. ). The sensors were regularly spaced every 20 m along the line (LS1, LS2 and LS3 respectively at 20, 40 and 60 m from the door or the clump). A buoy was fixed to the upper extremity of the line so as to ensure the appropriate buoyancy allowing the three sensors to be within the wake, at different elevations above the sea floor. In this deployment strategy, the line sensor LS1 was around 0.5 m above bottom (mab) and the one placed at 60 m (LS3) was about 2.8 mab.

II.3.2.1.2 Processing

The water column measurements from the multi-sensor probe were replaced in a new mobile coordinate system following the fishing gear, originated in the middle of the segment between the doors and aligned with the direction of both the fishing boat and the otter twin trawl ("Y-axis") (Fig.

II.5a

). The X-axis represents the transversal distance from the trawl trajectory. The associated distances Y and X describing the instantaneous position of the multi-sensor probe linked to the oceanographic vessel in the trawl wake are expressed with simple trigonometric considerations using the angular difference between the vessels headings (Â) and the distance between the two vessels, as well as the distance between the trawler and the doors. The vertical Z-axis corresponds to the altimetry above the seabed (Fig. II.5b). The data were corrected from bottom current advection by using the ADCP currents integrated over a 3 m thick layer above the seabed.

Comparing turbidity signals issued from a wide range of instruments requires thorough calibration procedures. Therefore, SSC values from each turbidity sensor were calibrated in the laboratory with suspended sediment samples.

Deriving turbidity estimates from acoustic sensors requires additional processing. As widely described in the literature (e.g. [START_REF] Gartner | Estimating suspended solids concentrations from backscatter intensity measured by acoustic Doppler current profiler in San Francisco Bay, California[END_REF][START_REF] Tessier | Caractérisation et dynamique des turbidités en zone côtière: l'exemple de la région marine Bretagne Sud[END_REF]Tessier et al. 2008b), SSC vertical profiles can be estimated from the backscatter index BI (in decibels, dB) computed from the ADCP measured back scattered intensity, using the sonar equation [START_REF] Urick | Principles of Underwater Sound[END_REF][START_REF] Lurton | An introduction to underwater acoustics: principles and applications[END_REF]; see Appendix II.1). An empirical relationship is established between BI and the SSC logarithm (e.g. Tessier et al. 2008b) such as:
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In order to compute c 1 and c 2 , reference SSC values are obtained from simultaneous ADCP and OBS measurements, the latter being calibrated in the laboratory against suspended sediment samples. The OBS is located close to the ADCP transducer head on the multi-sensor probe, while the first ADCP cell is located 0.80 m below due to the ADCP blanking distance. The calibration was first performed when both instruments were within the turbid plume (all dots on , where SSC values exceed 100 mg.l -1 most of the time and locally reach 180 mg.l -1 . Turbidity differences between sensors along the line are greater and steadier, with differences between LS1 and LS3 of about 60 mg.l -1 . LS2 turbidity levels are of the same order of magnitude as LS1 levels, but as expected, the turbidity then decreases along the line as the distances behind the trawl and above the seabed increase.

Results obtained in zone B (not illustrated here) exhibit similar SSC patterns and the same order of magnitude as in zone A.

II.3.2.2.2 Behind the "alternative" configuration of trawl, zone A

The number of measurement profiles is approximately the same as in the other configuration with 10 profiles of a few minutes.

Contrary to precedent results, SSC values obtained with the multi-sensor probe behind the "alternative" configuration (i.e. with "jumper" doors) range from 1 to 6 mg.l Swell action or seabed natural topography (which may modify the penetration depth and hence increase the magnitude of microtopographic gradients) can generate changes in the sledge inclination. The relative seabed elevation, which has been calibrated in the laboratory assuming a bed parallel to the sledge, has to be corrected to account for this kind of additional inclination. This can be achieved by illuminating two spots with two additional laser beams (Lasers 2 and 3 on Fig. II.11) in the field of a second camera (Panasonic camera 2 on Fig. II.11), in front of the sledge. A linear relationship between the inclination angle and the distance between the two laser dots was derived and permitted to include this angular correction in the computation of the seabed elevation [START_REF] Draye | Caractérisation à haute résolution de la structure physique et de l'organisation biologique des fonds marins par traitement d'images à partir d'un micro-tropographe laser[END_REF].

II.3.3.2 Evaluation of an experimental erosion rate induced by bottom trawling

Based on the exploitation of the video sequences, several tracks have been reconstituted and characterised by a mean vertical section. Results highlight 4-5 cm deep and 20 cm wide asymmetric tracks that can be directly related to the door action on the seabed. Results are synthetized on Fig. II.12 with the representation of 4 typical track sections in zones A and B. In the literature, groundropes are generally mentioned as the second most impacting constituent. In our case, groundropes do not leave significant tracks and seem to only flatten the seabed: video observations reveal wide smoothed areas with an apparent decrease in burrow density, which may be due to this flattening action. Since the doors are the most impacting elements of the gear, the topography changes due to their penetration are assumed to represent most of the sediment displacement due to trawling. An experimental erosion rate induced by bottom trawling has therefore been computed from the vertical profiles of the Relative Seabed Level (RSL) obtained across the door tracks (the x dimension in following computations). The integration of the seabed elevation regarding a reference level has permitted to deduce the surface linked to resuspended sediments. The reference level, specific to each video image, corresponds to the mean level of the undisturbed seabed on both sides of the track.

Combined with other parameters such as bottom sediment concentration, track geometry, and scraped surfaces, an erosion rate is finally deduced.

As visualised on Fig. II.12, the impacted seabed can be split into an accumulation part and a scour part which can be integrated along the x axis. Their difference represents the cross-area of the resuspended sediment, and can be computed as the integral of RSL along the track profile (> 0 when accumulation, <0 when scour):
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This computation does not account for the deposition of particles from the plume: it is assumed that these deposits are spread over a width in the range of the plume width (typically 200 m, Figs. II.5 and II.8), much larger than the track width so that the reference level determination implicitly accounts for the plume deposition.

Considering that the two doors are the only significant sources of resuspension, the eroded mass per unit trawling track (kg.m -1 ) is 2.C sed .S RES , where the total bottom sediment concentration C sed is assumed to be uniform in each zone, and is deduced from averaging water content analyses made on seabed samples (Section II.2.2), that is 1540 kg.m -3 in zone A and 1380 kg.m -3 in zone B.

The fishing effort is often expressed as a bed surface impacted by trawling during a given period of time within a given area. In order to express the fishing effort in terms of suspended sediment mass, we define an erosion rate, in kg.m -2 , representing the resuspended mass per unit area, which can be expressed as
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where L ref represents the width along which erosion occurs behind the trawl. According to the literature, this width may differ: either it represents the total width L total of a trawling trace, i.e. including the distance between doors D and the door tracks widths L, or the width L sdg of sediment actually impacted by the trawling gears (for instance the doors and groundropes, whose respective widths on the track are L and the wing aperture WA). In our twin trawl configuration, L = 0.20 m, D= 50 m and WA= 7 m, leading to L total = 50.4 m and L sdg = 14.4 m.

In this general formulation, we consider the eroded sediment as a sand mud mixture. Among the different types of particles injected in the water column, the coarser ones are assumed to settle rapidly while only fine particles are assumed to contribute to the turbid plume dynamics.

This quantity of resuspended fine particles (E mud ) can be computed as:
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where MC refers to the mud content (< 63 µm) in the surficial sediment. The results obtained on the two zones are summarized in Table II.2. The erosion rates (including all particle classes) obtained from Eq. (II.3) range between 0.12 kg.m -2 on zone B and 0.14 kg.m -2 on zone A when considering the whole distance between doors L total (hereinafter called E trawl ), and between 0.42 kg.m -2 on zone B and 0.50 kg.m -2 on zone A using the width of sediment swept by doors and groundropes L sdg (hereinafter called E sdg ). The fine particles erosion rates are proportional to the overall erosion rates, according to the seabed mud content (15% and 25% for zones A and B respectively 

II.4. Comparisons between natural-and trawling-induced erosion fluxes

The relative contributions of the trawling-induced and natural erosion dynamics are discussed over the GV area. After a brief description of the natural-and trawling-induced erosion flux computations, results linked to comparisons are presented at different spatio-temporal scales.

II.4.1 A simple model for wave and current resuspension

The natural erosion flux computation requires the quantification of bottom shear stresses induced by waves and currents (τ) and the choice of an erosion law. The shear stress is provided by a 3D flow model and a phase-averaged wave model, and its detailed computation is given in Appendix II.2.

In order to fit the spatial and temporal resolution of fishing effort data, hourly values of total bottom shear stress computed on a 2.5 km resolution grid were used to estimate natural erosion fluxes according to Eq. (II.5), which were then averaged from month to month along two years (2008 and 2009). These natural erosion fluxes have been computed using the "Partheniades form" of the erosion law of the muddy sand bed.
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The erodability parameter E 0 depends on the sediment properties. As mentioned in [START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF], values from the literature range between 10 -5 and 2×10 -3 kg.m -2 .s -1 [START_REF] Mulder | Modelling of cohesive sediment transport. A case study: the western Scheldt estuary[END_REF]Amos et al. 1992[START_REF] Amos | The stability of fine-grained sediments from the Fraser River Delta[END_REF][START_REF] Widdows | A benthic annular flume for in situ measurement of suspension feeding/biodeposition rates and erosion potential of intertidal cohesive sediments[END_REF]. Simulating fine sediment transport along the continental shelf of the Bay of Biscay, Tessier et al. (2008a) applied the Partheniades erosion law but used an even lower erosion constant (E 0 = 1.3×10 -6 kg.m -2 .s -1 ). [START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF] used E 0 = 10 -5 kg.m -2 .s -1 to compute erosion fluxes at the overall scale of the Gulf of Lions. For an easier comparison with their results, we selected the same value: since the integrated erosion rate is proportional to this erosion constant, the sensitivity of our results to this constant will be easily assessed in the discussion. On the other hand, the evaluation of τ is dependent on the unknown roughness length. Computations have been run with a uniform value of 5×10 -4 m. This value can represent the skin roughness of a coarse sand, or a form roughness of a fine sand. It may lead to an overestimation of the relevant bottom shear stress for fine sand resuspension. The critical bed shear stress τ cr is set to 0.15 N.m -2 according to the Shields diagram for 200 µm fine sand. At last, the exponent n is set to 1, considering it is a common value used for mud, and many often for fine sediment (e.g. [START_REF] Beach | Suspended sediment transport in the surf zone: response to cross-shore infragravity motion[END_REF]. In this computation, all particle classes are eroded simultaneously, and the erosion flux of fine particles is proportional to their content. In order to discriminate the current type of activity for each vessel (e.g. fishing or transit), we used criteria widely and successfully applied in many previous studies (e.g. [START_REF] Lee | Developing reliable, repeatable, and accessible methods to provide high-resolution estimates of fishing-effort distributions from vessel monitoring system (VMS) data[END_REF][START_REF] Gerritsen | Integrating vessel monitoring systems (VMS) data with daily catch data from logbooks to explore the spatial distribution of catch and effort at high resolution[END_REF][START_REF] Gerritsen | How much of the seabed is impacted by mobile fishing gear? Absolute estimates from Vessel Monitoring System (VMS) point data[END_REF]: trawling is assumed whenever the mean speed is above 0 and under 4.5 knots and the elapsed time between two successive points is less than 6 hours. Vesselfishing tracks were reconstructed from spline curves through successive VMS positions affected to fishing operations [START_REF] Hintzen | Improved estimation of trawling tracks using cubic Hermite spline interpolation of position registration data[END_REF]. Different publications stressed that reconstituted vessel tracks by straight-line or spline interpolations could deviate from real tracks (e.g. [START_REF] Skaar | Accuracy of VMS data from Norwegian demersal stern trawlers for estimating trawled areas in the Barents Sea[END_REF][START_REF] Lambert | Implications of using alternative methods of vessel monitoring system (VMS) data analysis to describe fishing activities and impacts[END_REF]). In our case, the uncertainty due to the low frequency of VMS transmissions is reduced by a 1 hour time interval between data, shorter than the classical 2 hours periodicity, while the typical duration of a trawling operation is about 3 to 4 hours [START_REF] Cornou | Observations à bord des navires de pêche professionnelle. Bilan de l'échantillonnage[END_REF]. In addition, the Métiers specificities (type of bottom trawlers) and fishing grounds (relatively homogeneous strata) of our studied area lead to mostly rectilinear fishing tracks that should be correctly estimated from spline interpolations. Alternative source of data like AIS (Automatic Identification System) could provide a position record every 6 s and enable a very accurate reconstitution of vessel track (Oberle et al. 2015a,b). Such high temporal resolution data could constitute a valuable improvement to fishing effort estimates but they were not available for most of our study site.

The total trawled area was estimated from VMS dataset using the method described by [START_REF] Eigaard | Estimating seabed pressure from demersal trawls, seines, and dredges based on gear design and dimensions[END_REF]. Only twin and single otter trawls were considered as they represent close to hundred per cent of trawling gears over the GV. The other types of gears (statics and seine gears) were considered as having negligible impacts on the seafloor. Thus, fishing effort has been computed taking into account typical trawled width (representative of the distance between doors) for each kind of fishing gear and vessels category. Multiplying that width by the reconstituted tracks length provides an estimate for the trawled surface area. A 1' resolution grid was defined in order to compute fishing effort from VMS dataset. That resolution was proven to ensure randomly distributed effort inside each cell [START_REF] Rijnsdorp | Micro-scale distribution of beam trawl effort in the southern North Sea between 1993 and 1996 in relation to the trawling frequency of the sea bed and the impact on benthic organisms[END_REF]. For each cell, the total trawled surface area on the seafloor was computed as the sum of these individual trawled surfaces. Estimates from the initial fine-scale data grid have been aggregated to larger grid cells (25 km 2 ) thus reducing the effects of misattribution of fishing effort into adjacent grid cells. In this study, the fishing effort forcing (FE) is thus expressed in km 2 swept per month and per cell of 25 km 2 each, and can be transformed in fraction of trawled seabed per second. Considering available dataset and identified sources of errors (speed rules to detect fishing events, reconstruction, size of aggregation grid cells), we can reasonably consider that VMS data and utilized methods as acceptable when compared to the objectives of our study and especially the time and space scale required. ). Nevertheless, winter-integrated fishing effort is relatively intense over these areas and some cells are swept between 4 and 8 times during that period (locally 11 times). Summer trawling activities (Fig. II.13b) occur on larger and deeper areas than in winter, further offshore and centred on the internal part of the GV (i.e. until 120 m depth). Corresponding cells on the summer-integrated fishing effort map are trawled between 3 and 7 times (locally 9 times) between June and August. Lastly, the annually integrated fishing effort map (Fig. II.13c) shows that both winter and summer preferential trawled areas remain still visible with cells mainly swept between 10 and 16 times (up to a maximum of 45 times).

II.4.2.2 Regional trawling-induced resuspension

Considering that trawling-induced erosion rates are similar in zones A and B (respectively 0.14 and 0.12 kg.m -2 ), and assuming they remain representative of muddy sand facies which are dominant in the GV, a uniform distribution of E trawl (= 0.13 kg.m -2 ) has been adopted.

The combination of this experimental erosion rate deduced from door tracks (E trawl , in kg.m -2 ) with fishing effort data (FE, in s -1 ) allows the estimation of a regional (i.e. distributed at the scale of the GV) trawling-induced erosion flux (E regional trawl , in kg.m -2 .s -1 ). It is expressed as:
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Indeed, both the experimental erosion rate E trawl (section II.3.3.2) and the fishing effort FE (section II.4.2.1) used in Eq. (II.6) are related to the total trawled area (i.e. distance between doors are considered in their respective computation). For both natural and trawling-induced erosion processes, total sediment (sand and mud) is considered. Oberle et al. (2015a) have recently proposed a general formulation of trawling-induced erosion rates (in kg.m -2 ) as a function of the seabed composition (i.e. grain size-specific substrate type, average silt and clay content) from many available erosion rate estimates existing in the literature (evoked in the discussion section II.5.3;i.e. Churchill 1989;[START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF][START_REF] Dellapenna | The impact of shrimp trawling and associated sediment resuspension in mud dominated, shallow estuaries[END_REF][START_REF] Dounas | Large-scale impacts of bottom trawling on shelf primary productivity[END_REF][START_REF] O'neill | The mobilisation of sediment by demersal otter trawls[END_REF]. Such relation would be helpful to compute trawling-induced erosion rates at more extended spatial scale (e.g. the global analysis performed by Oberle et al. 2015a), while the sediment cover heterogeneity has to be taken into account. In the present case, the relative uniformity of surficial sediment in the "Grande-Vasière" area allowed the use of a specific trawling induced erosion rate calibrated on the representative trawlers of the area. high season of fishing) periods. In order to make interpretations easier, these erosion fluxes (annual and seasonal means) induced by natural and anthropogenic forcing are averaged over given bathymetric Fig. II.15). Lastly, a comparison of monthly averaged erosion fluxes is presented over the most intensively trawled part of the GV area, more precisely between 90 and 120 m depth (Fig. II.16).

At the scale of the GV, the dominance of wave forcing on the current one can be underlined, as shown by respective computations form the flow model and the wave model (not illustrated here). Natural resuspension fluxes decrease with increasing water depth, especially because of lower wave-induced bottom shear stresses. However, the resuspension decrease moving offshore varies seasonally. Trawling-induced erosion fluxes decrease moving offshore with a trend depending on the season. In winter, they regularly decrease from 3.5×10 -8 kg.m -2 .s -1 between 60 and 80 m depth to 5×10 -9 kg.m -2 .s -1 on the 140-180 m bathymetric range. However, in summer, they appear relatively uniform between 60 and 120 m depth with values around 4×10 -8 kg.m -2 .s -1 . They then rapidly decrease with values around 10 -8 (resp. 3×10 -9 ) kg.m -2 .s -1 between 120 and 140 m depth (resp. 160-180 m). Thus, on the 80-120 m bathymetric range, summer fluxes appear 2 times higher than in winter (Fig In addition, it should be reminded that the resuspension induced by a door dragged on the seabed can be locally more impacting than a storm (which generally acts on more extended areas). 

II.5. Discussion

II.5.1 Characterization of the trawling-induced resuspension plume

Turbidity measurements with sensors originally set up in the trawl wake permitted to identify trawl doors as the main sources of resuspension by trawling gears. This conclusion is consistent with previous observations from other study sites such as O'Neill and Summerbell (2011) who showed that trawl doors generate 60 to 70% of the total resuspension in the case of a muddy sand seabed. It confirms underwater observations from [START_REF] Main | A study of the sand clouds produced by trawl boards and their possible effect on fish capture[END_REF] as well as sonar images from [START_REF] Dellapenna | The impact of shrimp trawling and associated sediment resuspension in mud dominated, shallow estuaries[END_REF] who highlighted that doors mainly initiate the resuspension in the trawl wake. Associated suspended sediment concentrations reach 200 mg.l -1 just behind the trawl, which fits within the range of a few hundreds of mg.l -1 mentioned in the literature (e.g. [START_REF] Schubel | Shrimping as a source of suspended sediment in Corpus Christi Bay (Texas)[END_REF][START_REF] Schoellhamer | Anthropogenic Sediment Resuspension Mechanisms in a Shallow Microtidal Estuary[END_REF][START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF][START_REF] Dellapenna | The impact of shrimp trawling and associated sediment resuspension in mud dominated, shallow estuaries[END_REF].

By using a new coordinate system aligned with the trawl and following it, a steady state representation of the plume in the trawl wake could be reconstituted. A 3-4 m high and 300-400 m wide turbid plume was observed. The plume vertical extension is in agreement with [START_REF] Main | A study of the sand clouds produced by trawl boards and their possible effect on fish capture[END_REF] conclusions who suggested that the plume height generally equals 3 times the vertical opening of the net, which is around one meter in our experiment. The plume lateral extension is of the same order of magnitude as shown in previous works (e.g. Durrieu de [START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF] in the Gulf of Lions). In the trawl wake, vertical diffusion is responsible for the plume growth until particles settling processes dominate (800 m behind the trawl) and the plume height decreases. The length of the plume tail (behind the position of plume maximum height) L plume tail can be related to the time required for particles initially located at h = 3 m above bottom to settle at a rate W s , through the towing speed U tow of the trawl: L plume tail / U tow = h / W s . With U tow = 1.6 m.s -1 and L plume tail ≈ 1600 m, the settling velocity can be estimated to 3 mm.s -1 . Since suspended sediment concentration does not exceed the ambient value beyond the considered plume length, and because some trawling-induced turbulence may remain in the trawl wake, this estimation can be considered as a minimum estimation for the settling velocity. This value is rather high for the muddy individual particles included in the plume, and too low for fine sand particles (a 200 µm sand settles at 2.5 cm.s -1 ), which suggests that flocculation processes do occur within the plume. However, this estimation has to be taken with caution: advection by the ambient current is likely to deviate the plume from its theoretical trajectory, so that the turbidity decrease can result from such a deviation of the plume in addition to particle settling.

"Jumper" doors are characterised by an intermittent contact with the seabed and were designed to limit resuspension without limiting fishing efficiency. SSC measured just behind these doors is about 10 times lower than behind a classical door. Consistently, nearly no excess turbidity is detected in the trawl wake. These results demonstrate that the use of alternative doors on common fishing gears significantly reduces the resuspension process. As the fishing efficiency (out of the topic of this paper) seemed to be the same as before (L. Tréguier, Pers. Comm.), it appears that the designed new door satisfies the requirement.

II.5.2 Impacts on the GV seabed

Grain size analyses carried out on sediment cores provided mean spectra and vertical profiles of mud and clay contents, d 10 , and d 50 in the upper 25 cm for both investigated zones. The vertical profiles of grain size related parameters exhibit a relative homogeneity, especially in zone A. However, the first 3-4 cm of the surficial sediment exhibit more or less acute trends. The most intensively trawled zone (B) exhibits upward coarsening whereas the moderately trawled zone (A) only shows a higher standard deviation of grain size related parameters. These results suggest that the combined action of natural (i.e. wave, current, and bioturbation) and anthropogenic (i.e. bottom trawling) processes remodels the upper few centimetres of the sedimentary column in both zones, but induces more pronounced trends in the intensively trawled zone (B): the more intense fishing effort over this area is responsible for more significant resuspension and induces a fine fraction loss in the seabed.

Regarding the upward-coarsening trend, our results qualitatively agree with previous findings. Our observations are consistent with those of [START_REF] Palanques | Effects of bottom trawling on the Ebro continental shelf sedimentary system (NW Mediterranean)[END_REF] who observed a d 50 upward increase in surficial sediment induced by bottom trawling. This upward-coarsening trend was observed by Oberle et al. (2015b) on the NW Iberian shelf, who assessed the lithological and structural changes induced by bottom trawling by comparing sediment core data from trawled and untrawled sites (until 50 cm depth). They showed lower and more variable values of clay content in sediment cores sampled on trawled sites, as well as homogeneous porosity values over sediment core depth (while pronounced gradients were found on untrawled sites). In the Southern Bering Sea (Bay of Bristol), [START_REF] Brown | Effects of commercial otter trawling on the physical environment of the southeastern Bering Sea[END_REF] showed that within fished areas, surficial sediments (down to 3 cm) contained fewer fine grains and were better sorted than sediments located deeper, or located in untrawled sites.

Regarding the relative grain size vertical homogeneity observed in our sediment cores, many studies highlighted upper mixed layers of 5-10 cm thick induced by bioturbation (e.g. [START_REF] Wheatcroft | Post-depositional alteration and preservation of sedimentary event layers on continental margins, I. The role of episodic sedimentation[END_REF][START_REF] Brown | Effects of commercial otter trawling on the physical environment of the southeastern Bering Sea[END_REF][START_REF] Simpson | An investigation of the cumulative impacts of shrimp trawling on mudbottom fishing grounds in the Gulf of Maine: effects on habitat and macrofaunal community structure[END_REF]Oberle et al. 2015b). In addition, some of them showed a "trawling affected layer" beyond 5-10 cm depth in sediment [e.g. down to 25-30 cm depth in Oberle et al. (2015b) in the NW Iberian shelf; between 10 and 17 cm depth in [START_REF] Simpson | An investigation of the cumulative impacts of shrimp trawling on mudbottom fishing grounds in the Gulf of Maine: effects on habitat and macrofaunal community structure[END_REF] in the Gulf of Maine], interpreted as the effect of bottom trawling on sediment mixing and overturning. Such interpretations agree with the one of [START_REF] Dubrulle | Nature and rates of fine-sedimentation on a mid-shelf: "La Grande Vasière" (Bay of Biscay, France)[END_REF] for the GV site, who interpreted homogeneous vertical profiles of 210 Pb in the upper 7-20 cm of sediment cores by a sediment mixing induced by the combined action of bioturbation, long-term bottom trawling effects, as well as a regular fine sediment supply [START_REF] Jouanneau | Fine-grained sediment budget on the continental margin of the Bay of Biscay[END_REF].

Time evolutions in the seabed composition were highlighted. The mud content in the intensively trawled zone (zone B) was found to have decreased by 30% between 1967 and 2014, whereas no tendency was observed in the moderately trawled one (zone A). These conclusions agree with [START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF] who mention a 4 to 6 fold increase in sand/mud ratio (i.e. a fine particle loss) between 1969 and 2002 in the GV. Owing to the proximity and comparable water depths of zones A and B, spatial differences in wave regime or sediment supply between them cannot explain those differences in mud content evolution. The more intense fishing effort over zone B remains a likely explanation for this change in surficial sediment composition, in agreement with the surficial sediment coarsening induced by trawling.

II.5.3 Trawl bottom tracks and determination of a trawling-induced erosion rate

Trawl marks, especially those linked to doors, were clearly observed on side scan sonar images in both zones. They are more numerous in zone B which is coherent with the more intense fishing effort over this area. Video processing techniques were used to reconstitute the tracks vertical sections. Asymmetric door tracks of about 4-5 cm deep and 20 cm wide were clearly identified, which is consistent with results from similar investigations in mainly muddy sand beds [START_REF] Linnane | A review of potential techniques to reduce the environmental impact of demersal trawls[END_REF].

Unlike O'Neill and Summerbell (2011) who found that groundropes contributed to up to 20-30% of the local trawling-induced resuspension, we observed that groundropes mostly flatten the seabed and their influence on resuspension could be neglected given the absence of visible tracks. [START_REF] Dounas | Large-scale impacts of bottom trawling on shelf primary productivity[END_REF] reported completely flattened and scraped surfaces linked to the impacts of groundropes and nets in a 100 m depth muddy environment in the Heraklion Bay (Cretan Sea).

The tracks cross-sections were considered to provide a proxy for the amount of resuspended sediments; they were therefore used to compute an experimental erosion rate induced by the doors scraping the seabed. The rates obtained with this method are similar in the two zones with a mean value of about 0.13± 0.03 kg.m -2 with a mud content ranging from 15 to 25%. The standard deviation linked to the erosion rate estimate is comparable to the potential resuspension induced by the other trawl parts, especially groundropes [START_REF] O'neill | The mobilisation of sediment by demersal otter trawls[END_REF]. Given that track observations were realised the day following their generation, a certain amount of sediment resuspended by the trawl has been potentially deposited in the tracks, especially sand that settles rapidly. As a consequence, our erosion rate estimation could be under-estimated. Durrieu de [START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF] performed trawling experiments in the Gulf of Lions in 90 m water depth. They computed an erosion rate as the ratio between the sediment suspended mass in the plume over a given length and the area scraped by the trawl over this same length. They found resuspension rates ranging from 0.19 kg.m -2 for a clayey silt seabed to 0.8 kg.m -2 in the case of silty clay (whose mud content exceeds 80%, while it was around 20% in our area). Their computation considers the surface scraped by the doors and groundropes (i.e. L sdg in Section II.3.3.2). Then, it is more appropriate to compare these values to our E sdg mud parameter. In our study case, the mean E sdg mud value is around 0.09 kg.m -2 . Although in the same order of magnitude, our estimation is lower, which may be due to a lower mud content, and consequently a higher resistance to penetration. More recently, O'Neill and Summerbell (2011) estimated the mass of sediment remobilised per unit swept area behind different trawl constituents (i.e. several types of groundropes, doors) from video observations (plume dimensions) and suspended sediment concentration measurements provided by a fully-equipped experimental benthic sledge placed in the wake. They computed the hydrodynamic drag linked to each constituent. They fitted linear correlations between the hydrodynamic drag and the resuspended mass, depending on the seabed composition (sand/mud fractions). They finally proposed an estimation of the amount of resuspended sediment behind a trawl representative of the Scottish demersal whitefish fleet. When averaged over the total width between doors, resuspension rates ranged between 0.5 (sandy bottom) and 3 (sandy mud) kg.m -2 . These values can be compared to our parameter E trawl of 0.13 kg.m -2 . Our estimation is thus much lower, at least by a factor 4. In the case of sandy muds, a similar disagreement could be noticed between O'Neill and Summerbell (2011) and Durrieu de [START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF] estimates, with respective erosion rates of 3 and 0.8 kg.m -2 . In addition, a rigorous comparison would require a reduction of the value of Durrieu de [START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF] in order to account for the total distance between doors instead of the width scraped by doors and groundropes.

A certain confusion can be noted in literature regarding the provided unit of trawling-induced erosion flux. For instance, Durrieu de [START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF] expressed it in kg.m -2 .s -1 , while in [START_REF] Dounas | Large-scale impacts of bottom trawling on shelf primary productivity[END_REF] the same flux value is reported in kg.m -2 . Actually, the trawling-induced resuspension can be expressed as a mass of sediment either per unit area (then the width of the concerned surface becomes important), or per unit of track length. Trying to express it per unit time requires the insertion of the trawling speed, which is not relevant, nor necessary. In addition, the multiplication of such an eroded mass (per unit trawled length) by the fishing effort, for instance expressed as trawling length per unit area and unit time, leads straightforwardly to an erosion flux, in eroded mass per unit area and unit time (for instance in kg.m -2 .s -1 ). This is the type of information we recommend to use, as it enables the comparison with erosion fluxes due to the natural action of waves and currents in the same area. In addition, when the erosion rate is reported in kg.m -2 of trawled area, the width where it applies has to be specified. The order of magnitude of the resulting "fluxes" is not the same, so that attention should be paid when dealing with such data, especially when comparing literature data.

II.5.4 Comparison between trawling-induced and natural erosion

Combining the experimental trawling-induced erosion rate with fishing effort data over the GV provided an estimate of the time and space distribution of the anthropic resuspension. These anthropic erosion fluxes were compared to natural ones (i.e. waves and current action) after averaging at the monthly, seasonal, and annual time scales and over given bathymetric ranges.

Results show that bottom trawling can punctually become the dominant source of resuspension on the most intensively trawled part (e.g. between 90 and 120 m depth) of the GV during the high season of fishing (i.e. late spring/summer). The trawling-induced erosion dynamics seems to be regular from one year to the next given that fluxes deduced from fishing effort data of 2008, 2009 or monthly averaged over the 2005-2013 period remain similar. Thus, the significant and possible dominant contribution of trawling to resuspension, during the high season of fishing, depends on the inter-annual variability of natural forcing action. In winter, it clearly appears that averaged trawling-induced erosion fluxes are 2 to 3 orders of magnitude lower than natural ones, the latter controlling the annual erosion dynamics over the entire GV. However, the trawling-induced contribution to erosion may locally exceed a few per cents, especially in the northern part near Penmarc'h where the mud content is generally high (more than 50%). It can be noticed that the more intensively trawled areas correspond to muddier sediments, so that the local erosion of fine sediments is all the more enhanced. Regarding the potential trawling influence outside the GV, it would be probably significant over zones with higher mud content due to higher penetration of trawl in the seabed. These muddy areas are not so much extended but constitute concentrated patches as the West and South Gironde mud fields in front of the mouth of the Gironde estuary (e.g. [START_REF] Bouysse | Carte des sédiments superficiels du plateau continental du Golfe de Gascogne : partie septentrionale au 1/500 000[END_REF]. Along the coast and behind islands, muddy sediments are encountered in bays sheltered from long oceanic waves. But in these shallow areas, muddy sediments are likely to be eroded by wind-induced waves that may mask the anthropic effects. [START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF] had already proposed a similar evaluation of both natural-and anthropicinduced resuspension over the GV area. They found that fishing activities contributed as 10 to 30% of the storm resuspension over the GV (180 to 380 Mt.yr -1 against 850 to 2000 Mt.yr -1 , respectively).

The lower contribution deduced from our study is partly due to differences in natural erosion evaluations, and partly to the trawling-induced resuspension rate.

Regarding the trawling impact, we estimate that the total resuspended mass of fine material over the 90-120m bathymetric range of the GV area would be 1.5 Mt.yr -1 (against 180 Mt.yr -1 in [START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF]. Such a difference can be explained by different hypotheses regarding the gears penetration: [START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF] considered a significant penetration of groundropes and sweeps (Fig. II.5) leading to a remobilization 13 times larger per trawl, clearly overestimated when compared to our observations. Assuming even larger penetration depths (e.g. 15 cm for doors, 5 cm for chains) according to Lokkeborg (2005), [START_REF] Leynaud | Evolution sédimentologique de la Grande Vasière (GV). Rapport d'activité[END_REF] re-evaluated the contribution of trawling resuspension at 50%. In addition, fishing effort data used by [START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF] and [START_REF] Leynaud | Evolution sédimentologique de la Grande Vasière (GV). Rapport d'activité[END_REF] were less comprehensive and less accurate than present day VMS data.

On the other hand, wave-induced resuspension is computed under different assumptions leading to a total of 850 Mt.yr -1 in [START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF], much more than our estimates over the same area (158 and 207 Mt for 2008 and 2009 respectively). [START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF] crudely estimated the naturalinduced resuspension fluxes by considering the occurrence of three classes of storms: extreme events (erosion fluxes of 10 -3 kg.m -2 .s -1 occurring 0.3% of the year), intense ones (erosion fluxes of 6.10 -4 kg.m -2 .s -1 occurring 1% of the year), and moderate ones (erosion fluxes of 2.10 -4 kg.m -2 .s -1 occurring 3.5% of the year). Our natural resuspension assessment involves the actual history of wave forcing along two years and its spatial distribution using a validated new generation wave model, so that the new estimate seems more reliable.

It should be reminded that the computation of wave and current induced resuspension is strongly sensitive to the erosion law and to the bottom shear stress assessment. The former involves three parameters (E 0, τ cr , and n in Eq. II.5) among which the erosion constant (E 0 ) has a large weight because of the linearity of Eq. (II.5) regarding E 0 . According to the literature, E 0 can be reasonably set to 10 -4 or 10 -6 kg.m -2 .s -1 instead of 10 -5 kg.m -2 .s -1 , as discussed in section II.4.1. The incidence on natural erosion flux and finally on the ratio between anthropic and natural effects is straightforward and is partly illustrated on Fig. II.16. In the same way, the critical shear stress τ cr can influence the integrated erosion flux. Dealing with muddy sands, the Shields critical shear stress validated for pure fine sands could reasonably be multiplied by a factor 2 (i.e. τ cr = 0.3 N.m -2 ; Jacobs et al. 2011). It would limit natural erosion along the year, especially during summer months when the actual bed shear stress is often close to the critical value. This reduction of the natural forcing effect would lead to an increase of the trawling contribution. The impact of the exponent n in Eq. (II.5) is lower as usual values remain between 1 and 1.6.

Last but not the least, the computation of the actual shear stress is dependent on the roughness length. Some ambiguity concerning the type of roughness (skin or form related) involved in wave-induced shear stress modelling (Appendix II.2, Eqs. II.2.1 and II.2.2; [START_REF] Soulsby | Wave-current interaction within and outside the bottom boundary layer[END_REF]) allows significant variations of τ.

Despite remaining uncertainties, the new computation has permitted to provide a more accurate spatiotemporal distribution of natural forcing. It has allowed to better quantify the trawling-induced erosion dynamics by estimating accurately the penetration of the different trawl constituents in the seabed. The use of a 3D sediment transport model, validated in terms of resuspension and turbidity, will enable to limit uncertainties concerning the results sensitivity to the setting of natural erosion and thus to clarify the relative natural and anthropic contributions to erosion.

These results related to the Bay of Biscay can be compared with published results in other sites and are qualitatively in agreement. In the Gulf of Lions (Mediterranean sea), [START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF] used a sediment dynamics model to assess the relative natural and trawling contributions to resuspension fluxes. They concluded that in summer in the outer shelf (i.e. between 80 and 130 m depth), trawlinginduced erosion fluxes could significantly exceed wave-and current-induced fluxes by a factor ranged between 1.5 and 3, while at the annual scale the natural resuspension fluxes remained dominant. The maximum annually-integrated trawling-induced resuspension flux was reached in the 90-110 m bathymetric range, and represented almost 10% of the natural flux. The larger relative contribution of trawling these authors obtained in the Gulf of Lions may be due to a lower wave action, compared to the energetic wave climate of the Bay of Biscay, and to a possible muddier seabed, less resistant to penetration. At the scale of the Gulf of Lions shelf, [START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF] mentioned that the amount of sediment resuspended by waves and currents exceeds by three to four orders of magnitude the trawling-induced one.

In the Middle Atlantic Bight, Churchill's precursor modelling work (1989) concluded that trawlinginduced sediment resuspension significantly contributes to the suspended sediment load where the influence of natural forcing significantly declines, i.e. on the outer shelf: average trawling-induced sediment load during the high season can there exceed the natural-induced one by a factor 6 to 20. In the middle shelf region (water depth < 100 m), Churchill's results show that trawling becomes significant but not dominant from late spring to autumn, and that the yearly-averaged suspended sediment mass over the Mid-Atlantic Bight continental shelf is dominated by natural resuspension during the stormy season.

II.5.5 Possible consequences on sediment fluxes

The fate of resuspended particles remains an important question not addressed in this paper. Some studies conducted on other study sites highlighted a significant contribution of bottom trawling to the off-shelf export of sediment. It is the case of [START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF] in the Gulf of Lions who estimated that trawling activities could contribute between a few and 20% of the annual shelf-to-slope export of suspended sediment. More recently, Oberle et al. (2015a) estimated that 65% of resuspended sediments by bottom trawling on the NW Iberian shelf (8.78 Mt.yr -1 ) were exported off-shelf, which represents a six-fold increase regarding natural off-shelf sediment transport (1.46 Mt.yr -1 ).

Concerning the fate of the fine particles resuspended in the Bay of Biscay, [START_REF] Castaing | Relationship between hydrology and seasonal distribution of suspended sediments on the continental shelf of the Bay of Biscay[END_REF] showed the existence of a westerly bottom circulation at 47°N that could contribute to the export of sediments beyond the continental slope. In that case, these particles are definitely lost. On the opposite, [START_REF] Pinot | Le précontinent Breton: entre Penmarc'h, Belle-Ile et l'escarpement continental, étude géomorphologique[END_REF] suggested that a potential transport of these particles toward the coast could lead to a possible increase of siltation in coastal muddy areas. The specific period of trawling-induced resuspension, mainly in summer and out of phase with winter wave-induced resuspension, is likely to generate other sediment paths, different from the ones related to natural forcing, because of seasonal changes of bottom circulation in the Bay of Biscay. Indeed, such seasonal variations have been recently described by [START_REF] Charria | Surface layer circulation derived from Lagrangian drifters in the Bay of Biscay[END_REF] and Le [START_REF] Boyer | Circulation on the shelf and the upper slope of the Bay of Biscay[END_REF], which motivates a regional study of sediment budget and fluxes in the whole area. Then it should become possible to confirm whether trawling-induced resuspension can be neglected to describe these fluxes or should be taken into account because of specific flow patterns during high fishing season.

II.6. Conclusions

This study aimed at using in situ data in order to accurately quantify the impacts of bottom trawling on resuspension, suspended matter dynamics in the water column, and seabed micro-topography disturbances in the Bay of Biscay. Two zones of the "Grande-Vasière" characterized by contrasting seabed facies and fishing efforts were chosen to quantify these processes.

Turbid plumes generated behind a "classical" trawl configuration have been described and appear to be mainly due to the doors scraping the seabed. SSC values measured within the plume range from 100 to 200 mg.l -1 in the immediate vicinity of the trawl, and rapidly decrease in the trawl wake. Mean SSC values in the turbid plume are around 70 mg.l -1 . Beyond 800 m behind the trawl doors, the plume's signature is not captured any more, probably because of the combined action of settling and advection processes. The use of relatively small gears explains that the turbid plume is confined in the first 3 meters above the seabed. An "alternative" trawl configuration using "Jumper" doors, which have an intermittent contact with the seabed, was tested on the same zones. Measurements just behind the trawl exhibit SSC values 10 times lower than behind the "classical" configuration and SSC values of a few mg.l -1 are measured further behind the trawl. These results prove that this "alternative" configuration is effectively less damaging regarding the seabed.

Bioturbation seems to largely contribute to the homogenisation of the surficial sediment (first 25 cm).

The upper 3 to 4 centimetres nevertheless exhibit vertical gradients in grain size and mud content. The moderately trawled zone exhibits an upward increase of the grain size-related parameters standard deviation. In the intensively trawled zone, more pronounced trends are observed with upward increases of d 10 (+ 450%) and d 50 (+ 17%), and a decrease in mud content (-41%). These results suggest the potential role of bottom trawling in fine fraction winnowing of the seabed. These conclusions are coherent with the long-term decrease in mud content (around 30%) which has been observed in the intensively trawled area between 1967 and 2014 whereas no significant change occurred in the moderately trawled area over the same period. Given that relative differences between the two zones cannot be explained by natural forcing gradients over this period (i.e. wave, current, wind, river discharge), this trend could be related to a long-term effect induced by bottom trawling.

The trawl doors leave 4-5 cm deep and about 20 cm wide asymmetric tracks in the seabed whereas other constituents (i.e. mainly groundropes) only have a flattening action on the seabed. Processing the door tracks' cross-sections provided an estimate of the trawl-induced erosion rate of around 0.13 kg.m - 2 consistent with other results in the literature.

This trawling-induced resuspension rate was combined with fishing effort data in order to estimate the overall trawling-induced resuspension fluxes in the GV and compare it to natural erosion fluxes. Natural fluxes were obtained using a period-averaged wave model, a 3D circulation model and a classic erosion law from the literature. Using modelled boundary conditions and actual meteorological forcing, a realistic simulation of the whole Bay of Biscay currents and waves was carried out over two years and was used in order to assess the magnitude of natural resuspension. Results suggest that bottom trawling can become the main factor of resuspension in intensively trawled zones of the GV during calm periods (i.e. high season of fishing during summer period). However, the annual mass of sediment eroded by bottom trawling only represents around 1% of total mass resuspended by winter storms over the most intensively trawled area of the GV (i.e. between 90 and 120 m depth). The ratio between natural and anthropogenic resuspensions remains dependent on the erosion parameters selected for the natural flux computation, and the setting up of a validated full 3D model including effects of trawling and respecting different bottom circulation schemes in winter when storm waves occur and in summer when fishing effort is maximum should allow a final conclusion on the trawling contribution to sediment fluxes and balance in the Bay of Biscay.

where R is the distance from the transducer and ψ is the near field correction. TL ws corresponds to the signal attenuation induced by the water and the particles and is expressed as:
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where α w is the water attenuation coefficient set to 0.5316 dB.m -1 according to the model of Francois and Garrison (1982a,b). When the suspended particulate matter concentrations are generally inferior to 200 mg.l -1 , the signal attenuation induced by the particles can be neglected (α S = 0).

At last, C geo corresponds to a geometric correction that accounts for the expansion of the backscattering volume with the increasing distance R from the source. It is defined as:
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where φ is the equivalent opening of the beam and L refers to the half-height cell.

Appendix II.2 Computation of the bed shear stress under natural forcing

Computation of the wave shear stress

Wave-induced bottom shear stresses have been computed with a wave hindcast database built with the WW3 wave model [START_REF] Boudière | A suitable metocean hindcast database for the design of Marine energy converters[END_REF]) that provides parameters such as bottom amplitude displacement (A), bottom orbital velocities (U b ), and the direction of wave propagation. The WW3 code is a phase-averaged wave model that resolves the random phase spectral action density balance equation for a spectrum of wave numbers and directions: in the present application, 24 directions and 32 frequencies were accounted for. The realistic and validated configuration proposed by [START_REF] Boudière | A suitable metocean hindcast database for the design of Marine energy converters[END_REF] includes all the continental shelf of the Bay of Biscay, using an unstructured grid. The horizontal resolution of the computational grid varies in our case from 200 m (nearshore) to 10 km (open sea). According to [START_REF] Jonsson | Wave boundary layers and friction factors[END_REF] formulation, the wave-induced shear stress τ w is computed as:
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where ρ is the water density and f w refers to the wave-induced friction factor. This factor is computed according to the [START_REF] Soulsby | Wave-current interaction within and outside the bottom boundary layer[END_REF] formulation:
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where the bed roughness length z 0 is equal to 5×10 -4 m.

Computation of the current shear stress

The current-induced bottom shear stress estimation is based on the tridimensional hydrodynamic model MARS3D (Lazure and Dumas 2008) which runs on a realistic configuration validated at the regional scale of the Bay of Biscay. This model resolves the Navier-Stokes equations with the classical Boussinesq and hydrostatic hypotheses on Cartesian grid. Regarding the mesh, the horizontal resolution is equal to 2.5 km and the vertical discretisation is characterised by 40 generalised sigma levels. The bed shear stress induced by currents is obtained through the relationship:
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where the friction velocity u * is computed as:
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where ρ is the water density, u 1 is the computed velocity at the elevation z 1 which corresponds to half the near-bottom cell thickness, and z 0 is the bottom sediment roughness length set to a constant value of 5×10 -4 m.

Computation of the total bottom shear stress

The non-linear interaction between waves and currents is accounted for by computing the total bottom shear stress according to the formulation from [START_REF] Soulsby | Dynamics of marine sands: a manual for practical applications[END_REF]:
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where φ is the angle between the current and the wave propagation directions and τ m represents the wave-averaged bed shear stress. τ m is computed from the current-and wave-induced bed shear stresses τ c and τ w which correspond to the bed shear-stresses due to the current alone and to the wave alone, respectively:
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The expression of τ is deduced from a vector addition of τ m and τ w .

Conclusions générales du chapitre II

Différents dispositifs expérimentaux ont été déployés dans le but de caractériser les impacts physiques liés aux activités de chalutage en termes de remise en suspension et d'altération du fond, au niveau de deux zones de la "Grande-Vasière" plus ou moins intensément chalutées. Des mesures de turbidité ont été effectuées dans le sillage d'un chalut professionnel et ont permis de mettre en évidence un panache turbide principalement localisé dans les 3 premiers mètres au dessus du fond, et s'étendant sur plusieurs centaines de mètres de large. Ce panache turbide se caractérise par des concentrations de sédiments en suspension de l'ordre de 150 mg.l -1 au plus près du chalut qui progressivement diminuent à mesure que l'on s'éloigne de ce dernier. [START_REF] Dellapenna | The impact of shrimp trawling and associated sediment resuspension in mud dominated, shallow estuaries[END_REF]). L'utilisation d'un panneau alternatif (panneau JUMPER) conçu pour limiter autant que possible les contacts avec le fond, a d'ailleurs permis de très largement diminuer la turbidité dans le sillage de l'engin de pêche (d'un facteur 10).

D'autre part, des carottes sédimentaires ont été prélevées sur les 25 premiers centimètres du fond au niveau des deux zones plus ou moins chalutées. Les analyses granulométriques réalisées sur les carottes associées à la zone la plus intensément chalutée montrent une diminution de la fraction en particules fines dans les 3-4 premiers centimètres du sédiment de surface (-41%). De plus, la fraction vaseuse moyenne déduite de nos échantillons sédimentaires indique une très nette diminution par rapport à des analyses faites dans les années soixante au même endroit (-30% en 50 ans). Aucune de ces deux tendances n'a été mise en évidence au niveau de l'autre zone où les activités de pêche sont moins intenses : le sédiment est homogène sur les 25 premiers centimètres du fond sédimentaire, et la fraction vaseuse reste stable sur les 50 dernières années. Etant donné que ces zones sont toutes deux situées par environ 110 m de fond et soumises à des régimes de forçages similaires (vagues et courant, apports sédimentaires), l'impact du chalutage de fond sur la remise en suspension des sédiments fins apparait comme une explication plausible des évolutions significatives observées uniquement sur la zone intensément chalutée.

Enfin, le déploiement d'un traîneau benthique équipé de caméras et de lasers a permis d'identifier et de reconstituer les traces laissées par les différentes parties du chalut dans le fond sédimentaire. Seules les traces de panneaux ont pu être clairement identifiées, ce qui est cohérent vis-à-vis de leur impact majeur sur la remise en suspension. Ces traces, d'environ 4-5 cm de profondeur pour 20 cm de large, ont servi de base pour le calcul d'un taux d'érosion local induit par le chalut de 0.13 kg.m -2 cohérent d'une zone à l'autre et vis-à-vis des autres estimations présentes dans la littérature. La combinaison de ce taux d'érosion avec un forçage réaliste d'effort de pêche (données mensuelles) a abouti à la formulation d'un flux d'érosion, en kg.m -2 .s -1 , représentatif de l'effet des chaluts à l'échelle de la Grande-Vasière, et directement comparable au flux d'érosion naturel (lié aux vagues et aux courants) exprimé avec la même unité. Une première comparaison de l'influence respective des forçages naturels et anthropiques en termes d'érosion (flux vertical uniquement) a été entreprise sur une période de deux années à l'échelle de la Grande-Vasière. Une formulation simplifiée du flux d'érosion naturel a été définie à partir de paramétrages classiques issus de la littérature, adaptés à l'érosion des sédiments fins. De même, en l'absence de validation du modèle à ce stade de la thèse, une rugosité intermédiaire (entre rugosité de peau et rugosité de forme) a été utilisée dans le calcul de la contrainte de cisaillement près du fond, représentant l'influence des forçages vagues et courant dans cette loi d'érosion. Les résultats ont mis en évidence une contribution largement dominante en hiver des forçages naturels sur la remise en suspension, contrôlant la dynamique annuelle (contribution annuelle du chalutage ~1-3%). En revanche, le chalutage devient une source majeure d'érosion au cours de la haute saison de pêche (d'Avril à Septembre) avec une contribution pouvant très nettement dominer la dynamique naturelle au cours de certains mois, et représentant environ 30% de l'érosion totale à l'échelle de toute la Grande-Vasière au cours de l'été.

Etant donné que le forçage d'effort de pêche montre une régularité remarquable d'une année à l'autre (variabilité et intensité), la contribution du chalutage à l'érosion dépend majoritairement de la variabilité interannuelle des forçages naturels (essentiellement les vagues). En l'absence de validation du paramétrage décrivant l'érosion d'origine naturelle, les incertitudes autour des différentes estimations sur la contribution du chalutage en termes de remise en suspension, restent encore importantes. 

Abstract

A 3D realistic hydro-sedimentary model was used to assess the influence of the erosion law setting on sediment dynamics (turbidity, seabed evolution) in a seabed containing both sand and mud. Based on the sediment model of Le [START_REF] Hir | Dynamics of sand and mud mixtures: a multiprocess-based modelling strategy[END_REF], a pure sand erosion law was applied when the mud fraction in the surficial sediment was lower than a first critical value, and a pure mud erosion law above a second critical value. Both sand and mud erosion laws are formulated the same, with specific parameterization (erodibility parameter, critical shear stress and power of the excess shear stress). Several transition trends (linear or exponential) describing variations in these erosion-related parameters between the two critical mud fractions were tested. Suspended sediment concentrations obtained from simulations were compared to measurements taken on the Bay of Biscay shelf with an acoustic profiler over the entire water column. On one hand, results show that defining an abrupt exponential transition improves model results regarding measurements. On the other hand, they underline the need to define a first critical mud fraction of 10%, corresponding to a critical clay content of 3-6%, below which pure sand erosion should be prescribed. Both conclusions agree with results of experimental studies reported in the literature mentioning a drastic change in erosion mode above a critical clay content of 2-10% in the mixture. Results also provide evidence for the importance of considering advection in this kind of validation with in situ observations, which is likely to considerably influence both water column and seabed sediment dynamics.

Keywords Sand-mud mixture erosion; Numerical modelling; Non-cohesive to cohesive transition

III.1. Introduction

Sediment dynamics are strongly dependent on the behaviour of sediment particles, which is known to differ considerably depending on their cohesive properties: inter-particle forces increase with a decrease in the distance between the particles, and can become significant between fine particles, meaning that fine sediments are subject to cohesion effects (e.g. [START_REF] Winterwerp | Introduction to the physics of cohesive sediment dynamics in the marine environment[END_REF].

In particular, the initiation of motion is likely to be different. Once motion starts, the way particles are transported depends on the size and density of the eroded sediment particles. In the case of noncohesive sediments, sediment particles are individual grains: the larger ones roll on each other causing the so-called bedload processes, while the smaller ones undergo saltation, or may even remain in suspension, when the hydraulic forcing is sufficiently high. In the case of cohesive sediments, large lumps of sediment may result from mass erosion and lead to the formation of mud pebbles that roll on the bed, but eroded particles are usually small enough to remain in suspension. The critical particle size between bedload and suspension regimes increases with the forcing, generally expressed through the bed shear stress. Formally, saltation can be considered as a specific case of suspended transport, whose duration of suspension is strongly reduced. The difference between the two remaining transport regimes is related to the size of the particles, rather than to cohesion properties.

Computing sediment transport requires distinguishing between bedload and suspended transport: bedload is generally tackled through transport capacity, i.e. an equilibrium horizontal flux that can be sustained by a combination of wave and current forcing, which is usually evaluated empirically. Suspended transport is simulated by solving an advection/diffusion equation, assuming that sediment particles have the same velocity as water masses, except the vertical settling component. Such an equation involves sink and source terms at the bed boundary, which are deposition and erosion fluxes under conditions defined by the hydraulic forcing and the behaviour and composition of both the suspended and deposited sediments. This means that dealing with fine sediment dynamics, whether or not cohesive, requires the formulation of an erosion law. Such an erosion law should be applicable for fine sands (and even medium sands under strong shear stresses) as well as for mud, and naturally for mixtures of sand and mud. It should be noted that an increasing number of sediment transport models account for simultaneous bedload and suspended load regimes, the latter being considered for sand and mud simultaneously (e.g. [START_REF] Lesser | Development and validation of a threedimensional morphological model[END_REF][START_REF] Warner | Development of a three-dimensional, regional, coupled wave, current, and sediment-transport model[END_REF]Le Hir et al. 2011;[START_REF] Villaret | Morphodynamic modeling using the Telemac finiteelement system[END_REF].

The aim of this paper is to fit an erosion law for mixed sediments to be applied in environments dominated by fine sediment, such as continental shelves. The paper is organized as follows. Section III.2 reviews the literature related to erosion laws, distinguishing the cases of pure mud, pure sand and mixtures of sand and mud. Section III.3 describes how the measurements were acquired and the hydro-sedimentary model used in this study. The description of the model includes the main features of hydrodynamic and sediment models, their validation, sensitivity analyses regarding sediment dynamics, and the successive steps which led to the building of a new erosion law for sand/mud mixtures. Section III.4 presents model results obtained in different erosion settings along with an assessment of their relevance with respect to observations. Section III.5 discusses the main results in light of previous studies, followed by a short conclusion in section III.6.

III.2. Background on erosion laws for muddy, sandy and mixed fine sediment

Cohesive sediment erosion rate

Despite similarities between the suspended transport of fine sand and mud, their erosion processes have generally been investigated separately. An abundant literature is available on cohesive sediments, based on the existence of a critical shear stress for erosion (τ e in N.m -2 ) and several empirical relationships between the erosion flux E (in kg.m -2 .s -1 ) and excess shear stress (i.e. the difference between the actual shear stress (τ) and the critical value τ e , either normalized by the latter or not). The bed characteristics are involved in the critical shear stress and sometimes in a multiplicative factor. Bed characteristics may concern electrochemical forces (e.g. [START_REF] Mehta | Chapter 4 in "Sedimentation Engineering Processes, Measurements, Modeling, and Practice[END_REF][START_REF] Righetti | May the Shields theory be extended to cohesive and adhesive benthic sediments[END_REF], mineral composition (e.g. [START_REF] Mitchener | Erosion of mud/sand mixtures[END_REF][START_REF] Gailani | Effects of bentonite clay on sediment erosion rates[END_REF][START_REF] Righetti | May the Shields theory be extended to cohesive and adhesive benthic sediments[END_REF], organic matter content [START_REF] Young | Erosion of fine-grained marine sediments: sea-floor and laboratory experiments[END_REF][START_REF] Righetti | May the Shields theory be extended to cohesive and adhesive benthic sediments[END_REF], pore water characteristics (e.g. salinity, see [START_REF] Aberle | Effects of bed material properties on cohesive sediment erosion[END_REF][START_REF] Kimiaghalam | An experimental study on the effects of physical, mechanical, and electrochemical properties of natural cohesive soils on critical shear stress and erosion rate[END_REF]. They also depend on the consolidation state [START_REF] Postma | Sediment transport and sedimentation in the estuarine environment[END_REF][START_REF] Williamson | Laboratory and field investigations of mud and sand mixtures[END_REF], and may be altered by biota effects (e.g. [START_REF] Paterson | Biological mediation of sediment erodibility: Ecology and physical dynamics[END_REF][START_REF] Hir | Sediment erodability in sediment transport modelling: Can we account for biota effects?[END_REF]. Bulk density has often been proposed as a proxy for characterizing the bed, but the plasticity index has also been suggested (e.g. [START_REF] Kamphuis | Cohesive material erosion by unidirectional current[END_REF][START_REF] Jacobs | Erosion threshold of sand-mud mixtures[END_REF], as well as the undrained cohesion and the sodium adsorption ratio (SAR) [START_REF] Kimiaghalam | An experimental study on the effects of physical, mechanical, and electrochemical properties of natural cohesive soils on critical shear stress and erosion rate[END_REF]). The main published mud erosion laws can be classified according to the following forms:

-the Partheniades-Ariathurai law (1962,1974), the law most often used in numerical models:

! = ! ! . (!/! ! -1) ! , if τ > τ e (III.1)
generally with n=1, and E 0 a constant to be calibrated.

-the [START_REF] Mehta | Kaolinite resuspension properties[END_REF] law:

! = ! ! . !"#[!(!/! ! -1) ! ] (III.2)
with E f , α and β referring to empirical constants, fitted for soft and/or consolidating mud with strong vertical gradients, which is less often used than the Partheniades law because of its more complex formulation, and because of the flexibility of the Partheniades law when assuming that parameters E 0 and τ e vary with depth in the sediment, depending on consolidation processes.

-the Van Kesteren-Winterwerp-Jacobs erosion law for surface erosion treated as a drained process [START_REF] Winterwerp | Introduction to the physics of cohesive sediment dynamics in the marine environment[END_REF][START_REF] Jacobs | Erosion threshold of sand-mud mixtures[END_REF]):
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where M E is a function of the mechanical characters of the mud, and ρ mud is the dry density; this erosion law is less empirical but is rarely used because of the lack of validation which requires unusual parameters, at least in the scientific community dealing with sediment dynamics.

Non-cohesive sediment pick up function

Literature on sand erosion laws is scarce, partly because of experimental difficulties linked to simultaneous settling and resuspension processes, partly because sand transport has mainly been considered through the formulation of transport capacity, even in the case of suspension. The need to simultaneously simulate transport of mud and (fine) sand, and their mixture, updates the need for an erosion law for fine sand, often named pick up functions (e.g. Le [START_REF] Hir | Erodibility of natural sediments: experiments on sand/mud mixtures from laboratory and field erosion tests[END_REF]. From experiments in a flume where sand was available for erosion through a thin window, Van Rijn (1984a) fitted the following pick up function:
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where σ = (ρ s /ρ-1) is the excess relative sediment density, D the median sand diameter and D * its nondimensional value, D * = D (σg/ν 2 ) 1/3 . Van Rijn (1984a) compared this pick up function to previously published ones, in particular the Fernandez Luque and Van Beek (1976) formulation:
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where θ is the Shields parameter (= u * 2 /(σgD)), and the Nakagawa-Tsujimoto (1980) law:

! !"#$ = 0.02(1 -0.035/!) ! ! (III.6)
which lead to reasonable agreement with Van Rijn's experimental results. [START_REF] Roberts | Effects of particle size and bulk density on erosion of quartz particles[END_REF] also tested erosion of quartz particles in a flume, and expressed the rate of erosion as proportional to the excess shear stress (τ-τ e ) at a power varying with the particle size, from 2.2 for fine sands down to 1.6 for coarse sands. More recently, [START_REF] Emadzadeh | Sediment pickup rate in uniform open channel flows[END_REF] conducted similar experiments, fitted a pick up function
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and proposed a new pick up function involving dependence of the fitted parameters (e.g. powers of D * and θ) on other variables. Looking for agreement between suspended sediment fluxes computed with a 1DV model and empirical formulations from the literature for a wide range of grain sizes, [START_REF] Dufois | Formulating Fine to Medium Sand Erosion for Suspended Sediment Transport Models[END_REF] fitted an erosion rate strongly dependent on grain diameter expressed in a Partheniades-Ariathurai form (Eq. III.1) with n=0.5, E 0 (in kg.m -2 .s -1 ) =10 18.59D-3.38 if D < 0.18 mm and E 0 =59.66D-9.86 (D in mm) otherwise.

All these pick up functions link the erosion rate with the particle characteristics (size and density) and the shear stress (or, equivalently for given particles, to the Shields parameter). Like for cohesive sediment erosion laws, dependence on the forcing stress is either absolute (~ τ) or relative (~ τ/τ e ), involving (or not) a threshold value τ e , and a power in the range 0.5-2.2 .

Considering that equilibrium conditions are usually met for non-cohesive sediment transport, and that such an equilibrium requires compensation between the erosion rate and the deposition flux, many authors formulate the erosion rate (or pick up function) as:
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where W s is the settling velocity and C ref is a "reference" concentration which characterizes the equilibrium. Such a formulation has two advantages: first there is an abundant literature on reference concentrations, often linked to bedload transport, and also described in the case of oscillatory flows, for either a flat or rippled bed (e.g. [START_REF] Nielsen | Coastal bottom boundary layers and sediment transport[END_REF]). But in addition, the description of a reference concentration is generally associated with the reference height, the distance from the bed where the concentration is considered. In point of fact, this location has to be the one where the equilibrium between deposition and erosion is considered, with respective values that largely depend on the reference height, because of large concentration gradients near the bed. From the point of view of sediment modelling, this means that the deposition flux at the base of the water column has to be expressed at the exact location where the erosion flux is considered, that is, at the reference height where the equilibrium concentration is given. Other pick up functions do not systematically express the reference height where they should be applied. For this reason, pick up functions involving this reference concentration together with a reference height h ref are preferred. Remarkably, with no apparent connection with his pick up formulation, Van Rijn (1984b, 2007) used the concept of equilibrium concentration as a boundary condition of the computation of suspended sediment profile (in fact a flux condition would have been more relevant than a prescribed concentration in such a computation) and fitted the expression:
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Several other expressions are proposed in the literature, often linking the reference concentration to the normalized excess shear stress and maximizing it according to the concentration of the surficial sediment C bed , which writes [START_REF] Smith | Spatially averaged flow over a wavy surface[END_REF])
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where γ is a parameter to be calibrated. The range of γ published values is very wide, from 2×10 -5 to 6.5×10 -3 , according to [START_REF] Chapalain | Tide, turbulence and suspended sediment modelling in the eastern English Channel[END_REF]. These authors adapted this formulation to heterometric sediments, computing the reference concentration for each grain size with the specific value of the critical shear stress and in proportion to their fraction in the surficial sediment. It should be noted that the resulting pick up fraction is far from such a proportionality, as the settling velocity (in E=W s .C ref ) also varies with the particle size. The concept of erosion limitation when forcing becomes very high was retained by [START_REF] Zyserman | Data analysis of bed concentration of suspended sediment[END_REF], but these authors adopted a higher power of variation of C ref with the stress
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, and γ 1 = 0.331 to fit the data.

Dealing with oscillatory flows, [START_REF] Nielsen | Coastal bottom boundary layers and sediment transport[END_REF] even fitted a larger variation of C ref with the forcing, suggesting

! !"# = 0.005 ! ! ! ! ! (III.12)
where θ r is an effective Shields parameter for waves, possibly modified over rippled beds.

Last, [START_REF] Wu | Nonuniform sediment transport under non-breaking waves and currents[END_REF] developed a formulation of bed-load transport rates for graded sediments that include exposure and hiding processes, and deduced a reference concentration for each particle size from hypotheses on the bed load velocity they validated by measurements. In a case of single-sized sediment, the Wu and Lin (2014) reference concentration writes
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which is close to the Van Rijn ( 2007) formulation, at least for coarse sands.

Like the formulation of Van Rijn (1984b, 2007), the formulation of [START_REF] Wu | Nonuniform sediment transport under non-breaking waves and currents[END_REF] has the advantage of explicitly involving the reference height, which enables its use with any reference level, for instance the elevation at which the model computes the settling rate.

Transition erosion law for mixed sediments (sand and mud)

The analogy between erosion formulations for sand and mud can be highlighted, especially considering the Partheniades-Ariathurai law for cohesive sediments. Finally, the erosion law can be written E=E 0 (τ/τ e -1) n with E 0 and τ e as functions of the sediment and its consolidation state in the case of cohesive sediments, or functions of the particle diameter and density in the case of non-cohesive sediments. Assuming a similar erosion law for the whole range of mixed sediments, the problem becomes the assessment of the critical shear stress for erosion on one hand, and the erosion factor on the other hand, in the full transition range between cohesive and non-cohesive materials. Following Van Ledden et al. ( 2004), the proxy for such a transition could be clay content. An alternative proxy could be mud content, considering that the clay to silt ratio is often uniform in a given study area [START_REF] Flemming | A revised textural classification of gravel-free muddy sediments on the basis of ternary diagrams[END_REF], and that the mud content, defined by a grain size < 63 µm, is easier to measure than the clay content, whose maximum size may vary from an author to another, and whose measurement can be biased by instrumentation.

A marked difference between the erosion of cohesive and non-cohesive sediments is that in the case of cohesive sediment, each type of material is eroded at the same rate, in proportion to its fraction, while in the case of non-cohesive sediments, the erosion rate of the different fractions may be independent. This is all the more essential since sand grains are much larger than silt particles of the mud. In our case study of the continental shelf of the Bay of Biscay, this is not the case, so that fitting an erosion law for mixtures of fine sand and mud lies in the assessment of the critical shear stress, the erosion factor and possibly the power applied to the excess shear stress.

Critical shear stress for erosion of sand/mud mixtures

Experiments have provided evidence that the resistance to erosion (i.e. critical shear stress τ e ) increases when mud is added to sand (e.g. However, as reported by [START_REF] Mitchener | Erosion of mud/sand mixtures[END_REF], the increase is more pronounced when mud is added to sand. [START_REF] Ye | Experimental study of erosion threshold of reconstituted sediments[END_REF] describe three stages for the increase in critical shear stress with mud content: an initial slow increase (up to 10% mud content) during which electrochemical bonds begin to take effect in binding the coarse grains, a second stage (between 10-20% and 50-60% mud content) during which binding forces develop and cause a more rapid increase in τ e with the mud fraction, and a final stage where τ e seems to gradually approach the pure mud critical shear stress value. This is qualitatively in agreement with experimental measurements by [START_REF] Mitchener | Erosion of mud/sand mixtures[END_REF] and [START_REF] Panagiotopoulos | The influence of clay on the threshold of movement of fine sandy beds[END_REF] who observed the two first stages. [START_REF] Panagiotopoulos | The influence of clay on the threshold of movement of fine sandy beds[END_REF] explained that there is a threshold between these stages when fine particles separate the grains of sand, so that the mixture is subject to the cohesion of the muddy fraction. Typical τ e values deduced from experiments on sand/mud mixtures range between 0.1 N.m -2 (sandy or low consolidated muddy mixtures) and 2 N.m -2 , but values up to 10 N.m -2 have been reported in the case of highly consolidated muddy mixtures (e.g. Le [START_REF] Hir | Erodibility of natural sediments: experiments on sand/mud mixtures from laboratory and field erosion tests[END_REF]). It should be recalled that such values are cited for specific experiments and materials, preventing their generalization. A potential increase in τ e can depend on the properties of the sand grains (size, shape, density, packing or porosity), the mud content and the cohesiveness of the fine fraction in relation with the type of clay (Alvarez-Hernandez 1990; [START_REF] Mitchener | Erosion of mud/sand mixtures[END_REF], and possibly on the physical-chemical properties of the pore and eroding fluids, and biological activity. [START_REF] Jacobs | Erosion threshold of sand-mud mixtures[END_REF] recommended a soil mechanical approach and found that τ e exhibits a clear power law relation with the plasticity index (linked to cohesiveness). After testing numerous physical, chemical, and mechanical properties, [START_REF] Kimiaghalam | An experimental study on the effects of physical, mechanical, and electrochemical properties of natural cohesive soils on critical shear stress and erosion rate[END_REF] showed a significant linear correlation between τ e and cohesion (shear strength of the soil when the normal stress applied is zero). [START_REF] Panagiotopoulos | The influence of clay on the threshold of movement of fine sandy beds[END_REF] also found that the history of stress applied to sediment beds is likely to significantly influence the critical shear stress for erosion, as the flow progressively results in a more stable organisation of grains and results in a more compact and resistant bed ("time-hardening" effect). Focusing on sand/mud mixtures in a tidally-dominated environment, [START_REF] Yang | Sediment resuspension in tidally dominated coastal environments: new insights into the threshold for initial movement[END_REF] underlined the need to consider intermittent turbulence events in natural environments, which lead to a reduction in the resuspension threshold.

Erosion rate of sand/mud mixtures

Literature on the mixed sediments erosion rate is much less abundant, but a significant decrease in the erosion rate with mud content is most often reported (e.g. [START_REF] Mitchener | Erosion of mud/sand mixtures[END_REF][START_REF] Gailani | Effects of bentonite clay on sediment erosion rates[END_REF][START_REF] Smith | Erosion thresholds and rates for sand-mud mixtures[END_REF]. Several erosion tests have been run in the field with benthic flumes, providing measurements of erosion rate on mixed sediments (e.g. Amos et al. 1992 and1997;[START_REF] Aberle | Effects of bed material properties on cohesive sediment erosion[END_REF]. But these field measurements generally cover different sediments for which the sand/mud fraction is not the only varying parameter, and laboratory measurements are easier to use to infer relationships. For instance, [START_REF] Gailani | Effects of bentonite clay on sediment erosion rates[END_REF] showed that the addition of two per cent of bentonite (the most cohesive of common clays) in different sand/mud mixtures decreased erosion rates by one to two orders of magnitude. [START_REF] Mitchener | Erosion of mud/sand mixtures[END_REF] proposed a transition between cohesionless and cohesive behaviour around a threshold varying between 3% and 15% mud content depending on the clay mineralogy (respectively kaolinite and montmorillonite). They reported a marked decrease in the erosion rate (by a factor of 5) due to the addition of a small amount of cohesive material, but also a decrease in the erosion rate when sand is added to a muddy sediment. Other experimental studies suggested that the transition occurs at higher mud content, typically between 20% and 30% [START_REF] Panagiotopoulos | The influence of clay on the threshold of movement of fine sandy beds[END_REF][START_REF] Houwing | Sediment dynamics in the pioneer zone in the land reclamation area of the Wadden Sea[END_REF][START_REF] Hir | Erodibility of natural sediments: experiments on sand/mud mixtures from laboratory and field erosion tests[END_REF]. Again, a more precise threshold could probably be assessed by considering the clay fraction, as suggested by [START_REF] Van Ledden | A conceptual framework for the erosion behaviour of sand-mud mixtures[END_REF], or even by discretizing the main clay mineral components. In the same way, the application of the [START_REF] Winterwerp | Introduction to the physics of cohesive sediment dynamics in the marine environment[END_REF] erosion formulation for mixed sediments, as discussed by [START_REF] Jacobs | Erosion threshold of sand-mud mixtures[END_REF] who considered the erosion threshold, deserves additional attention for an extension to the erosion rate.

The abruptness of the transition remains an open question. Recently, [START_REF] Smith | Erosion thresholds and rates for sand-mud mixtures[END_REF] presented laboratory measurements showing a marked increase in τ e (up to 10 fold) for a mud fraction of between 10% and 20%, followed by a weak decrease down to pure mud values, and a marked decrease in the erosion rate with an increase in the clay fraction: two orders of magnitude when the clay fraction increased from 0% to 5-10%, and up one order of magnitude more when the clay fraction increased from 10% to 30%.

Modelling the erosion of sand-mud mixtures

From the point of view of modelling, Le [START_REF] Hir | Dynamics of sand and mud mixtures: a multiprocess-based modelling strategy[END_REF] reviewed the different approaches developed in the last 20 years to manage sand/mud erosion in numerical process-based models. A non-cohesive and a cohesive regime separated by a critical mud fraction were commonly introduced (e.g. [START_REF] Van Ledden | A conceptual framework for the erosion behaviour of sand-mud mixtures[END_REF]) and simulated by specific erosion laws. In the cohesive regime, [START_REF] Waeles | A 3D morphodynamic process-based modelling of a mixed sand/mud coastal environment: the Seine estuary, France[END_REF] and Le [START_REF] Hir | Dynamics of sand and mud mixtures: a multiprocess-based modelling strategy[END_REF] modulate the erosion law using the relative mud concentration (the concentration of mud in the space between sand grains) as the relevant parameter in the case of sand/mud mixtures, which was in agreement with some other authors' observations, e.g. [START_REF] Migniot | Tassement et rhéologie des vases, Parties 1 et 2[END_REF] or [START_REF] Dickhudt | Mud matrix solids fraction and bed erodibility in the York River estuary, USA, and other muddy environments[END_REF].

The transition between the two regimes is poorly documented. According to seasonal changes in the wind regime (south-eastward in summer and north-eastward in winter, with a transition in September/October and March/April, the so-called "SOMA effect" described by [START_REF] Pingree | Seasonality of the European slope current (Goban Spur) and ocean margin exchange[END_REF], the average surface circulation flows equatorward in spring/summer and poleward in autumn/winter [START_REF] Charria | Surface layer circulation derived from Lagrangian drifters in the Bay of Biscay[END_REF]). Nevertheless, the annual depth-averaged circulation is mainly oriented poleward (Le [START_REF] Boyer | Circulation on the shelf and the upper slope of the Bay of Biscay[END_REF]). Significant freshwater runoffs from rivers (Lazure and Jegou 1998) produce density gradients on the shelf and contribute to this poleward dynamic. In addition, the two main rivers, i.e. the Loire and the Gironde, supply large amounts of sediments to the shelf [START_REF] Jouanneau | Fine-grained sediment budget on the continental margin of the Bay of Biscay[END_REF]. As shown in Fig. III.1, sandy sediment facies cover the major part of the shelf, but there is often a non-negligible mud fraction (between 10 and 20%), for instance in the main mud belt of the shelf (the "Grande-Vasière" area; see [START_REF] Jouanneau | Fine-grained sediment budget on the continental margin of the Bay of Biscay[END_REF][START_REF] Dubrulle | Nature and rates of fine-sedimentation on a mid-shelf: "La Grande Vasière" (Bay of Biscay, France)[END_REF]). Nevertheless, some muddy patches are encountered at the mouth of estuaries and in sheltered bays. Several instruments were placed along the mooring line. A MS5-Hydrolab sensor providing temperature and salinity measurements (at 60 minute intervals) was fixed 1.50 m below the sea surface. A high frequency Nortek 1000 KHz AWAC (acoustic Doppler profiler) looking upward with four acoustic transducers was fixed on a structure placed near the seabed to record the backscattered acoustic intensity (at 30 minute intervals), the intensity and direction of the currents (1 minute of timeintegrated data at 30 minute intervals), water elevation (at 30 minute intervals), as well as wave height, period, and direction (at 60 minute intervals). The return echo was sampled over the entire water column with 25 cm-thick cells. In this configuration, the first sampling cell of the AWAC profiler was located 1.67 m above the seabed, by including the height of the structure and the AWAC blank distance. A turbidity sensor (WETlabs) was also placed on the benthic frame, so that turbidity measurements were carried out (at 60 minute intervals) at an elevation above the seabed corresponding to the location of the AWAC first cell. This turbidity signal was then calibrated in suspended sediment concentrations (SSC) in mg.l -1 thanks to water samples. The backscatter index (BI) from the AWAC profiler was evaluated from the sonar equation [START_REF] Urick | Principles of Underwater Sound[END_REF][START_REF] Lurton | An introduction to underwater acoustics: principles and applications[END_REF], following the procedure described by Tessier et al. (2008b), in particular by considering the geometrical attenuation for spherical spreading, the signal attenuation induced by the water, and the geometric correction linked to the expansion of the backscattering volume with increasing distance from the source. Given that SSC derived from the turbidity sensor did not exceed 100 mg.l -1 , the signal attenuation caused by the particles was disregarded when estimating backscatter (Tessier et al. 2008b). Then, an empirical relationship was established between the BI of first AWAC cell and the SSC measurements of turbidity sensor following Tessier et al. (2008b):
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We finally obtained a coefficient of determination R 2 of 0.78 with c 1 =0.42794 and c 2 =32.8907. Changes in SSC concentrations in the water column could thus be quantified (illustrated in section III.4, e.g. Fig. III.12). There was a strong correlation between the SSC data and the wave forcing intensity, the latter controlling the resuspension over the period, with values around 10-20 mg.l -1 during calm periods, and > 40-50 mg.l -1 during peak forcing. Current patterns and the advection of suspended sediments were computed with the free surface, threedimensional MARS3D model (3D hydrodynamic Model for Applications at Regional Scale, IFREMER) described in detail by Lazure and Dumas (2008). It solves the primitive equations under classical Boussinesq and hydrostatic pressure assumptions. The model configuration spreads from 40°58'39"N to 55°N in latitude, and 18°2'1"W to 9°30'E in longitude (Fig. III.1) with a uniform horizontal resolution of 2500 m (822×624 horizontal grid points; staggered C grid, [START_REF] Arakawa | Computational design of the basic dynamical processes of the UCLA general circulation model[END_REF]. The vertical discretization is based on 40 generalized sigma layers. For water depths lower than 15 m, sigma levels are uniformly distributed through the water column. Above this depth, a resolution increase is prescribed in the lower and upper parts of the water column, following the formulation of [START_REF] Song | A semi-implicit ocean circulation model using a generalized topographyfollowing coordinate system[END_REF]. For instance, this setting leads to a bottom cell of 40 cm for a total water depth of 25 m. The numerical scheme uses a mode splitting technique with an iterative and semiimplicit method which allows simultaneous calculation of internal and external modes at the same time step. This can be achieved using an ADI (alternating direction implicit) scheme [START_REF] Leendertse | A water quality simulation model for well-mixed estuaries and coastal seas[END_REF] for the external mode which allows a large time step. In our case, it is fixed at 150 s. Vertical viscosity and diffusivity for temperature, salinity and momentum were obtained using the k-ε turbulence closure of [START_REF] Rodi | Turbulence models and their application in hydraulics[END_REF]. Simulations were performed with the realistic forcings detailed in Table III.1.

Regarding wave forcing, a wave hindcast database built with the WaveWatchIII (WWIII) model (realistic and validated configuration of [START_REF] Boudière | A suitable metocean hindcast database for the design of Marine energy converters[END_REF]) enabled the computation of bottom wave-induced shear stresses (τ w ). The WWIII code is a phase-averaged wave model which resolves the random phase spectral action density balance equation for a range of wave numbers and directions (24 directions and 32 frequencies here) on an unstructured grid (horizontal resolution ranging from 10 km offshore to 200 m nearshore). This hindcast database provided wave parameters such as bottom amplitude displacement, bottom orbital velocity, peak period, significant wave height, and direction. The wave-induced shear stress (τ w ) was computed according to the formulation of [START_REF] Jonsson | Wave boundary layers and friction factors[END_REF], with a wave-induced friction factor determined following [START_REF] Soulsby | Wave-current interaction within and outside the bottom boundary layer[END_REF]. Then, the total bottom shear stress τ was computed from the estimated τ w and from the current-induced shear stress (τ c ) provided by the hydrodynamic model, according to the formulation of [START_REF] Soulsby | Dynamics of marine sands: a manual for practical applications[END_REF], i.e. accounting for a non-linear interaction between waves and currents. Both wave and current shear stresses were computed by considering a skin roughness length z 0 linked to a 200 µm sand, representative of the sandy facies widely encountered on the Bay of Biscay shelf (z 0 =k s /30=2×10 -5 m), except in locations of rocky beds or gravel sediments. Measurements highlight typical late autumn/winter energetic conditions. Average significant wave heights (H s ) were around 1.5 m and occasionally exceeded 4 m in stormy conditions. Peak periods (T p , not illustrated here) ranged from 8 to 18 s (around 10 s on average). Even during "calm" periods, H S values are generally no lower than 0.8 m. 

III.3.3 Sediment transport model

The sediment model used in the present 3D modelling system is described in Le [START_REF] Hir | Dynamics of sand and mud mixtures: a multiprocess-based modelling strategy[END_REF]. The model makes it possible to simulate the transport and changes in all kinds of sediment mixtures under the action of hydrodynamic forcing, including that of waves and currents. In the present application of the model, bed load and consolidation processes were not taken into account, assuming that surficial sediment in our study area is weakly consolidated and mainly composed of mixtures of mud and fine sand. The former assumption is justified by the fact that erosion actually occurs in surficial layers only, typically a few mm or cm thick. The sediment dynamics was computed with an advection/dispersion equation, representing transport in the water column, as well as exchanges at the water/sediment interface linked to erosion and deposition processes. Consequently, the concentrations of suspended sediment, the related horizontal and vertical fluxes, and the corresponding changes in the seabed (composition, thickness) are simulated.

III.3.3.1 State variables and seabed initialization

Sediment facies are made up of a given combination of sediment classes for which the mass concentrations are the model state variables. In our case, four classes were considered: gravel (G), fine sand (S1), a non-cohesive material with a representative size of 200 µm, and two muddy classes (M1 and M2), which can be distinguished by their settling velocity, in order to be able to schematically represent the vertical dispersion of cohesive material over the shelf. The seabed was initialised using the distribution of these four classes according to existing surficial sediment maps [START_REF] Bouysse | Carte des sédiments superficiels du plateau continental du Golfe de Gascogne : partie septentrionale au 1/500 000[END_REF]) and for the sand and mud fractions, new sediment samples taken in the Bay of Biscay (Fig.

III.1). No sediment initialisation was undertaken in areas indicated as rocky on sediment maps. The gravel class is rarely moved and does not contribute to the sediment composition at the location where the model is validated, so that this class will not be discussed thereafter. The mud M2, characterised by a very low settling velocity (details in section III.3.3.2), is linked to river inputs and was also uniformly initialised (20 kg.m -3 ) on the seabed over the entire shelf. This particle class enables representation of a non-negligible part of the ambient turbidity of a few mg.l -1 near the coast.

A volume concentration of well-sorted sediment (C vol sort = 0.58) was attributed to sediment when only one class of non-cohesive sediment is present. However, the bed concentration can reach a higher value if several classes are mixed (C vol mix = 0.67). These typical volume concentrations [START_REF] Dyer | Coastal and estuarine sediment dynamics[END_REF]) led to mass concentrations assuming a unique sediment density ρ s (2600 kg.m -3 ) for all classes.

According to the model concept (Le [START_REF] Hir | Dynamics of sand and mud mixtures: a multiprocess-based modelling strategy[END_REF], the consolidation state of the bottom sediment is linked to the relative mud concentration, i.e. the concentration of mud in the space between the sand grains (C rel mud ). Given that the surficial sediment in our study area is weakly consolidated and mainly composed of fine sand, consolidation was disregarded and C rel mud was set at a constant value of 550 kg.m -3 (representative of pre-consolidated sediment according to [START_REF] Grasso | Analysis of mixed-sediment consolidation experiments[END_REF][START_REF] Grasso | Numerical modelling of mixed-sediment consolidation[END_REF]. Given the sand fraction f of the mixed sediment, a relationship can be derived between C rel mud and the bulk sediment density, and the latter writes:
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For large sand fraction (above 90%), the given relative concentration of 550 kg.m -3 becomes unlikely, so that ! !"#$ is maximised by ! !"# , which corresponds to a dense sediment (C vol sort .ρ s = 1508 kg.m -3 or C vol mix .ρ s = 1742 kg.m -3 depending on the properties of the sediment mixture, i.e. well sorted or mixed sediments).

This formulation could be validated by comparing with recent data in two sectors of the shelf of the Bay of Biscay [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF]): bulk densities of 1540 kg.m -3 and 1380 kg.m -3 were obtained for 85% and 75% of sand, respectively, while the application of Eq. (III.15) with sand fractions (f) of 0.85 and 0.75 led to C bulk values of 1668 kg.m -3 and 1346 kg.m -3 in fair agreement.

Sediment concentrations linked to each particle class (C sed,i ) were then deduced according to their respective fraction (F i ):
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In the model, the vertical seabed initialization consists in defining a sediment height (h sed, ini ) discretized in a given number of layers of equivalent thicknesses (dz sed, ini ). The sediment distribution has been prescribed uniformly along the vertical dimension, in the absence of 3D data on grain size distributions. The h sed, ini and dz sed, ini values were deduced from sensitivity analyses presented in section III.3.5.

III.3.3.2 Managing sediment deposition

The deposition flux D i for each sediment class i is computed according to the Krone law:
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where τ is the total bottom shear stress (waves and currents; see section III.3.2.1), W s,i is the settling velocity, C wat,i is the suspended sediment concentration, and τ d,i is the critical shear stress for deposition. In the present study, the latter was set to a very high value (1000 N.m -2 ) in order to get it ineffective: considering that consolidation processes are negligible near the interface and that, as a result, the critical shear stress for erosion remains low (section III.3.4.3), deposited sediments can be quickly resuspended in the water column if the hydrodynamic conditions are sufficiently intense, which replaces the role played by the term between parentheses in Eq. (III.17) (Le [START_REF] Hir | Dynamics of sand and mud mixtures: a multiprocess-based modelling strategy[END_REF].

The settling velocity of non-cohesive sediment is computed according to the formulation of [START_REF] Soulsby | Dynamics of marine sands: a manual for practical applications[END_REF]:
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where s is the relative density (ρ s /ρ), ρ s the sediment density, ρ the water density, g the acceleration of gravity, ν the water viscosity, and D the particle diameter. According to Eq. (III.18), the sand S1 settles at 2.5 cm.s -1 .

Settling velocity related to the mud M1 (W s,mud ) is assumed to vary as a function of its concentration in the water column (C wat,mud ) and the ambient turbulence according to the formulation of Van Leussen (1994):
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where k, m, a and b are empirical constants. Lastly, the model requires the definition of a maximum number of layers (N max ). A fusion of the two sediment layers located at the base of the sedimentary column occurs when N max is reached, once again the creation of sediment layers is authorized.

The parameters dz sed, max and N max control the "sediment vertical discretization" of the model and its accuracy, and are likely to influence the sediment dynamics. Sensitivity analyses were performed to illustrate such effects (section III.3.5).

III.3.4 Erosion law

III.3.4.1 General formulation

The short literature review in section III.2 showed that the "Partheniades" form of the erosion law, the most commonly used for cohesive sediments, can also represent the pick up process of fine sands, providing a possible fit of the power of the excess shear stress. Such an erosion law is then assumed whatever the sediment composition. In the present study, the erosion flux E is thus expressed according to Eq. (III.1). This erosion law involves three parameters, E 0 (erodibility parameter, kg.m -2 .s -1 ), τ e (critical shear stress, N.m -2 ), and n (hereafter referred to as "erosion-related parameters"), which are set at different values depending on the mud content f m (< 63 µm) of the surficial sediment. The concept of critical mud fraction is retained, with the definition of a first critical fraction f mcr1 below which a non-cohesive behaviour is prescribed, and of a second one f mcr2 above which the sediment is assumed to behave as pure mud. Two sets of erosion-related parameters will be defined below and above these mud fractions (see sections III.3.4.2 and III.3.4.3 for sand and mud, respectively). As already mentioned in section III.2, a transition in erosion-related parameters has to be prescribed between f mcr1 and f mcr2 (between pure sand and pure mud parameters) to manage the erosion of "transitional" sand/mud mixtures. Such a transition is investigated in section III.3.4.4.

III.3.4.2 Pure sand erosion

Below the first critical mud fraction f mcr1 , the non-cohesive erosion regime is prescribed by defining a first set of erosion-related parameters linked to pure sand erosion in Eq. (III.1): E 0,sand , τ e,sand , and n sand . Le [START_REF] Hir | Dynamics of sand and mud mixtures: a multiprocess-based modelling strategy[END_REF] suggested to compute f mcr1 as a function of the sand mean diameter D (f mcr1 = α 0 D with α 0 = 10 3 m -1 ), leading to a value of 20% considering the fine sand S1 of 200 µm (considered as a reference value hereafter). However, the model erosion dynamics is likely to significantly vary while the surficial mud fraction f m is close to f mcr1 . Such sensitivity is addressed in sections III.3.4.4 and III.4.2.

In Eq. (III.1), parameters linked to pure sand erosion E 0,sand , τ e,sand , and n sand were deduced from numerical simulations and empirical formulations. According to Van Rijn (1984b, 2007) and many other numerical models [START_REF] Van Ledden | (ed) Fine sediment dynamics in the marine environment[END_REF][START_REF] Van Ledden | Sand-mud segregation in estuaries and tidal basins[END_REF][START_REF] Carniello | Modeling sand-mud transport induced by tidal currents and wind waves in shallow microtidal basins: Application to the Venice Lagoon (Italy)[END_REF], the best fit for n sand is 1.5.

The critical shear stress τ e,sand was determined from the Shields critical mobility parameter computed according to the formulation of [START_REF] Soulsby | Dynamics of marine sands: a manual for practical applications[END_REF]:
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For D=200 µm (S1), τ e,sand = 0.15 N.m -2 .

As explained in the background section, it is recommended to express E 0,sand as a function of the reference height (h ref ) where the deposition rate is assessed, which in the present model, is 0.02 m.

Using the "reference" concentration (C ref ) formulation of Van Rijn (1984b, 2007) (Eq. III.9) in Eq. (III.8) enabled to express the E 0,sand constant in the "Partheniades" form of the erosion law as:
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For D=200 µm (S1), h ref =0.02 m, and W s,sand =2.5 cm.s -1 , Eq. (III.21) leads to E 0,sand = 5.94×10 -3 kg.m - 2 .s -1 .

The relevance of this E 0,sand value latter was assessed by simulating an equilibrium state under a steady current and by comparing the depth-integrated horizontal sediment flux with some standard transport capacity formulations. Using a 1DV version of the code, several computations of fine sand resuspensions were performed under different flow intensities (U), and once the equilibrium was reached (deposition=resuspension) the total transport was computed as:
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where dz(k) refers to the thickness of the cell k (in m) in the water column (discretized in n layers along the vertical dimension). Sand transport rates Q sand were then compared to the rates deduced from the formulations of Van Rijn (1984c), [START_REF] Engelund | A monograph on sediment transport in alluvial streams[END_REF], and [START_REF] Yang | Incipient motion and sediment transport[END_REF] for similar flow velocities (hereafter Given the lack of established formulation of the erosion factor for pure mud, experimental approaches are often used to calibrate it for specific materials, preferably in situ when possible. For this purpose, a specific device had been designed: the "erodimeter" is described in Le [START_REF] Hir | Erodibility of natural sediments: experiments on sand/mud mixtures from laboratory and field erosion tests[END_REF]. It consists of a small recirculating flume where a unidirectional flow is increased step by step and interacts with a sediment sample carefully placed at the bottom after transfer from a cylindrical core. When measurements are made on board an oceanographic vessel, the test can be considered as quasi in situ.

Q sand , VR1984c , Q sand , EH1967 ,
On the shelf of the Bay of Biscay, erosion tests had been conducted on board the Thalassa N/O: a few of them were performed on muddy sediment samples (mud content higher than 80%). 

Erosion parameters

For sand (200 µm) E 0,sand τ e,sand n sand 5.94×10 -3 kg.m -2 .s -1 0.15 N.m -2 1.5

For mud E 0,mud τ e,mud n mud 10 -5 kg.m -2 .s -1 0.1 N.m -2 1 III.3.4.4 Erosion of transitional sand/mud mixtures: selection of transition formulations to be tested Between critical mud fractions (f mcr1 and f mcr2 ), E 0 , τ e , and n ranged between pure sand (E 0,sand , τ e,sand , n sand ) and pure mud (E 0,mud , τ e,mud , n mud ) parameters, following a transition trend which had to be specified. We defined several expressions of the erosion law during the transition between non-cohesive and cohesive behaviours as a function of the surficial sediment mud fraction (f m ). First, we considered a linear transition type in which erosion-related parameters are linearly interpolated from the respective sand and mud parameters according to their respective concentrations in the mixture (default solution in the original paper by Le [START_REF] Hir | Dynamics of sand and mud mixtures: a multiprocess-based modelling strategy[END_REF].

As already mentioned in section III.2, several experimental studies in the literature revealed that the transition from non-cohesive to cohesive could be more abrupt. For instance, [START_REF] Smith | Erosion thresholds and rates for sand-mud mixtures[END_REF] performed erodibility experiments on natural and artificial sand/mud mixtures, and showed a rapid decrease in erosion rates with increasing mud/clay contents. Nevertheless, the transition between the two regimes remains poorly documented (section III.2). Here, we propose an exponential formulation that specifically enables adjustment of the sharpness of the transition, which is not possible with the few existing expressions (e.g. [START_REF] Van Ledden | Sand-mud segregation in estuaries and tidal basins[END_REF][START_REF] Carniello | Modeling sand-mud transport induced by tidal currents and wind waves in shallow microtidal basins: Application to the Venice Lagoon (Italy)[END_REF]). The exponential transition trend (Eq. III.23) was applied to all erosion-related parameters (X exp ) as a function of mud content, with a coefficient C exp allowing the adjustment of the sharpness of the transition, which becomes more abrupt with an increase in C exp :
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Different settings of the erosion law were tested in 3D simulations to assess the correctness of the model response in terms of SSC and changes in the seabed. All settings are illustrated in Fig. III.9. A second series of simulations was run to evaluate the sensitivity of the results to critical mud fraction values. Thus, the f mcr1 value was successively reduced to 10%, 5%, and ~0% (with the corresponding f mcr2 = 60%, 55%, and 50%), but only the exponential transition regime (with C exp = 40) was considered (simulations S2 EXP2 , S3 EXP2 , and S4 EXP2 respectively), as it produced better results than the other transitions (see results section III.4.1).

III.3.5 Coupling bed exchanges and the nature of the surficial sediment, role of the model vertical resolution within the sediment Simulations were run to investigate the influence of seabed discretization on exchanges with the water column and changes in the nature and thickness of the seabed in response to a given forcing. The vertical discretization of the sedimentary compartment has to be adequately configured. In order to optimize this vertical resolution, tests were conducted with the 1DV model configuration, forced with actual hydrodynamic forcings obtained at the LC station from 3D simulations of the whole Bay of Biscay: forcings are the total bottom shear stress τ, the depth-averaged current velocity VEL INT which controls the turbulence, while the mean water depth was kept constant for the sake of 1DV consistence. The initial sediment cover was representative of that at the LC station. For this sensitivity analysis, erosion was managed with the default erosion setting using a linear transition between the two critical mud fractions f mcr1 and f mcr2 , respectively set to 20% and 70% (see details in sections III.3.4. 1 and III.3.4.4). Deposition was managed by using the reference settling velocity (W S, ref ) with k=0.005 and m=0.7 in Eq. III.19 (see details in section III.3.3.2).

In the model, the vertical seabed initialization consists in defining a sediment height (h sed, ini ) discretized in a given number of layers of equivalent thicknesses (dz sed, ini ) (section III.3.3.1). Several initial vertical discretizations were tested (detailed in Table III.3) considering an initial sediment height h sed, ini of 0.03 m. The maximum thickness of any sediment layer (dz sed, max ) was equal to the initial layer thickness (dz sed, max = dz sed, ini ), while the maximum number of sediment layers in the seabed compartment was N max = 150 layers. The concentrations of suspended mud and sand in the different tests were integrated over the whole water column and then averaged over the simulated period (C int, mud and C int, sand respectively). When these concentrations were plotted as a function of dz sed, ini (Fig. III.11), the results revealed a refining threshold of the sediment vertical discretization above which suspended concentrations no longer change. This "convergence" is reached when dz sed, ini drops below 0.5-0.33 mm. To check whether this vertical sediment discretization is appropriate, the same simulations were performed with a different settling velocity setting (W S, test in Fig. III.11, using k=1.85×10 -3 and m=0.7 in Eq. III.19). The results showed similar trends with a converging behaviour of C int, mud and C int, sand when dz sed, ini were chosen below 0.5-0.33 mm. Note that this new settling velocity led to higher values of C int, mud and C int, sand for any dz sed, ini . Higher C int, mud are straightforwardly linked to the generally lower settling velocity.

Interestingly, higher C int, sand values are generated by stronger mud dynamics, the muddy fraction remaining in the water column for longer, which results in higher sandy fractions in the seabed and hence more intense erosion during the corresponding periods (E 0,sand >>E 0,mud ).

Following these sensitivity analyses, the sediment compartment of 0.03 m thick was finally discretized in 90 sediment layers corresponding to a dz sed, ini of 0.33 mm. 

III.4. Results

III.4.1 Influence of the transition between non-cohesive and cohesive erosion modes in the erosion law

The first step consisted in assessing the 3D model response in the model cell located closest to the LC station in terms of SSC and changes in the seabed (i.e. composition, thickness) by considering two transitions of the erosion law, one linear and one exponential (with C exp = 40 in Eq. III.23), between the cohesive and non cohesive regimes (Fig. III.12). This first comparison was performed by using the "reference" f mcr1 and f mcr2 values, of 20% and 70% respectively. The two erosion settings, S1 LIN and S1 EXP2, are illustrated in Regarding the dynamics of sediments in suspension, SSC from the AWAC profiler ranged between 10 and 80 mg.l -1 over the study period. Four main resuspension events can be identified: the first event lasted from the 1 st to the 5 th of December, 2007 (event 1), the second from the 8 th to the 11 th of December, 2007 (event 2), the third from the 11 th to the 12 th of January, 2008 (event 3), and the last from the 15 th to the 17 th of January 2008 (event 4). During these events, SSC values ranged between 20 and 80 mg.l -1 near the seabed, and did not exceed 40 mg.l -1 close to the surface (Fig. III.12). The rest of the time, a higher frequency turbidity signal linked to the semi-diurnal tide resuspension was recorded near the seabed with SSC in the range of 10-15 mg.l -1 . Turbidity peaks were regularly detected in the surface signal whereas there was no significant increase near the seabed: these peaks are probably due to the signal diffraction caused by air bubbles (wave mixing; see [START_REF] Tessier | Caractérisation et dynamique des turbidités en zone côtière: l'exemple de la région marine Bretagne Sud[END_REF].

Despite the fact that the model response roughly agreed with observations, computing SSC with the S1 LIN erosion setting highlighted some periods during which turbidity was overestimated, for instance in the upper half of the water column during event 2, and several times between the 30 th of December and the 9 th of January (Figs. III.12c,e). Overestimations were particularly noticeable in the SSC series at 1.67 m above the seabed (Fig. III.12e): modelled SSC regularly exceeded observed SSC by 20 to 40 mg.l -1 during events 1, 2, and 4, and even during calmer periods (e.g. between the 30 th of December and the 9 th of January). In contrast, modelled SSC were underestimated by a factor of 2 during event 3. The S1 LIN erosion setting led to a representation of observed SSC with a root mean square error (RMSE) of 14 mg.l -1 over the study period.

Using the S1 EXP2 erosion setting enabled a general improvement in modelled SSC with a RMSE of 10.5 mg.l -1 over the period, and a correct response during the four energetic periods (Figs. III.12d,e).

Differences in SSC between simulations during events 1, 2, and 4 were mainly due to different erosion rates (especially due to E 0 in Eq. III.1) prescribed for the same intermediate mud fraction in the surficial layer (in Fig. III.9, this rate is clearly higher in the S1 LIN setting).

However, other differences, especially between the 30 th of December and the 9 th of January and during event 3, are linked to the contrasted changes in the seabed between the two simulations. One major difference in these changes occurs after event 2 with more significant mud deposition in simulation S1 EXP2 (Figs. III.12f,g). This difference can also be seen in Fig. III.12h, which highlights a significant decrease in F OBC, mud (i.e. flow of mud out of the cell) in simulation S1 LIN , but not in S1 EXP2 . The decrease in F OBC, mud in simulation S1 LIN is probably due to less mud inputs from adjacent cells, resulting in relatively more mud exported by advection and thus less mud deposition during the decrease in shear stress following event 2. Note that this difference in seabed changes influences the sediment dynamics in both simulations throughout the period. Following event 2, a transition in surficial sediment from muddy to sandy occurs in both simulations but at different times. In the S1 LIN simulation, the transition occurs half way through the period, around the 30 th of December, and manifests itself as a SSC peak linked to mud resuspension near the bottom (Fig. III.12e), and by a decrease in F OBC, mud (relative loss by advection), which does not occur in the S1 EXP2 simulation. Following the transition in the nature of the seabed, the S1 LIN simulation regularly gives incorrect SSC responses (e.g. overestimation around the 6 th of January, underestimation during event 3). These results underline the potential role of advection processes in the contrasted results of the two simulations, and the need for full 3D modelling to obtain a final fit of the erosion law. In the S1 EXP2 simulation, the transition occurs later in the period, around the 11 th of January, and enables a correct SSC response regarding event 3, associated with a decrease in F OBC, mud . It may mean that, on one hand, setting S1 EXP2 allows a more accurate representation of resuspension dynamics in response to a given forcing, and on the other hand, it induces a more correct change in the nature of the seabed with respect to the variations in forcing over time. Note that despite contrasted sediment dynamics in the different simulations, the mud budget at the scale of the cell cumulated over the whole period led to similar trends corresponding to a relative loss by advection of around -5×10 6 kg (that is -5/2.5 2 kg.m - 2 ).

Sand contributes to turbidity over shorter periods than mud, mainly during events 1, 2, and 4. Results provide evidence that sand is not subject to the same dynamics as mud. Until the transition in the nature of the surficial sediments in the middle of the period (30 th of December), sand dynamics appear to be quite similar in the two simulations (e.g. F OBC, sand in Fig. III.12h). Beyond this date, the contrasted nature of the seabed results in more regular sand resuspension in S1 LIN , with an advection component leading to a relative local sand loss (in the cell). Starting from event 3, F OBC, sand increases (i.e. relative sand inflow into the cell) in both simulations while the advection flux of mud decreases (in S1 EXP2 ) or does not change (in S1 LIN ). This highlights the fact that sand and mud dynamics are likely to differ depending on the nature of the seabed in adjacent cells.

The erosion setting S1 EXP1 (Fig. III.9), which is characterised by a less abrupt exponential transition in erosion law (C exp =10 in Eq. III.23), appears to be less efficient in terms of SSC (not illustrated here) with a RMSE of 12 mg.l -1 over the study period (versus 10.5 mg.l -1 in S1 EXP2 ). The turbidity response provided by the model would be expected to be degraded while progressively reducing the decreasing trend of the transition (until a linear decrease is reached).

Considering the accurate representation of resuspension events and the lower RMSE obtained with the erosion setting S1 EXP2 , the latter was considered as an "optimum" setting, suggesting that the definition of an exponential transition to describe sand/mud mixture erosion between non-cohesive and cohesive erosion modes may be appropriate in hydro-sedimentary numerical models.

III.4.2 Influence of critical mud fractions

The sensitivity of the SSC model results to critical mud fractions, f mcr1 and f mcr2 , was assessed, starting from the "optimum" erosion setting deduced in section III.4.1 and characterised by an exponential transition between f mcr1 =20% and f mcr2 =70% with C exp =40 in Eq. (III.23) (i.e. S1 EXP2 setting). Both critical mud fractions were progressively reduced by 10% (f mcr1 = 10%, f mcr2 = 60%), 15% (f mcr1 = 5%, f mcr2 = 55%), and 20% (f mcr1 = 0%, f mcr2 = 50%). The corresponding settings, S2 EXP2 , S3 EXP2 , and S4 EXP2 are illustrated in Fig. III.9. Note that the second critical mud fraction f mcr2 appears in the extension of the exponential decay (Eq. III.23), but, due to the shape of the exponential trend, it does not constitute a real critical mud fraction but rather an adjustment parameter for the transition. We can thus consider that this sensitivity analysis mainly deals with the setting of the first critical mud fraction f mcr1 .

First, it can be seen that the SSC linked to the four resuspension events progressively decrease with the decrease in f mcr1 (Fig. III.13b), which results in underestimation of turbidity with respect to observed values. While no clear differences in SSC appear between S1 EXP2 and S2 EXP2 (the latter is not illustrated in Fig. III.13), i.e. with a reduction of f mcr1 from 20% to 10%, significant SSC underestimations occur for f mcr1 < 10%. The average turbidity during resuspension events is underestimated by 15-20% (respectively 30%) in simulation S3 EXP2 (resp. S4 EXP2 ). Regarding maximum SSC, underestimations of SSC peaks are around 15-30% (resp. 40-50%) during events 1 and 2 in simulation S3 EXP2 (resp. S4 EXP2 ). In addition, SSC peaks during events 3 and 4 are completely absent in these two simulations with an underestimation of about 60%. Other simulations with linear trend but low f mcr1 were tested and showed no improvement compared with the settings illustrated in figures III.12 and III.13. 

III.5. Discussion

III.5.1 Setting describing erosion of a sand/mud mixture

All experimental studies in the literature on the erosion of sand/mud mixtures mentioned a transition in the erosion mode when fine particles progressively fill the spaces between non-cohesive particles. [START_REF] Panagiotopoulos | The influence of clay on the threshold of movement of fine sandy beds[END_REF] proposed a conceptual model showing the mechanism for the initiation of sediment motion for sand-mud mixtures, based on the forces acting on an individual grain and the associated angle of internal friction (following [START_REF] Wiberg | Calculations of the critical shear stress for motion of uniform and heterogeneous sediments[END_REF]. When the mud content increases, clay minerals progressively fill the spaces between the sand particles, which slightly alters the pivoting characteristics and consequently the internal friction angle, and thus a slight change in erosion resistance. As soon as the sand particles are no longer in contact with one another, pivoting stops being the main mechanism behind the initiation of motion, and the resistance of the clay fraction mainly controls erosion. Depending on the authors, this transition is expressed by reasoning in terms of mud or clay content in the mixture (see section III.2). For instance, [START_REF] Mitchener | Erosion of mud/sand mixtures[END_REF] proposed a transition between 3% and 15% mud content, and suggested using cohesive-type sediment transport equations above this transition value and sand transport theories below it. Other authors suggested that the transition occurs at much higher mud content, i.e. between 20% and 30% (e.g. [START_REF] Panagiotopoulos | The influence of clay on the threshold of movement of fine sandy beds[END_REF][START_REF] Houwing | Sediment dynamics in the pioneer zone in the land reclamation area of the Wadden Sea[END_REF][START_REF] Hir | Erodibility of natural sediments: experiments on sand/mud mixtures from laboratory and field erosion tests[END_REF]). More generally, previous investigations emphasised that only 2% to 10% of clay minerals (dry weight) added in a non-cohesive sediment matrix were sufficient to control the soil properties and increase the resistance of the bed to erosion (e.g. [START_REF] Dyer | Coastal and estuarine sediment dynamics[END_REF][START_REF] Raudkivi | Loose Boundary Hydraulics[END_REF][START_REF] Mehta | Nearshore and estuarine cohesive sediment transport[END_REF][START_REF] Van Ledden | Sand-mud segregation in estuaries and tidal basins[END_REF][START_REF] Smith | Erosion thresholds and rates for sand-mud mixtures[END_REF].

Modelling results in the present study highlighted the fact that the critical mud fraction (f mcr1 ), above which a transition toward a cohesive erosion mode would start, is at least 10% mud content. Grain size analyses of numerous sediment samples (from several locations, and at different depths in the sediment) from the Bay of Biscay shelf revealed that the clay content (% <4 µm) corresponds to 30% (± 3%, R 2 =0.96) of the mud content (% <63 µm). Such a constant ratio between the clay and mud fractions (or between the clay and silt fractions) in a given area has been observed in many sites worldwide [START_REF] Flemming | A revised textural classification of gravel-free muddy sediments on the basis of ternary diagrams[END_REF][START_REF] Van Ledden | A conceptual framework for the erosion behaviour of sand-mud mixtures[END_REF]). Thus, the critical clay content deduced from our modelling fitting would be around 3%. Therefore, our results are in agreement with experimental results of previous studies regarding the existence and the value of a critical mud/clay fraction indicating a transition in the mode of erosion.

Multiple transition trends of the erosion law (linear, exponentials) were tested to describe the erosion behaviour of transitional sand/mud mixtures, i.e. when the mud fraction exceeds the critical value of f mcr1 in the mixture. The quality of the model response was evaluated by comparing SSC results with turbidity measurements provided by the AWAC profiler over the entire water column. Based on RMSE and average or maximum SSC values reached during resuspension events, the results provided a more accurate representation of observations while considering an abrupt exponential transition of erosion parameters (i.e. E 0 , τ e , and n in the Partheniades form of the erosion law, see Eq. III.1). Actually, changes in SSC produced by this transition formulation mainly hold in the contrasted E 0 values prescribed in erosion law depending on the seabed mud fraction (E 0,mud <<E 0,sand ; see section III.3.4). This result agrees with results recently obtained by [START_REF] Smith | Erosion thresholds and rates for sand-mud mixtures[END_REF] who performed erosion experiments on mixed sediment beds prepared in the laboratory (250-500 µm sands mixed with different clayey sediments corresponding to kaolinite or kaolinite/bentonite) with the Sedflume device [START_REF] Mcneil | Measurements of erosion of undisturbed bottom sediments with depth[END_REF]. In particular, they observed a rapid decrease in erosion rates, from 1.5 to 2.5 orders of magnitude, over a range of 2% to 10% clay content. In the present study, exponential transitions prescribed in settings S1 EXP1 and S1 EXP2 (C exp =10 and C exp =40 in Eq. III.23, Fig. III.9) led to a variation in the erodibility parameter E 0 of about 2.5 orders of magnitude over a mud content range of 10% and 40%, i.e. over a clay content ranging from 3% and 12% respectively. The best model results obtained from erosion setting S1 EXP2 are thus consistent with the findings of [START_REF] Smith | Erosion thresholds and rates for sand-mud mixtures[END_REF], and suggest that a rapid exponential transition may be appropriate to describe the erosion of a sand/mud mixture between non-cohesive and cohesive erosion modes in numerical hydro-sedimentary models.

Lastly, the quality of the model response indicates that the settling velocity setting prescribed in 3D simulations (W S, ref ; see section III.3.3.2) is appropriate with respect to the fitted erosion law. In addition, the analysis of sensitivity to settling velocity performed in section III.3.5 (1DV simulations) provided evidence for higher SSC while considering the alternative W S, test setting characterized by lower settling velocities. Modelled turbidity derived from 3D simulations would then be higher, not in agreement with observations.

III.5.2 Limitations of the approach and remaining uncertainties

Despite successive assessments of model quality, in particular regarding erosion/deposition settings, some limitations and uncertainties concerning our modelling approach remain and have to be addressed.

III.5.2.1 Mud erosion law

A pure mud erosion law was set up based on erodimetry experiments performed on muddy sediment samples from the Bay of Biscay shelf. A critical shear stress for mud erosion (τ e,mud ) of 0.1 N.m -2 was deduced. By combining this τ e,mud value with the minimum erodibility parameter E 0,mud recommended by e.g. [START_REF] Winterwerp | Flow-induced erosion of cohesive beds; a literature survey[END_REF], i.e. 10 -5 kg.m -2 .s -1 , the application of the mud erosion law from the model (section III.3.4.3) led to good agreement between modelled erosion fluxes and those obtained in erodimetry experiments for comparable applied shear stresses (Fig. III.8). Such a lower critical stress for erosion when the mixture is muddier is opposite to trends most often published, characterized by an increase of the resistance to erosion when mud is added to sand (e.g. [START_REF] Murray | Erodibility of coarse sand-clayey silt mixtures[END_REF]; [START_REF] Kamphuis | Cohesive material erosion by unidirectional current[END_REF][START_REF] Mitchener | Erosion of mud/sand mixtures[END_REF][START_REF] Panagiotopoulos | The influence of clay on the threshold of movement of fine sandy beds[END_REF][START_REF] Kothyari | Influence of cohesion on the incipient motion condition of sediment mixtures[END_REF]Le Hir et al. 2008;[START_REF] Ahmad | The critical shear stresses for sand and mud mixture[END_REF][START_REF] Jacobs | Erosion threshold of sand-mud mixtures[END_REF][START_REF] Ye | Experimental study of erosion threshold of reconstituted sediments[END_REF][START_REF] Salehi | Measurement of critical shear stress for mud mixtures in the San Jacinto estuary under different wave and current combinations[END_REF][START_REF] Smith | Erosion thresholds and rates for sand-mud mixtures[END_REF]. Other simulations were performed with higher τ e,mud values, 0.15, 0.2, and 0.4 N.m -2 . As expected, modelled SSC was underestimated compared with observed SSC while τ e,mud increased (even for 0.15 N.m -2 ). Another assessment of E 0, mud could have produced similar results, but we preferred to keep the shear strength provided by our experiments, the low value being justified by the fact that in our environment (erosion on a continental shelf with low bottom friction) the sediment is never remobilized at depth, and the surficial sediment remains not consolidated.

III.5.2.2 Initial condition of the sediment and time variation of the seabed

Seabed initialisation was prescribed from the synthesis of sediment facies applied at the beginning of each simulation. To evaluate the influence of the sediment initialisation on model results (SSC, seabed variations), the "optimum" model setting from the present study (S1 EXP2 ) was used again in a new simulation using the surficial sediment cover computed at the end of a one year simulation used as spin up. We obtained similar SSC results with a RMSE of 11.3 mg.l -1 over the study period (versus 10.5 mg.l -1 in the original S1 EXP2 simulation). Similarities in seabed variations (thickness and composition) in the two simulations were likewise remarkable (not illustrated here). Thus, the seabed initialisation prescribed at the beginning of each simulation appears to be appropriate and does not correspond to a transitional state regarding the sediment dynamics.

Model results concerning changes in the seabed highlighted pronounced gradients in the nature of the surficial sediment in most simulations, with an alternation of muddy and sandy facies depending on the intensity of forcing (e.g. shear stress, advection). Such variations in the nature of the sediment are not unrealistic, since grain size analyses of a sediment core sampled at LC station revealed a layered bed, with alternating muddy and sandy layers at different depths in the sediment. These variations are also consistent with the geographical location of LC station (Fig. III.1), in a zone with strong horizontal gradients in the sediment facies.

A further validation of the model in terms of thickness or elevation would require other measurements as in situ altimetry data (e.g. [START_REF] Bassoullet | Sediment transport over an intertidal mudflat: field investigations and estimation of fluxes within the "Baie de Marennes-Oléron" (France)[END_REF]. Simulations make it necessary to use altimetry data, which were not available in the present study.

III.5.2.3 Applicability of the sand/mud mixture erosion law

Assessment of the effect of erosion settings on the quality of model results with respect to observations would require further comparisons in other study sites where the seabed consists of both sand and mud. This would make it possible to know if an abrupt transition between non-cohesive and cohesive erosion modes systematically improves model accuracy in terms of SSC.

The use of the sand/mud mixture erosion law derived from this study requires site-specific information beforehand, in particular grain size analyses for the assessment of the mud or the clay content. Since the critical mud fraction f mcr1 , above which erosion behaviour starts to change, mainly depends on clay content, the ratio between clay and mud fractions can be used.

Lastly, the formulation of erosion was based on the Patheniades-Ariathurai law, with an erosion flux proportional to the normalized excess shear stress (τ/τ e -1). Such a formulation is very sensitive to the value of the critical shear stress for erosion, which can be difficult to estimate and highly variable in the case of sand/mud mixtures. Alternatively, a formulation of the erosion flux proportional to the excess shear stress (τ-τ e ) would reduce the sensitivity of erosion to τ e . It would also be in agreement with the Van Kesteren-Winterwerp-Jacobs erosion law mentioned in the background section [START_REF] Winterwerp | Introduction to the physics of cohesive sediment dynamics in the marine environment[END_REF], and deserves further investigations following the pioneer work of [START_REF] Jacobs | Erosion threshold of sand-mud mixtures[END_REF].

III.6. Conclusions

The aim of this study was to assess the influence of the erosion law prescribed in a 3D realistic hydrosedimentary model on sediment dynamics in the case of a seabed composed of both fine sand and mud in a slightly energetic environment. According to the sediment model described by Le Hir et al. (2011), the sediment was eroded as a mixture and was assumed to behave as pure sand below a first critical mud fraction in the surficial sediment, and as pure mud above a second one. Following hydrodynamic validation of the model and rigorous assessment of pure sand and pure mud erosion dynamics, several transition trends of erosion-related parameters (erodibility parameter, critical shear stress, and exponent in the Partheniades erosion law) were tested to describe the erosion of transitional sand/mud mixtures between the two critical fractions. Different simulations were run using linear or exponential transitions, and different critical mud fractions. The accuracy of model results regarding suspended matter dynamics was evaluated at a single point, located on the Bay of Biscay shelf, by performing comparisons with turbidity observations provided by an acoustic profiler during two typical winter months. The main conclusions of this work are:

• Using an abrupt exponential transition, e.g. an erodibility parameter decrease of 2.5 orders of magnitude over a 10% (respectively 3%) mud (respectively clay) content range, improves SSC model results regarding measurements, compared to results obtained with linear or less abrupt exponential transitions. This conclusion agrees with recent experimental studies in the literature on the erosion of sand/mud mixtures, which mention a drastic change in erosion mode for only a small percentage of clay added in the mixture. • A first critical mud fraction (above which the erosion mode begins to change) of 10% is required to ensure a relevant model response in turbidity. By reasoning in terms of the clay fraction, the corresponding critical clay fraction ranges between 3% and 6%. Once again, this conclusion agrees with experimental studies in the literature reporting that 2% to 10% of clay minerals in a sediment mixture are sufficient to control the soil properties. • The erosion flux of mixed sediments appears to be very sensitive to the clay fraction of the surficial sediment, and then is likely to change a lot at a given location, according to erosion and deposition events. • The need to perform 3D simulations to account for advection, which considerably influences sediment dynamics in terms of export of resuspended sediments, sediment inflows from adjacent cells, and consequent changes in the surficial seabed (nature and thickness of deposits).

Therefore, the optimal erosion law derived from this study to describe sand/mud mixture erosion led to model results consistent with measurements and with most of the conclusions deduced from experimental studies already published. This should encourage further similar comparisons and suggests that the application of this kind of erosion setting is appropriate for hydro-sedimentary models.

Conclusions générales du chapitre III

Un modèle hydro-sédimentaire réaliste 3D a été mis en place à l'échelle du Golfe de Gascogne. Dans une démarche globale de validation, ce troisième chapitre a eu pour but d'évaluer l'influence du paramétrage de la loi d'érosion sur la dynamique sédimentaire modélisée dans le cas d'un fond sédimentaire composé à la fois de sable et de vase.

Sur la base du modèle sédimentaire décrit par Le [START_REF] Hir | Dynamics of sand and mud mixtures: a multiprocess-based modelling strategy[END_REF] Dans le chapitre II, des évolutions du fond sédimentaire (diminution de la fraction fine dans le sédiment superficiel) ont été observées au niveau d'une zone intensément chalutée de la Grande-Vasière. L'explication plausible retenue pour expliquer ces évolutions a été l'impact du chalutage de fond en termes de remise en suspension, responsable d'un lessivage progressif de la fraction fine du sédiment superficiel. Les deux simulations réalisées vont permettre de comparer les évolutions de la nature du fond obtenues sous l'influence des forçages naturels seuls ou sous l'effet conjoint des forçages naturels et anthropique. Les potentielles différences permettront ainsi d'évaluer si le modèle montre aussi un impact significatif du chalutage sur l'évolution temporelle de la fraction fine du fond sédimentaire au niveau de certaines zones. Many studies have assessed the general circulation in the BoB from observations provided by Lagrangian drifters (e.g. [START_REF] Van Aken | Surface currents in the Bay of Biscay as observed with drifters between 1995 and 1999[END_REF][START_REF] Serpette | Lagrangian circulation of the North Atlantic Central Water over the abyssal plain and continental slopes of the Bay of Biscay: description of selected mesoscale features[END_REF][START_REF] Charria | Surface layer circulation derived from Lagrangian drifters in the Bay of Biscay[END_REF][START_REF] Porter | Drifter observations in the summer time Bay of Biscay slope current[END_REF], current-meter moorings (e.g. [START_REF] Batifoulier | Poleward coastal jets induced by westerlies in the Bay of Biscay[END_REF][START_REF] Boyer | Circulation on the shelf and the upper slope of the Bay of Biscay[END_REF][START_REF] Kersalé | Poleward along-shore current pulses on the inner shelf of the Bay of Biscay[END_REF], or from numerical models (e.g. [START_REF] Pingree | Celtic and Armorican slope and shelf residual currents[END_REF][START_REF] Santos | A circulation model for the European ocean margin[END_REF]Lazure et al. 2008). Its main features (strength, seasonality) linked to circulations over the abyssal plain and the continental slope were described by [START_REF] Koutsikopoulos | Physical processes and hydrological structures related to the Bay of Biscay anchovy[END_REF] or more recently by [START_REF] Charria | Surface layer circulation derived from Lagrangian drifters in the Bay of Biscay[END_REF], and are beyond the scope of the present paper. The circulation on the shelf is mainly controlled by wind and density currents, and exhibits marked seasonal variability. Residual tidal currents (semi-diurnal tide) over the French parts of the shelf are weak [START_REF] Pingree | Celtic and Armorican slope and shelf residual currents[END_REF][START_REF] Boyer | Circulation on the shelf and the upper slope of the Bay of Biscay[END_REF], except close to the coasts of islands. Using drifter measurements, [START_REF] Charria | Surface layer circulation derived from Lagrangian drifters in the Bay of Biscay[END_REF] showed variable surface currents oriented equatorward (i.e. towards the equator following the coast orientation) in spring and summer, and oriented poleward (i.e. towards the pole following the coast orientation) in autumn and winter. These changes are linked to seasonal variations in wind direction, the so-called SOMA effect (September-October and March-April transitions in wind direction; see [START_REF] Pingree | Seasonality of the European slope current (Goban Spur) and ocean margin exchange[END_REF], with mainly south-eastward winds in summer, turning north-eastward in winter. However, Le [START_REF] Boyer | Circulation on the shelf and the upper slope of the Bay of Biscay[END_REF] reported a pronounced vertical shear in current profiles in summer, with equatorward currents at the surface, and poleward currents near the bottom, thereby demonstrating that wind did not drive the entire deep circulation on the shelf. These authors provided evidence that the annually averaged depth-integrated circulation on the shelf is poleward and hypothesised that it results from the combination of large-scale forcings (e.g. density gradients, non-local wind stress) and local forcings. Significant freshwater runoff from rivers (Lazure and Jegou 1998) is known to create density gradients and contribute to this poleward circulation. For instance, Lazure et al. (2008) described a poleward density driven current (~10 cm.s -1 ) in autumn caused by the density gradient induced by the breakdown of stratification. [START_REF] Vincent | Hydrologie, variations saisonnières de la situation thermique du Golfe de Gascogne en 1967[END_REF] described a cold pool of water (11-12°C, between 60 and 120 m depths on the northern Armorican shelf) generated after establishment of the seasonal thermocline, which tends to drive cyclonic circulation in front of the Loire estuary from spring to autumn. Lastly, recent investigations highlighted the occurrence of poleward current pulses [START_REF] Batifoulier | Poleward coastal jets induced by westerlies in the Bay of Biscay[END_REF][START_REF] Kersalé | Poleward along-shore current pulses on the inner shelf of the Bay of Biscay[END_REF]. [START_REF] Batifoulier | Poleward coastal jets induced by westerlies in the Bay of Biscay[END_REF], observed a summer poleward coastal event (22 days) of up to 32 cm.s -1 along the Aquitaine shelf, and showed that the current was linked to downwelling conditions along the Spanish coast caused by north-westerly winds. The corresponding alongshore pressure gradients were thus responsible for the generation of coastal trapped waves propagating along the shelf.

To our knowledge, despite the abundant literature on hydrodynamic circulation, sediment fluxes have never been assessed in the BoB at regional scale. A likely reason is that it is practically impossible to quantify fluxes from large scale measurements, plus sediment transport on the continental shelf of the BoB has never been modelled, as is also true for other regions like the Gulf of Lions (e.g. [START_REF] Wiberg | Sediment transport on the Palos Verdes shelf over seasonal to decadal time scales[END_REF][START_REF] Ulses | Suspended sediment transport in the Gulf of Lions (NW Mediterranean): Impact of extreme storms and floods[END_REF][START_REF] Guillou | Numerical simulation of tide-induced transport of heterogeneous sediments in the English Channel[END_REF]. Many studies have been conducted on sediment dynamics in submarine canyons along the slope, especially on the Aquitanian margin (e.g. Durrieu de Madron et al. 1999;[START_REF] Heussner | Spatial and temporal patterns of downward particle fluxes on the continental slope of the Bay of Biscay (northeastern Atlantic)[END_REF][START_REF] Schmidt | Particle fluxes and recent sediment accumulation on the Aquitanian margin of Bay of Biscay[END_REF][START_REF] Mulder | Present deep-submarine canyons activity in the Bay of Biscay (NE Atlantic)[END_REF][START_REF] Schmidt | Recent sediment transport and deposition in the Cap-Ferret Canyon, South-East margin of Bay of Biscay[END_REF], more precisely on sediment fluxes/exchanges and sedimentation processes. [START_REF] Ruch | Sediment budget and transfer of suspended sediment from the Gironde estuary to Cap Ferret Canyon[END_REF] assessed the turbidity dynamics along a transect between the Gironde estuary and the Cap Ferret Canyon (Aquitanian margin) and found that 2% to 3% of suspended sediment outflowing from the estuary was transferred to the Canyon during floods. Other studies assessed sediment inputs from rivers (e.g. [START_REF] Jouanneau | Fine-grained sediment budget on the continental margin of the Bay of Biscay[END_REF], concentrations of suspended sediment, and spatial dynamics linked to turbid plumes (e.g. [START_REF] Froidefond | Monitoring suspended particulate matter fluxes and patterns with the AVHRR/NOAA-11 satellite: application to the Bay of Biscay[END_REF][START_REF] Petus | Estimating turbidity and total suspended matter in the Adour River plume (South Bay of Biscay) using MODIS 250-m imagery[END_REF]), and sedimentation rates over the mud fields of the shelf [START_REF] Lesueur | Sedimentation rates and fluxes in the continental shelf mud fields in the Bay of Biscay (France)[END_REF][START_REF] Dubrulle | Nature and rates of fine-sedimentation on a mid-shelf: "La Grande Vasière" (Bay of Biscay, France)[END_REF]. Tessier et al. (2008a) used modelling to assess turbidity in southern Brittany and provided sediment fluxes for certain sections, but only in the coastal zone between the islands and the continent. To complete existing knowledge on sediment dynamics in the Bay of Biscay, quantification of sediment fluxes at the shelf scale is therefore important.

A few studies have already drawn attention to the fact that trawling activities are likely to significantly influence the sediment dynamics over large areas of the BoB shelf [START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF][START_REF] Dubrulle | Nature and rates of fine-sedimentation on a mid-shelf: "La Grande Vasière" (Bay of Biscay, France)[END_REF][START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF]. In a previous paper [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF], we showed that intense trawling activities were concentrated in a large mud belt in the middle of the shelf (the so-called Grande-Vasière area; hereinafter GV), especially between April and September, the high fishing season. A significant decrease (~30%) in mud content over the last 50 years was observed in an intensively trawled zone of the northern GV, possibly linked to the long-term effect of trawling. From the evaluation of a site-specific erosion rate and the use of fishing effort data (VMS), we estimated that trawling-induced erosion over the GV could be higher than natural erosion during the high fishing season. The BoB is not an isolated case, as many studies in the literature stress that trawling is probably the main anthropogenic pressure on continental shelves and slopes worldwide [START_REF] Watling | Disturbance of the seabed by mobile fishing gear: a comparison to forest clearcutting[END_REF][START_REF] Puig | Ploughing the deep sea floor[END_REF]Oberle et al. 2015a). In addition to the typical well-known physical impacts of trawling such as sediment resuspension (e.g. Durrieu de [START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF][START_REF] Dellapenna | The impact of shrimp trawling and associated sediment resuspension in mud dominated, shallow estuaries[END_REF] or seabed alteration (e.g. [START_REF] Linnane | A review of potential techniques to reduce the environmental impact of demersal trawls[END_REF][START_REF] Palanques | Effects of bottom trawling on the Ebro continental shelf sedimentary system (NW Mediterranean)[END_REF]Oberle et al. 2015b), several studies have provided evidence that trawling contributes to off-shelf export of sediment (e.g. [START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF]Oberle et al. 2015a). Such effects further underline the need for quantification of sediment fluxes due to both natural and anthropogenic forcings.

The aim of the present study was thus to quantify sediment fluxes on the BoB shelf under the influence of both natural and anthropogenic forcings using a numerical modelling approach (5-year simulations). The paper is structured as follows. The 3D realistic hydro-sedimentary model and the different methods of analysis are presented in the following section (IV.2). Natural sediment fluxes and the contribution of trawling to sediment dynamics are assessed in sections IV.3 and IV.4, respectively. Lastly, the main results are discussed in section IV.5, and summed up in a short conclusion in section IV.6.

IV.2. Model description and strategy of analysis

The model setup and its application to the BoB shelf is described in detail in Mengual et al. (submitted), and only the main features are reported here.

IV.2.1 Hydrodynamic model

The hydrodynamic model we used was the three-dimensional MARS3D model (3D hydrodynamic Model for Application at Regional Scale, IFREMER). A full description can be found in Lazure and Dumas (2008). The model is based on primitive equations and classical Boussinesq and hydrostatic pressure assumptions. The model configuration extends from latitude 40°58'39"N to 55°N, and longitude 18°2'1"W to 9°30'E (Fig. IV.1) with a uniform horizontal resolution of 2,500 m (822×624 horizontal grid points; staggered C grid, [START_REF] Arakawa | Computational design of the basic dynamical processes of the UCLA general circulation model[END_REF]. The vertical discretization is based on 40 generalized sigma layers. For water depths down to 15 m, sigma levels are uniformly distributed through the water column. Beyond this depth, the resolution is increased in the lower and upper parts of the water column, following the formulation of [START_REF] Song | A semi-implicit ocean circulation model using a generalized topographyfollowing coordinate system[END_REF]. Fig. IV.2 shows changes in the vertical discretization along a schematic slope. For instance, this setting attributes a thickness of 40 cm (resp. 55 cm) to the lowest computed cell when the total water depth is 25 m (resp. 100 m). The numerical scheme uses a mode-splitting technique based on an iterative semi-implicit method which allows simultaneous calculation of internal and external modes in the same time step. This can be achieved using an ADI (alternate direction implicit) scheme [START_REF] Leendertse | A water quality simulation model for well-mixed estuaries and coastal seas[END_REF]) for the external mode, which allows a large time step, in our case, 150 s. Finally, vertical viscosity and diffusivity for temperature, salinity and momentum, are derived from the k-ε turbulence closure scheme of [START_REF] Rodi | Turbulence models and their application in hydraulics[END_REF].

A wave hindcast database built with the WaveWatchIII model (realistic and validated configuration of [START_REF] Boudière | A suitable metocean hindcast database for the design of Marine energy converters[END_REF]) enabled the computation of wave-induced bottom shear stresses (τ w ). The WWIII code is a phase-averaged wave model that resolves the random phase spectral action density balance equation for a spectrum of wave numbers and directions (in our case, 24 directions and 32 frequencies) on an unstructured grid (horizontal resolution ranging from 10 km offshore to 200 m nearshore). This hindcast provided wave parameters such as semi-orbital excursion and orbital velocity near the bottom, peak period, significant wave height, and mean direction. Thus, τ w was computed according to the formulation of [START_REF] Jonsson | Wave boundary layers and friction factors[END_REF], using the spectral expression of near bottom excursion and velocity provided by the WWIII code, and a wave-induced friction factor also depending on the orbital excursion, following [START_REF] Soulsby | Wave-current interaction within and outside the bottom boundary layer[END_REF]. Total bottom shear stress τ (in N.m -2 ) was computed from the estimated τ w and from the currentinduced shear stress (τ c ) provided by the hydrodynamic model, according to the formulation of [START_REF] Soulsby | Dynamics of marine sands: a manual for practical applications[END_REF] (accounting for non-linear interactions between waves and currents). Both wave and current shear stresses were computed considering a skin roughness length z 0 linked to fine sand (D = 200 µm), representative of the most common sandy facies encountered on the Bay of Biscay shelf (z 0 = k s /30 ~ 3D/30 = 2×10 -5 m). In the case of coarse sand facies (at a few locations on the continental shelf, defined by a coarse sand fraction exceeding 50%, see section IV.2.2.1), the roughness length was computed as z 0 = k s /30 ~ D/30 = 2.67×10 -4 m.

The model is forced by realistic wind forcing (direction and intensity from the ARPEGE model with 0.5° spatial and 6 h temporal resolutions, [START_REF] Déqué | The ARPEGE/IFS atmosphere model: a contribution to the French community climate modelling[END_REF], tidal components (14 components of the FES2004 solution, [START_REF] Lyard | Modelling the global ocean tides: modern insights from FES2004[END_REF], and river discharge (daily outflow and SSC, i.e. suspended sediment concentrations, from the French freshwater office database). Initial and boundary hydrological conditions (temperature and salinity) were extracted from the GLORYS global ocean reanalysis [START_REF] Ferry | Mercator global Eddy permitting ocean reanalysis GLORYS1V1: description and results[END_REF]. 

IV.2.2 Sediment model

The sediment model is described in Le [START_REF] Hir | Dynamics of sand and mud mixtures: a multiprocess-based modelling strategy[END_REF], and its application to the BoB is detailed in Mengual et al. (submitted). By solving advection/dispersion equations, the model simulates the 3D transport of suspended sediments in the water column and changes in all kinds of sediment mixtures in a multi-layered sediment compartment accounting for water/sediment exchanges under the influence of hydrodynamic forcings (i.e. waves, currents). As explained in Mengual et al. (submitted), the present application ignores bed load and consolidation processes by assuming that surficial sediment in our study area remains weakly consolidated and is mainly composed of mixtures of mud and fine sand.

IV.2.2.1 Seabed initialisation

The state variables of the sediment model are the mass concentrations of each sediment class, which have to be set in each sediment layer, whereas they are assumed to be zero in the water column at the beginning of the simulations. In addition, the initial vertical discretisation in the seabed (number and thickness of sediment layers) needs to be set. The optimal vertical discretisation of the sediment is discussed in Mengual et al. (submitted). By means of a sensitivity analysis, it was shown that beyond a layer thickness of 1/3 mm, the SSC response of the model in the water column remained the same when the thickness of the individual layer was reduced. This optimal setting was shown to be robust to a variable range of fine particle settling velocity. According to the conclusions drawn from this sensitivity analysis, to save computational costs, a maximum number of 150 layers was assumed, and the initial sediment thickness was set at 0.03 m, corresponding to 90 sediment layers each 0.33 mm thick. This initialisation is a compromise between the likely maximum erosion depth in most of the shelf and the possibility of new layers being deposited in other places.

IV.2.2.2 Sediment deposition

The deposition flux D i for each sediment class i is computed according to Krone's law:
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where τ is the total bottom shear stress (see section IV.2.1), W S,i is the settling velocity, C wat,i the concentration of the suspended sediment, and τ cd,i (1000 N.m -2 ; weakly consolidated and easily resuspended sediment) is the critical shear stress for deposition. As explained in Mengual et al. (submitted), a large value was chosen for τ cd,i (1000 N.m -2 ), in order to allow depositing material to leave the water column whatever the turbulence level near the bottom, considering that the low critical shear stress for erosion (see section IV.2.2.3) allows fresh deposits to be eroded when bottom turbulence is sufficiently high.

The settling velocity of non-cohesive sediment was computed according to the formulation of [START_REF] Soulsby | Dynamics of marine sands: a manual for practical applications[END_REF], leading to values of 35.7 and 2.5 cm.s -1 for the two classes G and FS, respectively.

According to Mengual et al. (submitted), different settling velocity settings were set for the two mud classes. Settling velocity related to the first mud (M1) is assumed to vary as a function of its corresponding concentration in the water column and turbulence according to the formulation of [START_REF] Van Leussen | Estuarine macroflocs and their role in fine-grained sediment transport[END_REF]. More details on the setting specific to M1 (deduced from measurements and previous modelling parameterizations) can be found in Mengual et al. (submitted). The second mud (hereinafter M2), linked to sediment inputs from rivers, is assumed to settle at a constant rate of 2.5×10 -6 m.s -1 and makes it possible to represent the ambient turbidity in the water column (calm periods with no resuspension events).

IV.2.2.3 Sediment erosion

Based on the sediment model of Le [START_REF] Hir | Dynamics of sand and mud mixtures: a multiprocess-based modelling strategy[END_REF], we (Mengual et al. submitted) recently fitted an erosion law in the specific case of the BoB shelf, which allowed the erosion of any sand/mud mixture under the influence of waves and currents. Whatever the sediment composition, the erosion flux E is expressed in a "Partheniades-Ariathurai" form:
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where E 0 refers to an erodibility parameter (in kg.m -2 .s -1 ), τ e to the critical shear stress for erosion (in N.m -2 ), and n to an exponent. Hereafter the three last "erosion parameters" are set to different values depending on the mud fraction f m (< 63 µm) in the surficial sediment (Mengual et al. submitted):

(i) Below a critical mud content in the mixture (f mcr1 = 20%), sediment erosion is managed with a pure sand erosion law. In this first non-cohesive regime, erosion parameters E 0 , τ e , and n are set to 5.94×10 - 3 (E 0,sand ), 0.15 (τ e,sand ), and 1.5 (n sand ), respectively.

(ii) When the mud fraction exceeds f mcr1 , the erosion parameters (X ero ) then decrease exponentially towards pure mud erosion parameters (E 0,mud =10 -5 , τ e,mud = 0.1, n mud = 1) according to the expression:
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More details on erosion parameters estimates and the exponential transition adjustment can be found in the original paper of Mengual et al. (submitted).

IV.2.3 Setting the trawling-induced erosion dynamics

The trawling-induced erosion dynamics and flux E T (in kg.m -2 .s -1 ) follow the formulation of [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF] derived from experiments conducted over the GV area in the Bay of Biscay. It is expressed as:
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This formulation is based on the combination of a trawling-induced erosion rate E T,local (in kg.m -2 ), representing the local sediment resuspension generated in a trawl wake, and fishing effort data FE (in s -1 ). [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF] estimated the erosion rate E T,local from door tracks left on the seabed by a typical trawler of the French fleet over two zones of the GV (exhibiting mud content ranging from 15% to 25%). A similar erosion rate was obtained in the two zones with a mean value of 0.13± 0.03 kg.m -2 . The fishing effort is based on VMS data (GPS-based vessel monitoring system), and represents cumulated swept areas by trawls per month and per cell of 25 km 2 , expressed as a fraction of the trawled seabed per second. More details on the method can be found in the original paper of [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF].

IV.2.4 Model validation

The model was validated by Mengual et al. (submitted). Hydrodynamics (current velocity and direction, H S , T P ) and hydrological parameters (SSC, temperature, salinity) derived from the model were compared with measurements acquired with several instruments (AWAC acoustic Doppler profiler, turbidity/temperature/salinity sensors), all deployed near the coast at "Le Croisic" site (LC site hereinafter; water depth of 23 m, see location in 

IV.2.5 Modelling strategy and post-processing

The five-year simulations were run twice: the first run only for natural forcings (see section IV.2.1), the second for the same natural forcings plus anthropogenic ones (i.e. trawling-induced erosion dynamics; see section IV.2.3). The period (from the 1 st of January, 2007 to the 31 st of December, 2011) was selected based on the availability of fishing effort data to run the model and measurements to validate it. The first 6 months of both simulations were deliberately removed from all analyses, considering it as the spin-up period needed to adjust the initial surficial sediment with actual currents and waves and to set up realistic density gradients over the shelf. Indeed, as mentioned in the introduction, these gradients play an essential role in circulation over the shelf, and are thus likely to influence the corresponding sediment fluxes.

Next, in order to provide a more synthetic view of the 3D model results derived from each simulation, both water and sediment fluxes were integrated over the 10 m below the water surface (hereinafter "surface" fluxes), over the 10 m above the seabed (hereinafter "bottom" fluxes), or over the entire water column (depth-integrated fluxes). In addition, barotropic tides cause an ellipsoidal displacement which masked the residual circulation. To assess this residual dynamics, a numerical filter from [START_REF] Demerliac | Calcul du niveau moyen journalier[END_REF], extending over ± 36 hours, was applied to fluxes, enabling analyses without tidal oscillations. The vertical integration of fluxes over fixed heights also avoids possible artefacts caused by the tidal variation in the computation of layer thicknesses related to σ coordinates. Fluxes are saved every hour, but they result from time averaging which accounts for variations at the model time step (150 s).

Lastly, to investigate typical sediment flux regimes, one of the most popular and simple clustering algorithms, the K-means algorithm (e.g. [START_REF] Steinhaus | Sur la division des corp materiels en parties[END_REF], was applied to the model outputs (section IV.3.1). The efficiency and applicability of this algorithm have been demonstrated in many scientific fields, for example, for the identification of weather regimes [START_REF] Cassou | A statistical-dynamical scheme for reconstructing ocean forcing in the Atlantic. Part I: weather regimes as predictors for ocean surface variables[END_REF][START_REF] Barrier | Impact of the winter North-Atlantic weather regimes on subtropical sea-surface height variability[END_REF]. We used the K-means clustering and vector quantization python tool (scipy.cluster.vq library including kmeans and vq functions; www.scipy.org). Inputs for the K-means algorithm are the number of clusters to generate (k), and the set of data vectors to cluster. This iterative method consists in finding a partition (here, a set of k sediment flux regimes) that minimises the squared error between the empirical mean of each cluster (i.e. a given regime) and the situations that it contains (i.e. model outputs). In our case, the model results used in K-means analyses correspond to fields of vectors varying in time (nt time steps), and distributed in a domain (ni longitude and nj latitude values).

Before performing the analysis, the model outputs are reshaped in arrays of nt rows by nj×ni×2 columns, so that each row successively contains all the zonal and meridional components of the variable at a given time step. The K-means algorithm finally reconstitutes a set of k average vector fields over the whole area. In our case, the area considered in the K-means clustering analysis is the continental shelf of the BoB, i.e. from latitude 43.05°N to 48.6°N, -6.8°E to -0.5°E in longitude, and deliberately excluding data located deeper than 200 m (to prevent any influence of deep ocean dynamics). More details linked to this algorithm can be found in the review of [START_REF] Jain | Data clustering: 50 years beyond K-means[END_REF].

IV.3. Natural variability of sediment fluxes

Regarding sediment dynamics, relevant model results consist of hourly values of waves (significant height, mean direction and peak period), current profiles (40 levels), SSC profiles (sand and mud), sediment elevation and distribution of sand and mud fractions in surficial sediment (with 0.33 mm vertical resolution), over a five-year period, representing about 10 12 data. This huge set of results was reduced to the representative results presented in Table IV.1 using the integration and filtering processes described in section IV.2.5. Due to the lack of validation of the low settling velocity used for the mud M2 (section IV.2.2.2), the latter is no longer used in estimates of mud fluxes. This means that river inputs (associated to M2) are not accounted for in these fluxes. This simplification is discussed in section IV.5.4. 

Model results

Variables Integration

Hydrodynamic forcing

Waves: Despite the reduction and compression of information, the results presented considerable temporal and spatial variations, and particulate fluxes showed episodic signals related to forcing events, mainly wind-and/or wave-induced. Before considering average values at the annual or seasonal scale, an attempt was made to identify typical sediment flux regimes, and to link them to hydrodynamic forcing.

H

IV.3.1 Assessment of typical sediment flux regimes from a K-means analysis

The first step of this work consisted in assessing typical regimes of natural-induced sediment fluxes on the continental shelf over the simulated period. Cluster analysis (K-means; see section IV.2.5) was performed with bottom mud fluxes, assuming that mud, which is mainly concentrated near the seabed, would behave more dynamically than coarser particles. Since this analysis requires defining a number of centroids (i.e. number of regimes), several tests were carried out using different numbers of centroids. It finally appeared that five main regimes were able to describe mud flux regimes over the period concerned.

The clustering method (section IV.2.5) provides additional information on each regime derived from the analysis, such as its respective occurrence and the individual data it includes. Thus, it enables the computation of average parameters or results linked to each mud flux regime, e. ) occurs during almost 60% of the simulated period, mainly between April and September (i.e. spring/summer). Its occurrence is evidence for weak poleward transport (around 10 -4 kg.m -1 .s -1 ) confined to the internal part of the French shelf, except at the north-western boundary of the domain where the opposite circulation is observed. Near the coast, the mud fluxes are slightly higher but their orientations are not clearly defined. Average bottom suspended mud concentrations associated with this first regime are < 1 mg.l -1 over the outer and middle parts of the shelf, and with a progressive increase towards the coast, which reaches a few tens of mg.l -1 over some areas (Fig ). Surprisingly, the direction of mud fluxes over the central band of the continental shelf is clearly poleward, while the residual water flux is more or less southward, contributing to an anticyclonic recirculation from the coast to the edge of the shelf. One possible explanation for the opposite directions taken by the sediment and water fluxes could be some asymmetry of the tidal flow, as the former is non-linearly linked to the bottom flow, due to threshold effects and to the proportionality of sediment fluxes to excess shear stress, which is proportional to the square of velocity. The average wind intensity during KmS1 occurrences is weak, and describes an average anticyclonic cell at the BoB scale, with north-westerly winds over the Armorican shelf, and northerly winds over the Aquitaine shelf, which turn westward along the Spanish coast (Fig.

IV.6e).

Given that this average wind field is computed over a long period including weak intensities and variable orientations, it may not be representative with respect to KmS1. Figure IV.7 illustrates weak mud and sand fluxes relative to KmS1, generally associated with H S and wind speeds < 2 m and < 10 m.s -1 , respectively. This first regime thus reveals that sediment fluxes are weak during spring and summer, and have a residual poleward tendency.

At first glance, the second circulation scheme (KmS2; Fig. IV.6f) is very similar to KmS1, particularly in the distribution of mud and sand fluxes over the shelf and their poleward orientation. Still, sediment flux intensities appear to be higher than under the KmS1 regime, with a ten-fold increase over many areas (also visible in the concentration of mud suspended at the bottom). The KmS2 scenario, whose occurrence is also significant (~25% of the time), occurs all year round, during both calm and energetic periods (Fig. IV.7). KmS2 is well correlated with spring tides, especially when the tidal coefficient increases to more than 80 (Fig. IV.8). Thus, a plausible explanation for higher intensities of fluxes under the KmS2 scenario may be tide-induced residual transport during spring tides. This scenario also occurs in autumn and winter, especially during transition periods between contrasted meteorological and hydrodynamic conditions (see other K-means regimes mentioned below). The corresponding average wind field is weak and mainly oriented south-eastward (Fig. IV. 6j), and the mean water circulation is close to the one linked to KmS1 (Fig. IV.6i). This suggests that the KmS1 and KmS2 regimes have the same origin, and are mainly tide-induced due to non-linearities, as mentioned above in the case of KmS1, the difference being the intensity of sediment resuspension (possibly wave-induced) and sediment flux, which is higher under KmS2, and which mainly occurs during spring tides.

To illustrate the potential influence of the tidal flow asymmetry on poleward fluxes obtained under the KmS1 and KmS2 regimes, simple computations of mud and sand transport were performed during a spring tide (from the 19 th to the 24 th of August, 2009, the period indicated by a red arrow in Fig. IV.8) using current velocities U (depth-integrated) and current shear stresses τ c extracted at a site located in front of the Loire estuary at a water depth of 100 m (i.e. where poleward mud fluxes occur during these two regimes; see black star in Fig. IV.1). First, temporal changes in the mud concentration C mud were computed by disregarding the advection process and by resolving the following equation numerically:
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considering a uniform distribution of suspended sediment at a water height h=10 m above the bottom, E 0,mud = 5.10 -5 kg.m -2 .s -1 , τ e,mud = 0.1 N.m -2 , a shear stress τ including the actual current shear stress τ c at the station and a constant wave-induced shear stress contribution τ w =0.08 N.m -2 , and a mean settling velocity W S =0.5 mm.s -1 , representative of the mud class M1. Sand transport was computed from the formulation of [START_REF] Engelund | A monograph on sediment transport in alluvial streams[END_REF]: The three other regimes deduced from the K-means analysis mainly occur between October and March, including the autumn and winter seasons, and are associated with contrasted meteorological and hydrodynamic conditions. ). The differences are shorter resuspension and advection events for sand, whose dynamics depends to a great extent on bottom shear stress on the one hand, and on the nature of the local seabed on the other (because the fine fraction strongly influences the erosion coefficient E 0 in erosion law, see section IV.2.2.3). ). Bottom mud fluxes can exceed 10 -2 kg.m -1 .s -1 near the coast, and are generally > 10 -3 kg.m -1 .s -1 down to a depth of 100 m (where SSC range between a few and a few tens of mg.l -1 ). Even on the outer shelf, they are generally > 10 -4 kg.m -1 .s -1 . The sand follows this poleward dynamics at the shelf scale with intense fluxes at least 10 times higher than under the KmS3 regime ( Results of the K-means analysis revealed that patterns of the bottom mud (resp. sand) fluxes resembled those of the depth-integrated fluxes, and generally represent 50-60% (resp. ~100%) of the latter. In addition, the results revealed high seasonality of sediment fluxes, much more intense during autumn and winter (Fig. IV.7), especially due to the combined action of the large swells and strong winds occurring during these periods. This analysis therefore suggests averaging sediment fluxes (already depth-integrated) over the spring/summer period (i.e. from April to September) and over the autumn/winter period (i.e. from October to March) to assess seasonal residual features of sediment fluxes from year to year.

! !"#$,[!,!] = !.!" ! ! !.! * ! ! ! [!(!!!)] ! × [!, !] (IV.

IV.3.2 Seasonal and annual sediment fluxes

According to the seasonality described in section IV.3.1, depth-integrated mud and sand fluxes were averaged from October to March (autumn/winter) and from April to September (spring/summer) for each year of the simulated period. Figures IV.10 and IV.11 show average seasonal residual fluxes of both sand and mud computed from those associated with individual years. The inter-annual variability linked to these average seasonal fluxes is presented as the averaged deviation (between 0 and 180°) from the mean flux direction (E dir mud and E dir sand for mud and sand respectively) expressed as:
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where ! is the global mean direction of seasonal sediment fluxes and d yr is the corresponding seasonal direction of the flux in a specific year yr. Seasonal fluxes of sand and mud corresponding to the autumn/winter period are clearly oriented poleward (Fig. IV.10), and strongly resemble those under the KmS4 regime described in section IV.3.1. First, mud fluxes are notably higher on the inner shelf, especially between 70 and 100 m in depth, where they generally range from 2 to 8.10 -3 kg.m -1 .s -1 , thereby forming a well-formed circulation band (Fig. IV.10a). On the Spanish, Aquitaine, and Armorican outer shelves, the poleward orientation is also clearly visible, with flux intensities ranging from 2.10 -4 to 10 -3 kg.m -1 .s -1 . This residual transport shows that poleward events linked to S-SW winds and large H S (KmS4 regime) control the residual dynamics over the period, with intense poleward mud fluxes over the entire shelf.

The weak E dir mud values over most of the shelf show that the poleward dynamics is consistent at a pluriannual scale (Fig. IV.10b). In the north-western part of the domain, the pronounced mud flux flowing poleward on the inner shelf turns westward near Penmarc'h, following an anticyclonic residual circulation over the Iroise sea, where fluxes can reach up to 5.10 -2 kg.m -1 .s -1 in shallow areas. The fact that mud fluxes are relatively intense and mostly equatorward over this part of the shelf can explain the particular features of this residual dynamics. In addition, it can be seen that this circulation is likely to vary with the year (significant E dir mud values).

Near the coast, despite significant intensities, average residual mud fluxes do not follow a preferential orientation. The results of K-means analysis in section IV. once again highlighting the fact that the energetic conditions (large waves and water fluxes) at this period control the annual dynamics. Naturally, their average is less intense than in autumn/winter, particularly on the outer shelf, due to the integration of the lower fluxes occurring during the rest of the year. To provide quantitative information on this annual dynamics, both mud and sand fluxes were integrated through multiple borders (Figs. IV.12b,d) either longshore, following isobaths (4 segments along the isobaths 70, 100, 130, and 180 m), or cross-shore (five cross sections, in red on Figs.

IV.12b,d). These integrated fluxes through borders (in kg per year) provide evidence that both sand and mud longshore fluxes are oriented poleward, mud fluxes being between 4 and 30 times higher than the sandy ones between Penmarc'h and Arcachon, reaching a maximum ratio of 125 along the southernmost cross-shore border.

Regarding integrated cross-shore fluxes, mud and sand follow the same residual direction along 70% of the borders. Along the 70 m isobath (4 light blue segments), mud and sand fluxes are of nearly the same order of magnitude and are oriented offshore, except along the Landes coast where the mud flux is onshore. Along the 100 m isobath (4 green segments), both sand and mud fluxes are again oriented offshore in the central part of the shelf with mud fluxes 100 to 1,000 times higher, while on the southern Brittany and Aquitaine shelf, their orientation is contrasted (onshore for mud, offshore for sand) and with less difference in intensity (the sand fluxes are lower by a factor of 10 to 20). Along the 130 m isobath (4 orange segments), they follow the same residual orientation (offshore) and mud fluxes exceed the sandy ones by a factor ranging between 400 and 700, except between the Loire estuary and the Pertuis Charentais area, where the fluxes are the reverse (offshore for mud, onshore for sand) and differ by 3 orders of magnitude. Lastly, along the 180 m isobath (4 segments in dark blue), mud fluxes exceed sandy fluxes by 2 to 3 orders of magnitude and both follow the same offshore orientation except between the Pertuis Charentais area and Arcachon. These results again highlight the significant decrease in sand fluxes moving offshore, with differences of 2 to 3 orders of magnitude between the 70 m and 180 m isobaths.

The implications of these residual fluxes for the sediment balance at the scale of the continental shelf are discussed in section IV.5.2.

IV.4. Trawling-induced sediment dynamics

In the last 10 years, different studies have drawn attention to the effects of trawling activities on the resuspension and alteration of the seabed in the specific case of the Bay of Biscay shelf (Le [START_REF] Loc | Structure, fonctionnement, évolution des communautés benthiques des fonds meubles exploités du plateau continental Nord Gascogne[END_REF][START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF][START_REF] Dubrulle | Nature and rates of fine-sedimentation on a mid-shelf: "La Grande Vasière" (Bay of Biscay, France)[END_REF][START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF].

In a previous work [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF], we pointed out that natural and anthropogenic erosion fluxes were subject to annual cycles approximately in opposition of phase, with the largest trawlinginduced resuspension occurring in late spring/summer (high fishing season), when natural resuspension under the action of waves and currents was at its lowest. Focusing on the GV area, we showed that trawling could be the main factor responsible for resuspension in intensively trawled zones and represented at least 30% of total sediment erosion during the high fishing season in the 90-120 m bathymetric range (a particularly intensively trawled area). In addition, the annual mass of sediment eroded by bottom trawling only represented around 1% of the total mass resuspended by winter storms. Nevertheless, we [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF]) mentioned some uncertainties concerning our estimates of natural erosion, especially in the setting of the erosion law and the way of computing bottom shear stress (more details in the discussion section IV.5.3.1).

The validated configuration used in the present study provides more realistic estimates of erosion fluxes under the influence of waves and currents, and justifies performing similar, but probably more comprehensive, comparisons of natural and trawling-induced resuspensions (section IV.4.1).

IV.4.1 Seasonal and annual contribution of trawling to sediment resuspension

Figure IV.13 provides averaged natural and trawling-induced erosion fluxes over the GV at the annual scale, and during "winter" (from December to February) and "summer" (from June to August, i.e. high fishing season) periods. ). As mentioned in our previous publication [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF], natural erosion fluxes averaged at the annual scale closely resemble winter fluxes (despite one order of magnitude difference over some areas), thus confirming that the action of waves and currents linked to energetic winter conditions mainly controls annual natural sediment resuspension.

Trawling-induced erosion fluxes are very similar to the ones previously described [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF] for the years 2008 and 2009, with fluxes ranging from 10 -8 and 3×10 -7 kg.m -2 .s -1 , the highest in summer over large areas of the internal GV (Figs. IV.13b,e,h).

The relative contribution of trawling to the total vertical flux is also presented for each period. At the annual scale, natural erosion dominates trawling-induced erosion over most of the GV. Contributions close to 1% are observed in deeper areas (i.e. near the external boundary) or over the southern part of the GV at around 110 m in depth (Fig. IV.13c). However, the annual contribution of trawling is significant over the northern muddy area of the GV, where it reaches up to 20%. In winter, the marked influence of natural erosion is all the more visible, with an average 0.2% contribution of trawling at the GV scale, reaching 7% in the northern muddy area (Fig. IV.13f). Contrary to the rest of the year, in summer, trawling-induced erosion clearly dominates, reaching a relative contribution of 100% over most of the GV, and an average of around 80% of the total vertical flux at the GV scale (Fig. IV.13i). However, its contribution vanishes along the eastern boundary of the GV where shallower water depths allow significant resuspension by waves.

Some conclusions of the present work regarding the relative contributions of natural and trawling forcing to erosion differ from those drawn in our previous study [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF]). These differences are investigated in the discussion (section IV.5.3.1).

IV.4.2 Contribution of trawling to horizontal sediment fluxes

As already mentioned in our previous study [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF], the erosion dynamics caused by trawling remains regular from one year to the next. Therefore, potential sediment fluxes linked to trawling mainly depend on the spatio-temporal variability of the hydrodynamic circulation near the seabed. A cluster analysis (K-means with 5 scenarios, similar to the analysis described in section IV.3.1) was performed on model results accounting for both natural and anthropogenic forcing, to assess whether trawling results in specific patterns compared with the flux regimes obtained under the influence of natural forcing only. The results of this K-means analysis (not illustrated here) were very close to those described in section IV.3.1 (i.e. regime characteristics and occurrences), demonstrating the robustness of the method. Nevertheless, some remarkable differences appeared in the KmS1 scenario, mainly during the spring/summer period (i.e. high fishing season). Indeed, poleward mud fluxes reaching up to 10 -4 kg.m -1 .s -1 appeared over the internal part of the GV during this period of intensive fishing.

Given the pronounced seasonality of the trawling-induced sediment dynamics, its contribution to horizontal sediment fluxes deserves to be illustrated at seasonal and annual scales. Mud fluxes caused by trawling were deduced by subtracting the fluxes obtained with natural forcing only from those obtained with both natural and trawling induced resuspension (Fig. IV.14). Results are presented for the autumn/winter and spring/summer periods (averaged over all years of the simulated period), together with their corresponding relative contributions to total flux intensity.

During the autumn/winter period, fluxes caused by trawling are in the order of 10 -4 kg.m -1 .s -1 and remain higher than 5×10 -6 kg.m -1 .s -1 over most of the shelf. These fluxes are significant over many areas distributed throughout the entire shelf, and reach 20% to 30% of the total mud flux (i.e. including natural and anthropogenic forcing) on the outer shelf at the latitude of the GV, or over many restricted areas where trawling activities are generally concentrated (e.g. in the north-western region of the domain, between Belle Ile island and the Pertuis Charentais zone, or at the mouth of the Gironde estuary; Fig. IV.14b). Even in winter, horizontal fluxes caused by trawling can represent up to 50% of the total flux over these restricted trawling hotspots. Fluxes caused by trawling are clearly oriented poleward when their relative contributions become significant. During this period, trawling activities are responsible for an increase in the average concentration of suspended mud at the bottom of 1 to 2 mg.l -1 (+20% to 30% of natural-induced mud concentration) over large areas of the shelf, including the GV, and reaching up to several mg.l -1 in restricted zones close to the coast (Fig. IV.14c). Surprisingly, trawling also reduces this concentration at other locations. A plausible explanation would be an indirect effect of this anthropogenic forcing. Indeed, sediments resuspended by trawling are advected by currents, and can then settle in areas not directly subject to trawling. Given the strong dependency of natural erosion on the nature of the seabed (surficial sediment mud fraction; see section IV.2.2.3), natural resuspension may be influenced locally. For instance, excess mud deposition in the surficial sediment reduces natural erosion (E 0,mud << E 0,sand in erosion law) and consequently reduces resuspension (i.e. weaker SSC) in response to a given wave/current forcing.

During the spring/summer period, horizontal mud fluxes caused by trawling become dominant over the entire GV and along the shelf break, with an average relative contribution of 80%, reaching 100% at many locations (Fig. IV.14e). Between Penmarc'h and the Gironde estuary, residual mud fluxes over these regions are oriented poleward with a slight offshore component. They range between 5×10 -7 kg.m -1 .s -1 and 5×10 -5 kg.m -1 .s -1 on the outer shelf and reach 10 -4 kg.m -1 .s -1 over the GV (Fig Sand fluxes caused by trawling over these two periods (not illustrated here) exhibit no clearly defined residual orientations, but their contributions to total sand fluxes can be locally high, especially beyond a depth of 100 m, where natural fluxes are generally weak (e.g. GV area, outer shelf).

To provide a more integrated overview of sediment fluxes caused by trawling on the shelf, both sand and mud fluxes were integrated at the annual scale along the same longshore and cross-shore segments as those used for natural fluxes, as described in section IV.3. 2 (Fig. IV.15). To make the comparison with natural fluxes easier to interpret, ratios between fluxes caused by trawling and natural fluxes were computed (a negative ratio means fluxes in opposite directions). Regarding mud dynamics, trawling enhances the poleward natural longshore fluxes from about 10% between the Pertuis Charentais zone and the Landes coast up to 40% northward near the Pointe du Raz. On the outer shelf, trawling is also responsible for an increase in natural mud transport offshore.

Along the 130 m isobath, it increases offshore natural fluxes by 35%, of which 25% occur over the GV. It also contributes to the natural offshore export of mud along the shelf edge, with an increase of 15% along the whole 180 m isobath. Conversely, on the inner shelf, trawling tends to generate a residual mud flux toward the coast, not reflecting the residual natural dynamics, which are mainly oriented offshore. For instance, residual mud fluxes caused by trawling along the 70 m and 100 m isobaths, from the Pointe du Raz to the southernmost border, are estimated at 4.4×10 7 kg.yr -1 and 2.36×10 8 kg.yr -1 and are oriented onshore, while natural fluxes, oriented offshore, are respectively 15.8×10 8 kg.yr -1 and 7×10 8 kg.yr -1 . Along the 100 m isobath at the latitude of the GV, both natural and trawling residual fluxes are onshore, and trawling is responsible for a two-fold increase in this natural onshore transport.

Except along the Landes coast, sand fluxes generated by trawling exhibit similar preferential orientations as the mud fluxes. Trawling contributes to poleward sand fluxes at a rate of a few %, except at the southernmost border where its relative contribution reaches 54%, or in front of the Loire estuary where a significant equatorward residual flux (opposed to the natural flux orientation) is observed. On the outer shelf, trawling contributes to the natural offshore export of sand with an increase of 25% along the 130 m isobath, and 65% along the 180 m isobath (mainly between the Pertuis Charentais zone and Arcachon). From the Pointe du Raz to the southernmost border along the 100 m isobath (sum of green values in Fig. IV.15b), trawling tends to generate a weak residual sand flux toward the coast (5.9×10 5 kg.yr -1 ), which does not follow the residual natural offshore oriented dynamics (14.5×10 6 kg.yr -1 ). However, this residual onshore flux caused by trawling only represents 4% of the offshore natural flux. Lastly, the residual sand flux caused by trawling along the 70 m isobath (also from the Pointe du Raz to the southernmost border) is oriented offshore as are natural fluxes, but trawling is only responsible for an increase of 1%.

IV.4.3 Influence of trawling on changes in the nature of the seabed Given the significant contribution of trawling effects to vertical and horizontal sediment fluxes, the last step of the present study consisted in looking for a trawling signature in the surficial sediment.

The mud content was integrated over the upper 5 mm of the surficial sediment in both simulations (i.e. including natural and anthropogenic forcings, or natural forcing only) and was considered as a proxy for the surficial seabed nature. The effect of trawling can be visualised by the difference in mud contents in the top 5 mm of sediment.

Whatever the scenario (i.e. with and without trawling effects), the distribution of the main sediment facies over the shelf is relatively well conserved between the beginning (Fig Note that trawling appears to significantly influence changes in the seabed in front of the Gironde estuary, with contrasted changes (decrease or increase in mud content) occurring over restricted and concentrated areas. Lastly, it should be noted that the sediment cover derived at the end of the simulation accounting for trawling forcing presents less differences from the initial condition, e.g. over the muddy area of the northern GV. This is logical given that model initialisation was supposed to account for actual trawling processes, and infers that trawling effects contribute to the present day relative equilibrium of the bed. However, in certain locations, such as south of Belle-île island around isobath 100 m, trawling activities increase the variations in the sediment cover (which becomes muddier) already caused by natural forcings. A map of fishing effort data (horizontal resolution 5 km) expressed as the average number of times of trawling in one year is presented in (c). A value higher than 1 means that the spot is trawled more than once in the year. More details on fishing effort data can be found in [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF].

IV.5. Discussion

IV.5.1 Sediment fluxes under the influence of natural forcing

Five main regimes (KmS1 to KmS5; Fig. IV.6, section IV.3.1) describing sediment fluxes over the BoB shelf were identified in a cluster analysis (K-means). Results clearly highlighted strong seasonality in sediment fluxes, which are significantly higher in autumn/winter (i.e. from October to March) than during the rest of the year (i.e. between April and September). Similarities between autumn/winter and annual residual sediment fluxes clearly show that the sediment dynamics between October and March controls annual dynamics. Thus, the changes in sediment flux intensity exhibit the same seasonality as winds, which are expected to blow south-eastward in summer and mainly northeastward in winter, with transition periods in September/October and March/April (despite significant inter-annual variability; [START_REF] Lavin | The Bay of Biscay: the encountering of the ocean and the shelf[END_REF]). These changes in wind direction are called the SOMA effect (September-October and March-April transitions in wind direction; see [START_REF] Pingree | Seasonality of the European slope current (Goban Spur) and ocean margin exchange[END_REF].

Winter winds are generally associated with intense wave conditions likely to produce significant resuspension and sediment fluxes, thus explaining this seasonal concordance. Our results highlighted a strong correlation between bottom water flows and sediment fluxes. Both sand and mud follow the bottom circulation, despite the fact that the sand fluxes are generally weaker and the periods during which they occur are shorter (due to much higher settling velocity). Therefore, sediment flux regimes can be linked to existing knowledge on the circulation over the continental shelf. Due to its midlatitude location, the Bay of Biscay exhibits the same classical current system as that found in eastern boundary regions, with a poleward flow on the shelf and slope [START_REF] Pingree | Celtic and Armorican slope and shelf residual currents[END_REF][START_REF] Koutsikopoulos | Physical processes and hydrological structures related to the Bay of Biscay anchovy[END_REF][START_REF] Lavin | The Bay of Biscay: the encountering of the ocean and the shelf[END_REF]). On the shelf, the circulation is governed by wind, density currents, and tides [START_REF] Pingree | Celtic and Armorican slope and shelf residual currents[END_REF][START_REF] Koutsikopoulos | Physical processes and hydrological structures related to the Bay of Biscay anchovy[END_REF]Lazure et al. 2008;[START_REF] Batifoulier | Poleward coastal jets induced by westerlies in the Bay of Biscay[END_REF][START_REF] Charria | Surface layer circulation derived from Lagrangian drifters in the Bay of Biscay[END_REF][START_REF] Boyer | Circulation on the shelf and the upper slope of the Bay of Biscay[END_REF][START_REF] Kersalé | Poleward along-shore current pulses on the inner shelf of the Bay of Biscay[END_REF]. Nevertheless, tidal currents are very weak all over the shelf, except in areas close to the coast around islands [START_REF] Pingree | Structure, strength and seasonality of the slope currents in the Bay of Biscay region[END_REF]Lazure et al. 2008).

First, the results of the cluster analysis revealed the occurrence of three main sediment flux regimes (KmS3, KmS4, and KmS5) during the autumn/winter period. The first regime, KmS3, is linked to northerly/north-easterly winds and exhibits intense equatorward fluxes on the inner shelf, and weaker poleward fluxes further offshore. The second regime, KmS4, exhibits a continuous poleward sediment flux over the entire shelf and is associated with southerly/south-westerly winds and significant H S .

Lastly, the third regime, KmS5, occurs during periods of intense H S and westerly/north-westerly winds, and is characterised by very intense equatorward fluxes on the inner shelf and significant poleward fluxes along the Spanish coast, the Aquitaine shelf, and the outer Armorican shelf. Without distinguishing circulation patterns in the surface and bottom waters, Pingree and Le Cann (1989) performed numerical modelling and theoretical studies of the response of the slope and shelf circulation to steady winds from variable directions. These authors stated that these simulations could be considered as representative of winter conditions when the water is relatively well mixed, and showed that S/SW and W/NW wind driven currents were respectively poleward and equatorward over the inner part of the French shelf. Our sediment flux regimes also point to the role of wind patterns, as the distinction between contrasted flux regimes is linked to changes in wind fields: S/SW and W/NW winds drive respectively poleward and equatorward sediment fluxes (KmS4 and KmS3/KmS5 regimes). At the coast, Le [START_REF] Boyer | Circulation on the shelf and the upper slope of the Bay of Biscay[END_REF] reported that wind-driven circulation represented around 60% of the total circulation. On average, sediment fluxes during the autumn/winter period are poleward, in agreement with the typical circulation observed at this period [START_REF] Charria | Surface layer circulation derived from Lagrangian drifters in the Bay of Biscay[END_REF][START_REF] Boyer | Circulation on the shelf and the upper slope of the Bay of Biscay[END_REF].

As a consequence of the freshwater runoff from French rivers (Lazure and Jegou 1998), density gradients also play an essential role in this poleward dynamics. From Lagrangian experiments (drifters drogued at a depth of 65 m), Lazure et al. (2008) described an autumn poleward current of 10 cm/s (with bursts of 20 cm/s) over the 100 m isobath of the Armorican shelf. These authors linked this event to the breakdown of stratification, responsible for strong cross-shore density gradients, which then induced this surface intensified poleward density driven current. As mentioned by [START_REF] Charria | Surface layer circulation derived from Lagrangian drifters in the Bay of Biscay[END_REF], the north-westward circulation described by Lazure et al. (2008) is not always observed. For instance, [START_REF] Charria | Surface layer circulation derived from Lagrangian drifters in the Bay of Biscay[END_REF] did not observe this current during autumn 2007. Results of the present study revealed equatorward sediment fluxes during autumn 2007 (not illustrated), which specifically contrast with the poleward fluxes observed in autumn in subsequent years.

During the spring/summer period, sediment fluxes are much weaker than in autumn/winter but exhibit an average poleward orientation (KmS1 and KmS2; section IV.3. [START_REF]et de données fournies par le Service Hydrographique et Océanographique de la Marine) illustrée dans le chapitre III (Fig. III.1) en termes de fractions de vase[END_REF]Fig. IV.6). The surface circulation at this period has been reported to be equatorward due to predominant south-eastward winds [START_REF] Charria | Surface layer circulation derived from Lagrangian drifters in the Bay of Biscay[END_REF]). However, Le [START_REF] Boyer | Circulation on the shelf and the upper slope of the Bay of Biscay[END_REF] mentioned a marked vertical shear along the 60 m isobath in front of the Loire River, with equatorward currents at the surface and poleward currents at the bottom. Thus, the wind regime does not drive the entire deep circulation of the continental shelf.

As sediment transport is mainly confined to the lower part of the water column, it could explain the poleward sediment fluxes obtained in spring and summer. As mentioned in the introduction (section IV.1), in summer, circulation in the Bay of Biscay shelf is frequently affected by poleward flows, defined as "pulses" [START_REF] Batifoulier | Poleward coastal jets induced by westerlies in the Bay of Biscay[END_REF][START_REF] Kersalé | Poleward along-shore current pulses on the inner shelf of the Bay of Biscay[END_REF], and generated by north-westerly winds. Such events are likely to generate significant sediment poleward transport if wave forcing simultaneously causes sediment resuspension. As mentioned in section IV.3.1, simple computations of mud transport during a spring tide in a calm period revealed a residual flux orientation toward the NW, suggesting a key role of the tidal flow asymmetry in the poleward orientation of the flux obtained under KmS1 and KmS2, characterising sediment flux regimes in the spring/summer period.

Despite contrasted sediment flux regimes partly linked to wind, annual residual sediment fluxes deduced from this study exhibit a poleward orientation. Le [START_REF] Boyer | Circulation on the shelf and the upper slope of the Bay of Biscay[END_REF] provided evidence for similar features when focusing on the mean annual circulation (depth integrated) over the inner and central parts of the Bay of Biscay shelf. These authors suggested that circulation on the shelf results from the combination of large-scale and local forcing. Indeed, poleward circulation may result from pressure gradients set up in response to large-scale variations in density distribution or non-local wind stress [START_REF] Pingree | Celtic and Armorican slope and shelf residual currents[END_REF]. In addition, poleward jets are likely to occur all year long, although they are more intense during the autumn/winter period [START_REF] Charria | Surface layer circulation derived from Lagrangian drifters in the Bay of Biscay[END_REF][START_REF] Kersalé | Poleward along-shore current pulses on the inner shelf of the Bay of Biscay[END_REF].

The influence of internal tides on sediment resuspension and transport was not assessed in the present study. Above steep topographic patterns, internal tides are generated at critical slopes (i.e. upper part of the continental slope; [START_REF] Pingree | Abyssal penetration and bottom reflection of internal tidal energy in the Bay of Biscay[END_REF]Jezequel et al. 2002) in regions of strong barotropic forcing. They reflect on the seafloor, rise to the surface, and pass through the thermocline, then propagate both in the deep ocean and over the shelf. In the Bay of Biscay, the internal tide is mainly semi-diurnal [START_REF] Pingree | Downward propagation of internal tidal energy into the Bay of Biscay[END_REF] due to the dominance of the semi-diurnal M2 barotropic forcing above the shelf. Two main areas of origin are identified in the literature: the northern shelf break near La Chapelle bank [START_REF] New | Large-amplitude internal soliton packets in the central Bay of Biscay[END_REF][START_REF] Pichon | Internal tides modelling in the Bay of Biscay. Comparisons with observations[END_REF][START_REF] Pairaud | Dynamics of the semi-diurnal and quarter-diurnal internal tides in the Bay of Biscay. Part 2: Baroclinic tides[END_REF]) and the Cape Finisterre region off northwest Spain [START_REF] Azevedo | On the generation and propagation of internal solitary waves in the southern Bay of Biscay[END_REF][START_REF] Pichon | Internal tides modelling in the Bay of Biscay. Comparisons with observations[END_REF]. Among multiple effects, bottom current pulses and turbulence caused by internal tides may have a significant impact on sediment erosion and transport (e.g. [START_REF] Cacchione | Nepheloid layers and internal waves over continental shelves and slopes[END_REF][START_REF] Pomar | Internal waves, an under-explored source of turbulence events in the sedimentary record[END_REF][START_REF] Rosenberger | Variability of the internal tide on the southern Monterey Bay continental shelf and associated bottom boundary layer sediment transport[END_REF]. Focusing on the sediment dynamics linked to the Cap-Ferret canyon (Aquitanian margin in the Bay of Biscay), Durrieu de Madron et al. (1999) and [START_REF] Schmidt | Particle fluxes and recent sediment accumulation on the Aquitanian margin of Bay of Biscay[END_REF] mentioned the internal tide as a major dynamic mechanism controlling the local remobilisation of sediment likely to influence shelf-slope exchanges of suspended particulate matter. A review by [START_REF] Pomar | Internal waves, an under-explored source of turbulence events in the sedimentary record[END_REF] cites numerous examples of the influence of internal waves on sediment resuspension and transport in shallow-water environments (especially at intermediate water depths on continental shelves). Further investigations of their influence on the sediment dynamics in the specific case of the Bay of Biscay shelf are required.

IV.5.2 Sediment budget under the influence of natural forcing

Integrations of sediment fluxes in the model through longshore and cross-shore sections enable the assessment of sediment budgets in the volumes surrounded by some of these sections. Provided the model is perfectly -or at least reasonably-conservative, the long term divergence of fluxes through the boundaries of a given area should offset a change in the stock of sediment in this area, considering that the variation in suspended sediment mass remains negligible (for instance by considering the variations in the interval between calm episodes).

The conservativeness of the model was checked in the Grande-Vasière (GV; area delimited by a thick black line in e.g. Fig.

IV.17). After a spin up period of six months, the divergence of mud fluxes integrated over a 4-year period was evaluated as an input of 2.6 Mt (0.65 Mt/yr) and compared to the increase in the stock of sediment of the same order of magnitude. For the whole GV, the total mass balance over these 4 years was 0.0015 Mt, i.e. three orders of magnitude lower than the residual fluxes or variations in the sediment stock.

Variations in the muddy fraction of the sediment stock (in kg.m -2 ) over the 4-year period of the simulation (scenario with natural forcing only) are illustrated in Figure IV.17. Changes in sand stock can be locally significant especially near the coast, but result from small scale redistribution (not illustrated here).

In the following, the sediment budgets are discussed after splitting the whole shelf of the Bay of Biscay into four subareas delimited by five cross-sections (in red in In the northern box (between the Pointe du Raz and the Loire estuary), mud tends to accumulate: the residual flux enters at a rate of 1.97×10 9 kg.yr -1 , corresponding to a mean sedimentation rate of 0.09 kg.m -2 . Disregarding the sediment mixing process within seabed sediments (e.g. infilling of mud between sand grains), such an increase in mud stock would correspond to a mean thickening of 0.16 mm (assuming a bulk density of 550 kg.m -3 ). This is consistent with the results presented in Fig.

IV.17, which show non-uniform distribution of sedimentation, and a significant increase in mud stock along the eastern boundary of the GV, reaching 2 to 3 kg.m -2 over the 4-year period. However, there is a slight decrease in the mud stock between the isobaths 100 m and 130 m up to -0.2 kg.m -2 over the 4year period.

The middle box of the shelf (between the Loire estuary and the Pertuis Charentais zone) is the subject of a general outflow of -0.43×10 9 kg.yr -1 , corresponding to a mean erosion of 0.025 kg.m -2 (equivalent to a mean erosion rate of 0.05 mm). According to Fig. IV.17b, this erosion preferentially occurs near the coast at a rate which reaches 2.5 kg.m -2 over the 4-year period. Conversely, beyond the 40 m isobath, the stock tends to increase (between 5×10 -2 and 5×10 -1 kg.m -2 over the 4-year period, Fig.

IV.17a).

In the box between the Pertuis Charentais zone and the Arcachon bay, a significant decrease in mud stock occurs at the scale of the area as a whole, particularly in front of the Gironde estuary, linked to a general outflow of -3.01×10 9 kg.yr -1 , corresponding to a mean erosion of 0.30 kg.m -2 (equivalent to a mean erosion of 0.55 mm).

In the southernmost box (south of Arcachon bay), the mud stock tends to decrease on the mid-shelf and to increase on the outer shelf, with a weak general outflow of -0.55×10 9 kg.yr -1 , corresponding to a mean erosion of 0.13 kg.m -2 (equivalent to a mean erosion of 0.25 mm).

Summing the sediment budgets of individual boxes gives an estimated mean annual erosion of 0.038 kg.m -2 (equivalent to 0.07 mm), corresponding to a total loss of 2.02 Mt/yr consisting of an input of 0.2 Mt/yr at the southern boundary, a north-westward export of 1.6 Mt/yr through the northern boundary, and an export of 0.62 Mt /yr along the edge of the shelf towards the deep ocean.

These fluxes have to be compared to the riverine input which amounts to approximately 2.5 Mt/yr [START_REF] Jouanneau | Fine-grained sediment budget on the continental margin of the Bay of Biscay[END_REF] and are not accounted for in these estimates. IV.5.3 Natural sediment dynamics versus those caused by trawling

Our results clearly demonstrate a significant contribution of trawling to sediment erosion, resulting in non-negligible fluxes at the scale of the continental shelf.

IV.5.3.1 Contributions to sediment erosion

To assess erosion caused by trawling, we focused on the Grande-Vasière (GV) area, a large mud belt on the French shelf of the Bay of Biscay, which is the scene of intense fishing activities. In winter, natural resuspension appears to dominate over many areas of the GV, with relative trawling contributions < 1%. However, some significant contributions of up to 10% occur over the northern part of the GV, which is characterised by a muddy seabed. Model results revealed that in summer, trawling is the main source of resuspension over most of the GV area. Finally, we provide evidence for an annual contribution of trawling to resuspension of up to 20% over the muddy area of the northern GV. These conclusions partly differ from those proposed in our previous study [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF]) in which we found weaker trawling contributions: around 1% at the annual scale, and about 30% during summer. Over some areas of the GV, natural erosion fluxes were estimated to be much lower than those presented here.

Such differences come from the dependence of the selected natural erosion law on the seabed composition, and on the other hand, from the z 0 value used to compute the bottom shear stress (for the contributions of both waves and currents). In the absence of site-specific validation, we set constant values for erosion-related parameters (E 0 =10 -5 kg.m -2 .s -1 , τ e =0.15 N.m -2 , n=1) and used a z 0 value of 5×10 -4 m, assuming an intermediate value between skin and form roughness [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF]). In the meantime, we validated the model used in the present study (Mengual et al. submitted). This model accounts for strongly variable erosion parameters according to the mud fraction in the surficial sediment, and uses a skin roughness length characteristic of fine sand (for D=200 µm, z 0 =k s /30 = 3D/30 = 2×10 -5 m). The lower z 0 value considered in the present study causes significantly lower natural erosion fluxes, thus increasing the contribution of trawling over the northern part of the GV in winter, or over the entire GV in summer. Moreover, the E 0 parameter used in the new erosion law is likely to vary from 10 -5 kg.m -2 .s -1 in the case of a muddy seabed to about 6×10 -3 kg.m -2 .s -1 in the case of a sandy mixture. The fact the latter E 0 value is used for surficial mud content of up to 20%, explains the higher natural erosion fluxes obtained over many areas of the GV characterised by sandy sediment facies, and the lower erosion fluxes in muddier environments.

Finally, according to the results of our previous study [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF], the natural erosion which occurs during winter significantly controls the annual erosion dynamics over many areas. The trawling contribution remains significant (up to 20%) in the northern muddy area, with non-negligible contributions (a few per cent) appearing on the offshore boundary or over the southern part of the GV. As already discussed in [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF], the contribution of trawling to resuspension in the Bay of Biscay qualitatively agrees with published results linked to other study sites [e.g. [START_REF] Churchill | The effect of commercial trawling on sediment resuspension and transport over the Middle Atlantic Bight continental shelf[END_REF] in the Mid Atlantic Bight; [START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF] in the Gulf of Lions].

In the present model, the trawling-induced erosion flux was obtained by multiplying a constant erosion rate (in kg.m -2 ) with a fishing effort (in s -1 ) (section IV.2.3). In our previous paper, [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF] we estimated this erosion rate from trawl door tracks left on muddy sand beds in the GV area, where mud content ranged between 15% and 25%. These measurements were representative of the resuspension generated by typical trawlers operating on typical muddy sands of the Bay of Biscay shelf. However, the mud fraction is higher in the seabed in some areas of the shelf, especially in the northern part of the GV. As widely mentioned in the literature, trawl components such as doors, penetrate deeper into the seabed with an increase in the mud content [START_REF] Linnane | A review of potential techniques to reduce the environmental impact of demersal trawls[END_REF]. It can thus be inferred that the proposed erosion rate caused by trawling increases with increasing mud content in the seabed. Trawling erosion thus may be under-estimated in muddy areas. Further experiments in these zones would make it possible to define a variable erosion rate as a function of the nature of the seabed in the specific case of the Bay of Biscay, similar to the setting used by Oberle et al. (2015a) in their global analysis of trawling-induced resuspension.

IV.5.3.2 Contributions to sediment fluxes

Seasonal and annual analyses of sediment fluxes over the whole Bay of Biscay shelf revealed a significant contribution of trawling. Even during the autumn/winter period, trawling contributes 30% of the total flux intensity over large areas on the outer shelf, and over limited zones of the inner shelf.

In spring/summer, this contribution increases to more than 80% over the entire Grande-Vasière (GV) and many areas of the outer shelf. Paradoxically, the contribution to sediment fluxes caused by trawling is higher in winter, due to more intense bottom circulation.

By integrating sediment fluxes at the annual scale along several sections on the French shelf, a significant influence of trawling was identified on both longshore and cross-shore sediment dynamics.

Regarding longshore dynamics, trawling enhances the poleward natural mud and sand fluxes at a rate ranging from a few per cent to about 40% (maximum reached in the northernmost border near the Pointe du Raz). In the literature, trawling is reported to significantly contribute to the off-shelf export of sediment. [START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF] estimated that sediment transport caused by trawling represents between a few per cent and 20% of the annual shelf-to-slope export of suspended sediment in the Gulf of Lions. On the north-western Iberian shelf, Oberle et al. (2015a) estimated that 65% of sediments resuspended by bottom trawling were exported off-shelf, representing a six fold increase compared to natural off-shelf sediment transport. The results of this study qualitatively agree with those findings. On the outer shelf, our results provide evidence for an increase in offshore mud (respectively sand) fluxes of 35% (resp. 25%) along the 130 m isobath, and an increase of 15% along the 180 m isobath. It should be noted that the largest trawling contribution to offshore mud export obtained along the 130 m isobath occurs at the latitude of the GV. Following [START_REF] Pinot | Le précontinent Breton: entre Penmarc'h, Belle-Ile et l'escarpement continental, étude géomorphologique[END_REF], in our previous paper [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF], we suggested the possible transport of resuspended particles by trawling toward the coast on the inner shelf. The results of the present study confirm this hypothesis with sediment transport caused by trawling mainly onshore along the 100 m and 70 m isobaths. For instance, trawling is responsible for a two-fold increase in the natural onshore mud flux along the 100 m isobath of the GV.

In terms of sediment budgets, in the four boxes mentioned in section IV.5.2, the effect of trawling is an increase of 0.058 Mt/yr in sedimentation in the northern box (to the north of the Loire estuary), representing 3% of the natural sedimentation, and erosion of 0.38, 0.30, and 0.05 Mt/yr in the successive boxes from the Loire estuary moving south, representing respectively 88%, 10%, and 9% of the natural erosion in the same boxes. Remarkably, the contribution of trawling enhances natural trends (mean erosion or deposition) in all boxes.

IV.5.3.3 Changes in the seabed

Changes in the seabed (5 mm integration of the surficial sediment) during the simulated period were steady, with preservation of the main sediment facies set at initialisation. This demonstrates that the present model formulation is relevant with respect to hydrodynamics and sediment dynamics (i.e. erosion/deposition balance under the action of natural forcing). Nevertheless, at the end of the period, significant differences in the surficial mud content were observed between the two simulations, respectively, with natural forcing only, or both natural and anthropogenic forcings, and highlighted changes in the seabed caused by trawling. Trawling was responsible for a significant reduction in mud content along the 110 m isobath over the Grande-Vasière (GV) area (north-western and southern extremities), and in front of the Gironde estuary. This is consistent with the intense fishing activities in these muddy areas [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF]. Many studies in the literature have shown that resuspension caused by trawling is responsible for a loss of the fine fraction in the seabed (e.g. [START_REF] Palanques | Effects of bottom trawling on the Ebro continental shelf sedimentary system (NW Mediterranean)[END_REF]Oberle et al. 2015b;[START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF], apparent as upward-coarsening trends due to fine fraction winnowing. In the specific case of the GV, [START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF] and our team [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF] In contrast, model results showed that trawling tended to intensify the increase in mud content which occurs along the eastern border of the GV under natural forcing. This feature can be explained by the deposition of fine material resuspended in the neighbourhood, but results in a significant difference from the initial condition of the seabed, which is assumed to account for trawling effects: as the present distribution of sediment facies synthesizes information from different sets of measurements made in recent decades, this local disparity between observations and simulations needs to be investigated in the future.

In addition, trawling increases mud content in deeper areas of GV and significantly influences the nature of the seabed in front of the Gironde estuary. Longer simulations would also make it possible to assess whether the increases in mud content caused by trawling correspond or not to transitional states of the variations in the seabed over time, and if they preferentially extend toward the coast or seaward.

IV.5.4 Sediment inputs from rivers

River and estuaries are the main source of fine sediments to the Bay of Biscay shelf [START_REF] Castaing | Mechanisms controlling seaward escape of suspended sediment from the Gironde: a macrotidal estuary in France[END_REF] with an input of about 2.5 Mt.yr -1 of fine sediment [START_REF] Jouanneau | Fine-grained sediment budget on the continental margin of the Bay of Biscay[END_REF]. The model setting used in the present study enabled accurate representation of the turbidity under the action of waves and currents (Mengual et al. submitted), but doubts persist regarding how to set sediment inputs from rivers. Indeed, the weak settling velocity attributed to inputs of riverine sediment (mud M2, see section IV.2.2.2) was originally chosen to represent a non-negligible part of the ambient turbidity (background of a few mg.l -1 ), especially while comparing surface SSC resulting from the model to in situ measurements or satellite data. However, such a settling velocity would prevent deposition most of the time, except during very calm conditions. In order to evaluate the impact of the settling velocity set for riverine sediment inputs on the sediment fluxes described in the present study ("reference" results), a one-year simulation was run (2007) using the mud M1 (i.e. variable settling velocity, see section IV.2.2.2) instead of M2. The residual sediment fluxes obtained from this simulation (not illustrated here) showed very similar features (intensity, direction) to the reference results. Further investigations are required to improve this aspect of the model (e.g. the number of particle classes, settling velocity settings).

IV.6. Conclusions

The aim of this study was to quantify the spatio-temporal variability of sediment fluxes on the Bay of Biscay shelf, a complex environment where the effects of climate forcings are combined with intense trawling activities. A 3D hydro-sedimentary model was used to perform two realistic simulations, accounting or not for anthropogenic forcing, over a 5-year period.

First, a cluster analysis (K-means) enabled the identification of typical sediment flux regimes over the period, revealing marked seasonality. During the autumn/winter period, our results highlight a poleward/equatorward alternation of sediment flux regimes which are well correlated with water fluxes and largely influenced by the wind. Nevertheless, winter residual sediment fluxes clearly exhibit a regular poleward orientation from one year to the other, controlling the annual residual dynamics. Due to less energetic conditions in terms of waves and currents during spring and summer, sediment fluxes are significantly weaker but remain oriented poleward on the inner shelf, in agreement with other studies which show a depth-averaged circulation flowing poleward, probably linked to the combination of large-scale and local forcings. During this calm season, sediment fluxes also appear to be correlated with tidal amplitude, and can be explained by the tidal current asymmetry: due to phase lag between dominant resuspension on ebb (south-westward) and subsequent deposition, the flux of muddy particles is north-westward oriented, while the flux of fine sand remains west-south-westward. At the annual scale, sediment fluxes are clearly controlled by the residual poleward dynamics occurring in winter, despite lower intensities on the outer shelf linked to the weaker spring/summer dynamics.

Secondly, anthropogenic effects linked to trawling activities were assessed in terms of resuspension and contribution to sediment fluxes. Regarding erosion dynamics, model results provide evidence for a significant contribution of trawling to resuspension over some muddy areas of the northern Grande-Vasière, reaching up to 20% of total annual erosion. However, the annual natural erosion (i.e. induced by waves and currents), which is strongly influenced by energetic winter conditions, appears to dominate the major part of the Grande-Vasière (muddy sand facies) with a contribution of around 1% in trawled areas, and about 1‰ elsewhere. Erosion caused by trawling becomes dominant in summer, i.e. during the high fishing season, when it reaches 100% over most of the Grande-Vasière and over many zones of the outer shelf (80% on average).

The contribution of trawling to sediment fluxes is highlighted at the scale of the shelf. Results show that trawling contributes around 30% of the total mud flux intensity on the outer shelf and on limited zones of the inner shelf during the autumn/winter period, and is responsible for most of the horizontal sediment dynamics over the Grande-Vasière and the outer shelf in spring and summer. At the annual scale, trawling enhances poleward natural mud and sand fluxes at a rate ranging from a few per cent to 40% (its contribution increasing northwards) and significantly contributes to the natural offshore export of sediment on the outer shelf: + 25% (sand) to +35% (mud) along the 130 m isobath, or +15% along the 180 m isobath (mud). This contribution to the offshore sediment transport is qualitatively in agreement with conclusions of previous studies in the literature conducted on other continental shelves. In contrast, our results highlight transport of sediment towards the coast on the inner shelf (mainly transport of mud) caused by trawling, in the opposite direction from natural one mainly oriented seaward, except over the Grande-Vasière area where trawling is responsible for a two-fold increase in the onshore natural mud flux.

Lastly, a simple comparison of the surficial sediment composition obtained at the end of each simulation (after 5 years) enabled us to highlight changes in the seabed caused by trawling. Results show a significant decrease in the mud fraction over the internal part of the Grande-Vasière area and over some areas of mud patches located in front of the Gironde estuary, i.e. the most intensively trawled zones of the shelf. On the contrary, trawling is responsible for an increase in the mud fraction along the eastern border of the Grande-Vasière (toward the coast) and over some zones located either on the outer shelf or in front of the Gironde estuary. The fine fraction losses demonstrated by this modelling study are qualitatively in agreement with our recent observations showing a significant decrease in mud content in recent decades over some intensively trawled areas of the Grande-Vasière [START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF]).

This study clearly demonstrates that trawling represents a non-negligible forcing which needs to be taken into account when assessing sediment dynamics over the Bay of Biscay shelf. Promising results from this work underline the interest of performing longer simulations (e.g. over several decades) to investigate and predict long-term effects of trawling on sediment dynamics.

Conclusions générales du chapitre IV

Deux simulations de 5 ans ont été réalisées, avec et sans l'influence du chalutage de fond, afin de quantifier la variabilité spatio-temporelle des flux sédimentaires dans le Golfe de Gascogne, et d'évaluer les contributions respectives des forçages naturels et anthropiques à ces flux. Un outil de classification classique (partitionnement en K-moyennes) a permis l'identification de régimes typiques de flux sédimentaires. Une forte saisonnalité a été mise en évidence dans l'intensité et l'orientation des flux sédimentaires.

Au cours de la période englobant l'automne et l'hiver, des régimes contrastés se succèdent avec une alternance de flux orientés poleward (vers le pôle en suivant la côte) et equatorward (vers l'équateur en suivant la côte Les concentrations moyennes en vase intervenant au cours de ces régimes énergétiques sont généralement inférieures au mg.l -1 sur le plateau externe, de l'ordre de quelques mg.l -1 sur l'essentiel de la partie intermédiaire du plateau, et atteignent quelques dizaines à quelques centaines de mg.l -1 au plus près de la côte (mis à part au cours du dernier régime exceptionnel KmS5 où la concentration moyenne en vase peut atteindre quelques mg.l -1 même au large). Cependant, les flux sédimentaires intégrés à l'échelle de toute cette période énergétique montrent clairement une orientation poleward d'une année sur l'autre (flux particulièrement intenses sur la partie interne du plateau entre la Pointe du Raz et l'estuaire de la Gironde), cohérente vis-à-vis des schémas de circulations classiques mentionnés dans la littérature au cours de cette période (e.g. [START_REF] Charria | Surface layer circulation derived from Lagrangian drifters in the Bay of Biscay[END_REF][START_REF] Boyer | Circulation on the shelf and the upper slope of the Bay of Biscay[END_REF].

Les flux sédimentaires intervenant au cours du printemps et de l'été sont nettement plus faibles que ceux intervenant le reste de l'année, du fait des conditions de vagues et de circulation hydrodynamique moins intenses. Deux régimes de flux sédimentaires ont été identifiés au cours de cette période, tous deux caractérisés par des flux poleward confinés sur la partie interne du plateau (flux en sable et vase très faibles au delà d'environ 100 m de fond), et ne différant que par leur occurrence (KmS1 et KmS2 intervenant 57% et 25% du temps) et l'intensité des flux. L'orientation poleward de ces flux contraste avec la circulation moyenne intervenant au cours de ces deux régimes qui ne présente pas de signal clair (flux hydrodynamiques faibles ne suivant pas d'orientation privilégiée, sauf en rebord de plateau).

Des calculs simples de transport résiduel de vase à l'échelle d'une marée de vive-eau ont suggéré que ce flux vers le Nord-Ouest pourrait être lié à l'asymétrie de l'ellipse des courants de marée (le transport résiduel de sable suit quant à lui la direction des courants les plus importants intervenant au cours du jusant, i.e. orienté OSO). Le régime de flux KmS2 a notamment montré une certaine corrélation avec les marées de vive-eau (coefficients supérieurs à 80-90), expliquant ainsi les flux vaseux plus intenses obtenus en comparaison avec KmS1. Les deux régimes KmS1 et KmS2 sont très proches des flux résiduels obtenus à l'échelle de la période printemps/été. Au cours de cette période, les concentrations moyennes en vase près du fond sont très faibles sur la majeure partie du plateau (< au mg.l -1 ) et sont de l'ordre de quelques mg.l -1 à quelques dizaines de mg.l -1 sur le plateau interne.

A l'échelle annuelle, les flux moyens sont proches de ceux observés au cours de l'automne et de l'hiver, démontrant que les conditions énergétiques intervenant au cours de cette période de l'année contrôlent la dynamique globale des flux sédimentaires. Les flux résiduels de vase sont clairement poleward sur l'ensemble du plateau (~10 -4 kg.m -1 .s -1 sur le plateau externe et autour de 10 -3 kg.m -1 .s -1 sur le plateau interne). Au large, les flux de sable sont trois à quatre ordres de grandeur plus faibles et montrent une composante cross-shore (vers le large) plus marquée. Sur le plateau interne, ils sont compris entre 10 -7 et 10 -4 kg.m -1 .s -1 et augmentent vers la côte, atteignant plus de 10 -3 kg.m -1 .s [START_REF] Smith | Erosion thresholds and rates for sand-mud mixtures[END_REF]. Un intérêt résultant de la transition exponentielle proposée est de pouvoir faire l'économie du paramètre supplémentaire que constituait la deuxième fraction critique de vase (au-delà de laquelle le comportement est clairement vaseux).

Suite à la validation du modèle hydro-sédimentaire, la variabilité spatio-temporelle des flux sédimentaires a pu être quantifiée. Deux simulations de 5 ans ont été réalisées, avec et sans l'influence du chalutage de fond, dans le but d'évaluer les contributions respectives des forçages naturels et anthropiques à ces flux, qui s'avèrent très épisodiques. D'une façon générale, en dehors de la zone très côtière de profondeur inférieure à 20 m, les contraintes de cisaillement au fond liées au courant sont très faibles, et la remise en suspension est dominée par l'action des vagues. Cependant, la corrélation entre l'intensité des flux particulaires et la hauteur significative des vagues n'est pas directe, sans doute en raison de la faible vitesse de chute des particules vaseuses et de l'importance de la marée dans les processus d'advection/diffusion. Un outil de classification classique (partitionnement en K-moyennes) a tout d'abord permis de distinguer des régimes typiques de flux sédimentaires sous l'influence des forçages naturels. Une forte saisonnalité a été mise en évidence dans l'intensité et l'orientation des flux sédimentaires. Les flux se sont avérés beaucoup plus intenses au cours de l'automne et de l'hiver et ont montré une alternance de régimes contrastés poleward/equatorward suivant la circulation, largement influencés par le vent. Malgré cette alternance de régimes, les flux intégrés à l'échelle de cette période énergétique ont clairement montré une orientation poleward. Les flux sédimentaires intervenant au cours du printemps et de l'été sont apparus nettement plus faibles que ceux intervenant le reste de l'année, étant donné les conditions nettement moins énergétiques en termes de vagues et de circulation.

Malgré leur plus faible intensité et leur confinement sur la partie interne du plateau, les flux sédimentaires ont aussi montré une dépendance en fonction de l'amplitude de la marée et une orientation préférentielle poleward au cours de cette période, expliquée par l'asymétrie des courants de marée. A l'échelle annuelle, les flux moyens se sont révélés proches de ceux observés au cours de l'automne et de l'hiver, démontrant que les conditions énergétiques intervenant au cours de cette période de l'année contrôlaient bien la dynamique globale des flux sédimentaires. Les flux résiduels de vase sont clairement poleward sur l'ensemble du plateau (~10 -4 kg.m -1 .s -1 sur le plateau externe et autour de 10 -3 kg.m -1 .s -1 sur le plateau interne). Au large, les flux de sable sont trois à quatre ordres de grandeur plus faibles et montrent une composante cross-shore (vers le large) plus marquée. Sur le plateau interne, ils sont compris entre 10 -7 et 10 -4 kg.m -1 .s -1 et augmentent vers la côte, atteignant plus de 10 -3 kg.m -1 .s -1 le long de la côte Aquitaine. Les flux de vase et de sable ont été intégrés à travers des sections cross-shore ou longshore (suivant les isobathes 70, 100, 130, et 180 m). Ces flux intégrés à l'échelle des sections ont permis d'estimer les quantités globales de sédiments transitant à l'échelle du plateau. Les flux intégrés à l'échelle annuelle montrent une dynamique poleward des sédiments, de l'ordre de 2.10 8 à 4.10 9 kg/an pour la vase, et de 10 6 à 10 8 kg/an pour le sable. De la pointe du Raz jusqu'au Sud de l'Aquitaine, les flux intégrés le long des différentes isobathes montrent une dynamique vers le large pour la vase (~10 8 à 10 9 kg/an) et le sable (de 10 5 à 10 8 kg/an du large à la côte), bien que le flux résiduel puisse être orienté vers la côte au niveau de certaines sections, e.g. flux résiduel de vase orienté vers la côte le long de l'isobathe 100 m au niveau de la zone Bretagne Sud. La sommation des flux intégrés le long des différentes sections a permis d'effectuer des budgets sédimentaires à l'échelle du plateau. Les variations du stock sableux peuvent localement être importantes proche de la côte mais se caractérisent généralement par des redistributions à des échelles spatiales restreintes. Pour la vase, il s'avère que le bilan global à l'échelle du plateau montre une tendance à l'érosion de l'ordre de 0.038 kg.m -2 .an -1 , correspondant à une perte totale de 2.02 Mt/an. Cette perte peut être comparée aux apports fluviaux de l'ordre de 2.5 Mt/an [START_REF] Jouanneau | Fine-grained sediment budget on the continental margin of the Bay of Biscay[END_REF]) qui n'ont pas été pris en compte dans nos estimations.

La seconde simulation incluant l'érosion supplémentaire liée aux activités de chalutage a permis d'évaluer l'influence de ce forçage anthropique sur la dynamique sédimentaire dans son ensemble. L'influence du chalutage a dans un premier temps été étudiée en termes de contribution à la remise en suspension au niveau de la Grande-Vasière. Au cours de l'été (haute saison de pêche), les résultats ont clairement mis en évidence que le chalutage constituait le moteur principal de la remise en suspension sur l'ensemble de la Grande-Vasière et sur de larges zones du plateau externe (contribution moyenne au flux total de l'ordre de 80%). Sa contribution restait localement significative à l'échelle annuelle en atteignant par exemple près de 20% au niveau de la vasière Nord de la Grande-Vasière (zone particulièrement chalutée). Néanmoins, l'érosion importante induite par les vagues au cours de l'hiver est tout de même apparue comme le facteur dominant contrôlant la remise en suspension annuelle sur de larges étendues.

L'influence du chalutage a aussi été évaluée en termes de contribution aux flux horizontaux de sédiments à l'échelle de l'ensemble du plateau. De la même manière que pour la dynamique verticale, le chalutage s'est avéré être le moteur principal de la dynamique horizontale des sédiments au niveau de la Grande-Vasière et sur la majeure partie du plateau externe au cours de la haute saison de pêche (printemps/été). En automne/hiver, une contribution significative au flux total a aussi été mise en évidence (environ 20-30%) au niveau de larges zones du plateau externe, ainsi que sur de plus petites étendues du plateau interne. A l'échelle annuelle, l'influence du chalutage sur la dynamique naturelle des flux long-shore et cross-shore a clairement pu être identifiée. Les résultats ont montré une contribution significative à la dynamique poleward des flux de vase et de sable (entre quelques pourcents et 30%) ainsi qu'à l'export naturel de sédiments vers le large au niveau du plateau externe (e.g. +35% d'export de sédiments vaseux le long de l'isobathe 130 m, +15% le long de l'isobathe 180 m). Au contraire, les résultats ont montré un transport sédimentaire résiduel vers la côte induit par le chalutage sur la partie interne du plateau, en particulier le long de la bordure Est de la Grande-Vasière (augmentation d'un facteur 2 du transport naturel de vase vers la côte).

Les contributions significatives du chalutage aux flux sédimentaires mises en évidence sur le plateau continental du Golfe de Gascogne sont qualitativement en accord avec les conclusions d'études antérieures menées sur d'autres plateaux continentaux (e.g. [START_REF] Churchill | The effect of commercial trawling on sediment resuspension and transport over the Middle Atlantic Bight continental shelf[END_REF][START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF]Oberle et al. 2015a).

En dernier lieu, l'influence potentielle du chalutage sur l'évolution de la nature du fond a été évaluée.

Les résultats du modèle ont clairement mis en évidence une diminution importante de la fraction vaseuse du sédiment superficiel au niveau des zones particulièrement chalutées du plateau (partie interne de la Grande-Vasière, vasières au large de l'embouchure de l'estuaire de la Gironde). Les évolutions déduites du modèle ont notamment montré une certaine cohérence vis-à-vis des tendances sur la fraction en fines observées au cours des campagnes en mer au niveau des deux zones plus ou moins intensément chalutées de la Grande-Vasière. Au contraire, le chalutage est apparu responsable d'une augmentation de la fraction fine du fond sédimentaire le long de la bordure Est de la Grande-Vasière, à l'embouchure de l'estuaire de la Gironde, ou encore au niveau de certaines zones situées plus au large.

Perspectives

Ce travail de thèse a permis de répondre de manière assez complète à la problématique formulée initialement. Néanmoins, de nombreux points nécessitent encore d'être approfondis et améliorés. Une augmentation de la résolution spatio-temporelle de ce forçage permettrait d'affiner les effets du chalutage en termes de remise en suspension.

Concernant la dynamique sédimentaire sous l'influence des forçages naturels, une nouvelle formulation de la loi d'érosion a permis d'ajuster au mieux la réponse du modèle en termes de concentrations de sédiments en suspension par rapport à des observations. Au delà de cette application au Golfe de Gascogne, une telle loi pourrait potentiellement être appliquée dans d'autres environnements du même type où le fond sédimentaire correspond à un mélange de sable fin et de vase (souvent le cas sur les plateaux continentaux). Il serait donc intéressant de voir si le paramétrage retenu dans le cas du Golfe de Gascogne conviendrait aussi à d'autres cas d'étude. Dans la démarche globale de validation du modèle, les concentrations de sédiments en suspension de surface déduites de nos simulations ont été comparées avec des images satellites fournissant une vision spatialisée de la turbidité de surface [START_REF] Gohin | Annual cycles of chlorophyll-a, non-algal suspended particulate matter, and turbidity observed from space and in-situ in coastal waters[END_REF].

La quantification des flux sédimentaires proposée dans cette thèse mériterait d'accorder plus d'attention à certains processus ou forçages.

Les ondes internes générées au niveau du talus sont susceptibles de se propager au niveau du plateau continental. La turbulence et les courants associés à ces ondes peuvent agir sur la remise en suspension des sédiments (e.g. [START_REF] Pomar | Internal waves, an under-explored source of turbulence events in the sedimentary record[END_REF]. Des analyses complémentaires sont donc nécessaires pour évaluer leur influence sur la dynamique sédimentaire du plateau du Golfe de Gascogne. De même, il serait intéressant d'étudier les mécanismes de transferts sédimentaires au niveau du talus, en particulier dans les têtes de canyons, comme cela a déjà été abordé par de précédentes études dans le cas du Golfe de Gascogne (e.g. Durrieu de Madron et al. 1999). Même si le modèle actuel restitue probablement une certaine part de la dynamique liée aux ondes internes, il serait nécessaire d'affiner la résolution horizontale du maillage pour reproduire de façon plus réaliste les mécanismes de génération au niveau du talus, et de propagation sur le plateau.

Une augmentation de la résolution proche de la côte permettrait aussi très probablement d'estimer plus précisément les contraintes de cisaillement intervenant dans le processus d'érosion des sédiments, et permettrait d'affiner la représentation de la circulation et des flux sédimentaires associés. Cette problématique a été abordée au cours de la thèse (publication en annexes), sans pour autant conclure quant à l'influence de la résolution sur les estimations de flux à l'échelle régionale (e.g. modulation des transferts sédimentaires entre la côte et les zones plus profondes du plateau).

Compte tenu des évolutions du compartiment sédimentaire mises en évidence dans les simulations pluriannuelles réalisées avec et sans chalutage, il est ici nécessaire de rappeler certaines faiblesses liées à la condition initiale imposée dans le modèle. En effet, la couverture sédimentaire initiale se base sur des données anciennes, notamment au niveau de la Grande-Vasière où la description des différents faciès repose sur la carte de [START_REF] Bouysse | Carte des sédiments superficiels du plateau continental du Golfe de Gascogne : partie septentrionale au 1/500 000[END_REF], elle-même compilant des données étalées de 1960 à 1975. Une actualisation de la couverture sédimentaire serait donc un facteur d'amélioration du modèle actuel et permettrait de discuter de façon probablement plus réaliste des évolutions du fond relatives à l'influence des différents forcages (naturels et anthropique). Les évolutions importantes mises en évidence par le modèle au niveau de certaines zones renseignent sur les secteurs qu'il serait nécessaire d'explorer en priorité.

A ce stade de l'étude, la question des apports sédimentaires par les fleuves reste ouverte. Dans le modèle, ces apports sont associés à une vase à très faible vitesse de chute. Initialement, ce choix a été fait dans le but de (i) représenter la turbidité ambiante de quelques mg.l -1 dans la colonne d'eau en l'absence de remise en suspension effective par les vagues et les courants, et (ii) de ne pas sous estimer la turbidité de surface dans les zones proches de la côte (notamment liée aux panaches fluviaux) par rapport aux observations satellites. Bien que les tests ayant été réalisés en prescrivant une vitesse de chute plus réaliste aient montré une faible influence sur les estimations de flux sédimentaires à l'échelle du plateau, des analyses complémentaires (visant à restituer une variabilité plus réaliste de la floculation et des vitesses de chute associées) sont nécessaires afin d'améliorer cet aspect du modèle. Il serait désormais nécessaire d'intégrer les apports par les fleuves dans les bilans sédimentaires réalisés dans le chapitre IV, ces apports étant du même ordre de grandeur (2.5 Mt/an) que les flux estimés aux limites du plateau dans le chapitre IV (perte de 2.02 Mt/an). En effet, nos estimations de flux sont probablement réalistes mais les variations sédimentaires calculées (évolution du stock sédimentaire) seraient à corriger des apports par les fleuves.

Enfin, le modèle actuel pourrait être amélioré en couplant les modèles de circulation (MARS3D) et de vagues (WaveWatchIII). Un tel couplage permettrait notamment de tenir compte de l'effet des vagues sur la circulation de surface induite par le vent.

Les résultats encourageants obtenus à l'issue des 5 années simulées suggèrent désormais d'effectuer des simulations sur de plus longues périodes, qui permettront notamment de voir si les effets induits par le chalutage montrent des tendances sur le long-terme et de vérifier la vraisemblance des résultats en termes de variations d'épaisseur de sédiment dans le Golfe de Gascogne.

Introduction

Les mouvements sédimentaires en milieu marin résultent de facteurs dynamiques naturels ou anthropiques, tels que la remise en suspension, le dépôt et le transport de sédiments sous l'effet des courants et des vagues. Ces mouvements peuvent se traduire par des évolutions morphologiques et par des modifications de la nature des fonds. La représentation de ces phénomènes par un modèle numérique dépend en particulier de sa capacité à estimer correctement les différents processus hydrodynamiques. En particulier en domaine côtier, cette capacité est notamment liée au choix de la résolution horizontale qui détermine l'échelle spatiale des structures pouvant être mises en évidence [START_REF] Greenberg | Resolution issues in numerical models of oceanic and coastal circulation[END_REF]. Par ailleurs, seule une représentation raffinée du trait de côte et de la bathymétrie (par exemple des chenaux) permet de reproduire correctement certains écoulements côtiers comme dans le cas de détroits, d'embouchures, ou encore de pertuis [START_REF] Molines | Tidal spectro-scopy of a coastal area: observed and simulated tides of the Lake Maracaibo system[END_REF][START_REF] Gille | Durant la période calme, les ordres de grandeur de τ sont globalement faibles avec des valeurs moyennées par strate bathymétrique de 0.4 à 0.6 N m -2 au plus (valeurs maximales atteintes près de la côte). Les différences les plus significatives d'une résolution à l'autre interviennent sur les contraintes de cisaillement liées au courant τ c entre 5 et 10 m de fond, avec des différences ponctuelles d'un facteur 4 résultant de la surestimation de τ c dans la configuration grossière (où ces zones peu profondes sont mal représentées). Au-delà de 20 m de fond, les contraintes τ c sont équivalentes d'une résolution à l'autre et contribuent à 50% de la contrainte totale. Les différences d'une configuration à l'autre sur les valeurs de contraintes liées aux vagues τ w ne sont pas significatives (0.05 N m -2 au maximum). La contribution des vagues à la contrainte totale est dominante pour des profondeurs d'eau 5. Remerciements Cette étude a été cofinancée par le SHOM[END_REF]. Une grille non-structurée ou plusieurs grilles structurées emboitées constituent des solutions à ces types de problèmes [START_REF] Molines | Tidal spectro-scopy of a coastal area: observed and simulated tides of the Lake Maracaibo system[END_REF][START_REF] Laval | Mass transport between a semi-enclosed basin and the ocean: Lake Maracaibo[END_REF]. Ce travail s'applique à répondre à la question suivante : dans quelle mesure les flux régionaux fournis par une configuration discrétisant le Golfe de Gascogne (Côte Atlantique Française) à une résolution à 2500 mètres sont-ils améliorés par l'utilisation d'un zoom côtier de résolution plus fine (500 mètres de résolution). En d'autres termes, est ce qu'un raffinement côtier aboutit à la mise en évidence de différences significatives sur la qualité de la représentation des forçages, sur la circulation hydrodynamique, et donc sur les flux sédimentaires associés ? En effet, les différences induites par l'augmentation de la résolution près des côtes sont susceptibles de modifier les flux résiduels vers le large ou dans les domaines plus profonds, et influencer ainsi les flux à l'échelle régionale. Ce travail propose de premières réponses à ces questions, afin de déterminer la stratégie optimale pour la détermination des flux sédimentaires à différentes échelles spatiales.

Matériels et Méthodes

Modèle utilisé

Le modèle utilisé dans le cadre de cette étude est le modèle hydrodynamique MARS3D développé par l'Ifremer. Il résout les équations de Navier-Stokes pour un fluide supposé incompressible, hydrostatique et suivant l'hypothèse de Boussinesq, par une méthode de différences finies sur des maillages structurés. Ces équations expriment en chaque point du domaine de calcul la conservation de la masse et de la quantité de mouvement dans les trois directions de l'espace. Ce modèle permet de calculer les courants et résiduelles eulériennes, les hauteurs d'eau, la température, la salinité, ou encore le transport de particules en suspension. MARS3D utilise une technique d'emboîtement de modèles sous forme gigogne, où une configuration de grande emprise et de faible résolution fournit les conditions aux limites de sous modèles de plus haute résolution. Deux configurations de résolutions différentes, à 2500 m et 500 m, ont été utilisées dans le cadre de cette étude comparative (figure 1). La discrétisation verticale est quant à elle commune aux deux configurations avec 40 niveaux sigma. [START_REF] Waeles | Modelling sand/mud transport and morphodynamics in the Seine river mouth (France) : an attempt using a process-based approach[END_REF]. Une même description de la composition initiale du fond (proportions différentes des trois classes de sédiments permettant de représenter différents faciès réalistes) a été utilisée pour les deux grilles.

Stratégie

Trois transects ont servi de base pour estimer l'influence de la résolution horizontale sur les flux (figure 1). Les transects 1 et 3 situés à l'embouchure de la Loire ont pour but de comparer les dynamiques liées aux processus hydrodynamiques, hydrologiques, et sédimentaires pour des profondeurs d'eau inférieures à 50 m. Le transect 2 est situé plus au large par des profondeurs proches de la centaine de mètres ; ce choix permet d'examiner l'influence de la résolution sur les flux vers le inférieures à 20 m avec des valeurs 2 à 3 fois plus importantes que celles relatives à l'influence du courant. Au-delà, elle devient équivalente à celle liée au courant. 

Discussion et conclusions

Les deux périodes contrastées d'un point de vue énergétique ont permis de comparer l'influence de la résolution sur la contrainte de cisaillement sur le fond, résultant de l'action combinée des vagues et des courants. En conditions peu énergétiques, les contraintes de cisaillement sur le fond sont faibles (< 1 N m -2 ) et globalement proches d'une résolution à l'autre. En revanche, pour des conditions très énergétiques, l'influence de la résolution est importante pour des profondeurs d'eau inférieures à 20 m, notamment sur l'estimation de la contrainte de cisaillement induite par les vagues, avec des valeurs moyennes jusqu'à 40% plus importantes pour la configuration à 500 m de résolution. Le long des transects 1 et 2, pour des contraintes de cisaillement proches, des différences significatives sur les concentrations en MES2 (vase) d'une configuration à l'autre ont démontré l'influence des processus d'advection dans l'estimation à un instant donné de ces concentrations, qui se traduisent sur les flux sédimentaires résultants. De plus, l'amélioration de la représentation tridimensionnelle de la dynamique des panaches fluviaux (en l'occurrence la Loire) avec la résolution a été observée grâce aux profils de concentration et flux associés à la MES3. Plus au large, le long du transect 2, des cellules de circulation complexes ont été mises en évidence uniquement avec la résolution à 500 m. On peut penser que la similitude des concentrations en MES1 obtenues le long des deux transects pour les deux résolutions est liée d'une part au calcul intégré sur la verticale, d'autre part à une faible sensibilité des concentrations de sable à l'advection du fait de sa vitesse de chute élevée. Toutefois, une modification de la discrétisation verticale permettrait probablement de mettre en évidence des différences de résultats d'une résolution à l'autre [START_REF] Greenberg | Resolution issues in numerical models of oceanic and coastal circulation[END_REF]. Les résultats relatifs à la période faiblement énergétique ont mis évidence des concentrations en MES, des vitesses de courant, et donc des flux sédimentaires largement plus faibles. Ils ont montré qu'en l'absence d'un forçage par les vagues, seuls les sédiments les plus fins (MES3) sont en suspension au large (à 80 m de fond).

Cette étude a donc permis d'apporter des premières réponses quant à l'influence de la résolution horizontale sur la quantification de la concentration en matières en suspension, la circulation et les flux sédimentaires associés, en se plaçant dans deux contextes énergétiques particuliers. Cependant, il serait nécessaire de réaliser ces comparaisons à plus longue échelle de temps, par exemple pendant plusieurs cycles de morte eau / vive eau, et de mieux comprendre l'influence de chaque forçage (courants, vagues) sur les flux sédimentaires instantanés. Des comparaisons faites sur les courants résiduels d'une résolution à l'autre permettraient de dissocier la part des différences liée aux processus d'advection de celle liée à la meilleure représentation des forçages. Plus généralement, une meilleure analyse de la sensibilité de la circulation hydrodynamique à la résolution horizontale apporterait de nouvelles conclusions quant aux différences liées aux processus d'advection et au mélange. De même, l'étude de l'évolution de la nature sédimentaire du fond ajouterait un point important dans l'interprétation des résultats. Enfin, des comparaisons pour de plus hautes résolutions et sur d'autres zones complémentaires permettraient de vérifier et compléter les résultats de cette étude, et notamment d'examiner dans quelle mesure il est intéressant de raffiner la résolution à la côte en fonction des échelles et processus considérés. 

Fig. II. 1

 1 Fig. II.1 Map of the study site including the position of zones A and B and the "Grande-Vasière" contour over the northern part of the continental shelf of the Bay of Biscay. Dotted lines in blue represent isobaths. The dark blue shows water depths over the abyssal plain (> 4000 m), and the transition between the dark and light blue shows the continental slope.

Fig. II. 2

 2 Fig. II.2 Grain size spectra (in volumetric percentage V P ) of all cores at each sediment core depth (z SED ) for zone A (a) and B (c) represented by thin grey curves with the corresponding average grain size spectra represented by thicker black curves. Subplots (b) and (d) provide synthetic visions of grain size spectra over sediment core depth (upper 25 cm) for zone A and B respectively, from individual average grain size spectra (black curves) illustrated at each sediment core depth on subplots (a) and (c).

Fig. II. 3

 3 Fig. II.3 Averaged vertical profiles of d 10 , d 50 , mud and clay contents for zone A (a) and zone B (b). Horizontal bars represent the standard deviation at each level, and unfilled grey circles represent individual data of each core at each sediment depth used to compute average and standard deviation values.

Fig. II. 4

 4 Fig. II.4 Side scan sonar maps and historical mud content data localisation for zone A (a) and zone B (c) with the associated average values (over the upper 15 cm of sediment) at different periods of time (different colours depict different years or periods) on subplots (b) and (d) respectively. For each of these periods and for each zone, unfilled circles on subplots (b) and (d) correspond to mud content data used to compute average mud content values and vertical black error bars correspond to the standard deviations linked to the different periods on each zone. Sonar maps are superimposed to the map of Sedimentary Facies (SF) described by Bouysse et al. (1986) [SF1 (VL2a in Bouysse et al. 1986): Muddy litho-bioclastic sand, SF2 (resp. VL1a): Muddy lithoclastic sand slightly carbonated, SF3 (resp. VL2b): Sandy marl (coarse or gravelly with shells), SF4 (resp. VBb): Sandy calcareous mud (gravelly with shells)]. These facies are visible around sonar images.

Fig. II. 5

 5 Fig. II.5 Schematic view of the trawling gears and representation of the sampling strategy in the (XY) (a) and (YZ) (b) plans (i.e. two dimensions horizontal and vertical respectively) with the different deployments realised to quantify the resuspension induced by the otter twin trawl.

Fig. II. 6

 6 Fig. II.6 Illustration of (a) a classical door used during sea trials (circled in red) and (b) Jumper doors during experimental trials [scaled devices, set up in a laboratory flume (Ifremer-Lorient, France)]. Contributors to the creation and development of Jumper door are mentioned in the acknowledgments section.

  Fig. II.7) in order to minimize vertical variability due to turbid fronts. The corresponding coefficients, c 1 and c 2 in Eq. (II.1), are found equal to 0.046 and 3.63 respectively. From this relationship we obtain a coefficient of determination R 2 of 0.57 and a root mean square error (RMSE) between the OBS and ADCP signals of 26 mg.l -1 . Results are however significantly scattered, mainly because SSC gradients can be found within the turbid plumes, especially close to trawling doors, hence partly invalidating the assumed correspondence between OBS and first-cell ADCP records. In order to refine the calibration accuracy, we subsampled the dataset and only used vertically homogeneous ADCP measurements, i.e. profiles for which SSC vertical gradients were lower than 10 mg.l -1 .m -1 and repeated the calibration procedure (clear blue dots on Fig. II.7). According to Eq. (II.1), an optimized linear relation (R 2 = 0.825) was defined with c 1 = 0.058 and c 2 = 4.131. This new calibration allows reducing the RMSE between the OBS and ADCP to 4 mg.l -1 .

Fig. II. 7

 7 Fig. II.7 ADCP calibration: fitting a linear relationship between the backscatter index BI of the first cell of the ADCP and the base-10 logarithm of SSC values measured with OBS sensor on the multi-sensor probe (see text for colour symbols interpretation).

Fig. II. 8

 8 Fig. II.8 OBS (Optical Backscatterance Sensor) and ADCP (Acoustic Doppler Current Profiler) data of Suspended Sediment Concentrations (SSC) obtained with the multi-sensor probe in the trawl wake. (a) 3D vision of the data, (b) representation of 2DH and 2DV averaging, and associated graphs in (c) and (d) respectively.

Fig. II. 9

 9 Fig. II.9 Continuous SSC measurements made on zone A with the instrumented line fixed to the trawl, either behind the door (tows 3 and 4) or behind the clump (tows 1 and 2) in the configuration with classical doors.

Fig

  Fig. II.9 shows the data recorded by the sensors clamped to the line directly fixed to the trawl. The figure shows four trawling tows under the classical configuration, each of them lasting about one hour.During the first two tows of trawling (i.e.[START_REF]et de données fournies par le Service Hydrographique et Océanographique de la Marine) illustrée dans le chapitre III (Fig. III.1) en termes de fractions de vase[END_REF] and[START_REF] Waeles | Modelling sand/mud transport and morphodynamics in the Seine river mouth (France) : an attempt using a process-based approach[END_REF] on Fig. II.9), the line was fixed to the clump (LP2). In that case, turbidity does not exceed 50 mg.l -1 with values around 15 mg.l -1 at all depths: differences between the turbidity signals recorded by each sensor are low in spite of peaks detected for the one closer to the generation source (LS1). These results contrast with the situation behind the door (i.e. tows[3] and [4] on Fig.II.9), where SSC values exceed 100 mg.l -1 most of the time and locally reach 180 mg.l -1 . Turbidity differences between sensors along the line are greater and steadier, with differences between LS1 and LS3 of about 60 mg.l -1 . LS2 turbidity levels are of the same order of magnitude as LS1 levels, but as expected, the turbidity then decreases along the line as the distances behind the trawl and above the seabed increase.

  -1 and do not exceed the background turbidity level most of the time (then they are not illustrated here). Moreover, SSC values along the line fixed to the Jumper door (Fig. II.10b) are lower (around 20 mg.l -1 ) than behind a classical door (Fig. II.10a). Few SSC peaks are punctually detected but never exceed 110 mg.l -1 and correspond to times when the Jumper door hits the seabed. The turbidity signal recorded behind Jumper doors is perfectly correlated with the altimetry data of the line sensors: the turbidity increases as the door moves closer to the seabed and vice versa. These results are consistent with the absence of turbidity measured by the different instruments placed on the multi-sensor probe, and prove the ability of the new gear to strongly reduce the seabed resuspension.

Fig. II. 10

 10 Fig. II.10 Continuous SSC measurements made on zone A with the instrumented line fixed (a) behind a classical door (Thyboron), and (b) behind a "Jumper" door.

Fig. II. 11

 11 Fig. II.11 Video acquisitions with a benthic video sledge during sea trials so as to quantify the trawling-induced micro-topography disturbances. The sledge as well as the different lasers and cameras are illustrated on (a) and (b). An example of the laser stripe 1 projected on the view field of the camera 1 and distorted by a trawl track is presented on (c). A global schematic view of the device is illustrated on (d).

Fig. II. 12

 12 Fig. II.12 Door track profiles obtained thanks to video sledge images analyses. Results are presented in terms of Relative Seabed Level (RSL) along the print of the laser beam, the reference level corresponding to a horizontal vision field of the camera (x). Dark blue curves are linked to the results acquired on zone A and red curves to the ones obtained on zone B.

Fig. II. 13

 13 Fig. II.13 Maps of fishing effort from VMS data (horizontal resolution of 5 km) expressed in number of times of trawling within given periods: (a) "winter" period (from December to February), (b) "summer" period (from June toAugust), and (c) at the annual scale. Cumulated values were obtained from a trawling "climatology" corresponding to averages of monthly cumulated fishing effort data realised over the 2005-2013 period. For instance, a value higher than 1 means that the spot is trawled more than one time during the considered period.

II. 4

 4 .3 Results: respective weights of natural and trawling induced resuspension on the whole area The comparison is based on erosion fluxes averaged along specific periods, months, years, or seasons (winter/summer) for the two years 2008 and 2009. Estimates are proposed over given bathymetric ranges within the GV contours. Fig. II.14 illustrates maps of averaged erosion fluxes at the annual scale, and during the "winter" (from December to February) and "summer" (from June to August, i.e.

  Winteraveraged natural erosion fluxes decrease 30 times between the 60-80 m bathymetric range and the 160-180 m one (Fig. II.15). This trend is more pronounced during the summer down to the 100-120 m bathymetric range. Beyond 120 m depth, the decrease trend becomes more progressive. This strong decrease during summer (i.e. low energetic conditions) can be explained by more pronounced gradients of excess wave-induced shear stress, wave-induced shear stress being then closer to the critical stress for erosion. High values are confined on the Eastern side of the GV and rapidly reduce with increasing water depth (Figs. II.14, II.15). More generally, winter averaged erosion fluxes are 6 to 25 times higher than summer averaged values between 60 and 100 m depth and they are around 100 times higher beyond 100 m depth. Integrated natural erosion fluxes along the whole year or during 3 months in winter exhibit comparable values. These observations confirm that the action of waves and currents induced by winter storms mainly controls the annual natural dynamics over the GV.

Fig. II. 14

 14 Fig. II.14 Maps of temporally averaged resuspension fluxes computed for both natural and anthropogenic forcings at the scale of the GV, as well as the corresponding ratio. Fluxes are averaged at the seasonal (i.e. winter and summer) and annual scales.

  . II.15). In winter, trawling-induced erosion fluxes are significantly lower than natural fluxes: differences range from a factor 200 between 160 and 180 m depth to almost three orders of magnitude in the range 60-80 m. Although seasonally-averaged trawling-induced erosion fluxes are systematically lower than natural ones, summer differences are much weaker: for instance trawling-induced erosion fluxes would be only 3 times lower than natural ones between 100 and 120 m depth. In addition, maps of seasonally averaged fluxes on Fig. II.14 clearly highlight that trawling fluxes can appear dominant in certain regions of the GV, especially near northern and southern boundaries.

Fig. II. 15

 15 Fig. II.15 Temporally averaged (over time and over bathymetric ranges) resuspension fluxes computed for both natural and anthropogenic forcings during the winter and summer seasons.

Fig

  Fig. II.16 provides a detailed vision (monthly averages under actual forcing) of both natural and anthropogenic erosion fluxes on the bathymetric range where the differences are the weakest, set here between 90 and 120 m depth. First it can be seen that variations of natural and anthropogenic erosion fluxes describe annual cycles, which are nearly in opposition of phase. The high season of fishing comes up during late spring/summer season and is characterised by the highest trawling-induced erosion fluxes with values around 5×10 -8 kg.m -2 .s -1 for both years (occurring in June 2008 and May 2009 respectively). On the contrary, the lowest trawling-induced erosion fluxes come up during the winter period with values of 1.2×10 -8 kg.m -2 .s -1 in January 2008 and 10 -8 kg.m -2 .s -1 in January 2009. In that bathymetric range, trawling-induced erosion fluxes are thus smaller during autumn and winter by a factor ranging between 2 and 5. On Fig. II.16, the dotted line represents the monthly-averaged

Fig. II. 16

 16 Fig. II.16 Monthly averaged resuspension fluxes computed for both natural and anthropogenic forcings between 90 and 120 m depth (i.e. the most intensively trawled area of the GV) during two years. "Actual" trawling forcing refers to monthly cumulated fishing effort data during the two years, while the trawling "climatology" corresponds to averages of monthly cumulated fishing effort data during the 2005-2013 period. Grey bands illustrate the effect of a ten-fold increase of the erosion constant E 0 on natural erosion flux estimates.

Fig. III. 1

 1 Fig. III.1 Geographic extent of the 3D model configuration with its initial condition for the seabed compartment. White lines represent isobaths. The 180 m isobath can be considered as the external boundary of the continental shelf. The location of "Le Croisic" station is indicated by a white dot.

Fig. III. 2

 2 Fig. III.2 Wind forcing (speed in m.s -1 ) during (a) the simulated period and (b) over a 5-year period (from the 1 st of January, 2007 to the 31 st of December, 2011), at location 47°14'5"N and 4°19'1"W (mid shelf in front of the Loire estuary). The percentages in the two figures correspond to occurrence probabilities cumulated for all directions.

Fig. III. 3

 3 Fig. III.3 Significant wave heights (in m) during (a) the simulated period and (b) over a 5-year period (from the 1 st of January, 2007 to the 31 st of December, 2011), at location 47°14'5"N and 4°19'1"W (mid shelf in front of the Loire Estuary). The percentages in the two figures correspond to occurrence probabilities cumulated for all directions.

2

 2 Figure III.4 shows model validation regarding hydrodynamics at the LC station from the 1 st of December, 2007 to the 18 th of January, 2008 in terms of significant wave height (H S ), surface temperature and salinity (T S and S S respectively), and current intensity and direction (Vel INT and Vel DIR respectively).

Fig. III. 4

 4 Fig. III.4 Validation of the hydrodynamic model over most of the simulated period at LC station. Model results are compared with AWAC measurements in terms of (a) significant wave height, (b) surface temperature, (c) surface salinity, current direction (on (d) and (e) respectively), and current intensity (on (f) and (g) respectively).

  Fig. III.4a illustrates the ability of the model to describe H S over the period, with a root mean square error (RMSE) of 0.24 cm and a coefficient of determination (R 2 ) of 0.95. Measured and modelled surface temperature (T S ) and salinity (S S ) are illustrated in Figs. III.4b and III.4c respectively, and demonstrate the correct response of the model with respect to observations with RMSE/R 2 values of 0.5°C/0.86 for T S and 2 PSU/0.7 for S S . The weaker correlation obtained for S S is mainly due to model underestimation around the 2 nd of January, 2008 (i.e. about 5 PSU). It should be underlined that the model accurately reproduces the abrupt change (decrease) in surface temperature and salinity on the 11 th of December, 2007, linked to the veering of the Loire river plume caused by easterly winds. This plume advection led to stratification which in turn influenced the vertical profiles of currents in terms of direction and intensity (Figs. III.4e and III.4g, respectively), which are well represented by the model. More generally, the model provides an appropriate response regarding the direction and intensity of the current (Figs. III.4d and III.4f) over the entire water column throughout the period. For instance, measured bottom current velocities (0.11 m.s -1 on average, max of 0.44 m.s -1 ) are correctly reproduced by the model with a RMSE of 0.05 m.s -1 .

  For a and b, respective values of 0.3 and 0.09, set by[START_REF] Van Leussen | Estuarine macroflocs and their role in fine-grained sediment transport[END_REF] from experiments, were used. The coefficients k and m enable a linear increase of the settling velocity on the concentration in logarithmic scales. In agreement with the settling velocity setting used byTessier et al. (2008a) in a modelling study of turbidity over the southern Brittany continental shelf and recent experiments by[START_REF] Verney | Floc features in estuaries and coastal seas[END_REF] in similar environments in the Gulf of Lions (illustrated in Fig.III.5), k and m were respectively set to 0.005 and 0.7 (blue curve in Fig.III.5; hereafter called W S, ref and considered as the reference setting). Such a formulation indirectly accounts for flocculation processes by considering an increase in the settling velocity with an increase in concentration in the water column. Equation (III.19) also accounts for the turbulence effects on flocculation: G represents the absolute velocity gradient, which is expressed as a function of the turbulent dissipation rate ε, and the water viscosity ν: a small turbulence rate favours flocculation and the settling of suspended sediment (factor 1+aG), whereas higher turbulent intensities disrupt flocs and reduce their settling velocity (factor 1/(1+bG 2 )). FollowingTessier et al. (2008a), W s,mud is limited by minimum (W s,min ) and maximum (W s,max ) values, respectively set to 0.1 mm.s -1 and 4 mm.s -1 , the latter being reached at a given SSC named C ws,max . Beyond C ws,max , the settling velocity remains equal to W s,max , thus ignoring the hindered settling process which actually does not occur in the range of SSC over the shelf. A second settling velocity setting was tested (red curve in Fig.III.5) with k=0.0018 and m=0.7, to evaluate the sensitivity of the sediment model to the settling velocity (see section III.3.5). Lastly, the mud M2 linked to ambient turbidity in the water column is assumed to have a constant very low settling velocity set to 2.5×10 -6 m.s -1 .

Fig. III. 5

 5 Fig. III.5The settling velocity used in this study, represented by blue and red curves respectively, in the absence of turbulence. Empty black circles correspond to recent data acquired by[START_REF] Verney | Floc features in estuaries and coastal seas[END_REF] in the Gulf of Lions, and the green curve refers to the settling velocity used byTessier et al. (2008a) in their modelling study of turbidity in southern Brittany (France).After resolving the sediment transport equation, the actual deposition on the bottom can be computed. In agreement withLe Hir et al. (2011), sand and mud particles are deposited successively, by filling the pores or by creating new layers. In the case of simultaneous deposition of sand and mud, the sand is first deposited at a concentration which depends on surficial sediment composition: in the case of mixed sediment, the sand is first mixed with the initial mixture until C vol mix (i.e. the maximum concentration of sediment mixtures) is reached. The remaining sand is deposited with the concentration C vol sort (i.e. well-sorted sediment), from which an increase in the thickness of the layer can be deduced. The same kind of deposition occurs when the surficial sediment is only comprised of sand. In addition, the thickness of any layer is limited to dz sed, max , a numerical parameter of the model. Any deposition of excess sand leads to the creation of a new layer. Next, mud is deposited: it progressively fills up pores between the sand grains until either C vol mix or C rel mud is reached. Considering these criteria, mud is mixed within the initial and new deposits starting from the water/sediment interface. If any excess mud remains after the mixing step, it is added to the upper sediment layer, contributing to its thickening.

  and Q sand , Y1973 respectively). Results are illustrated in Fig. III.6. The results obtained by Dufois and Le Hir (2015), who also used an advection/diffusion model to predict sand transport rates for a wide range of current conditions and numerous sand diameters, have been added in Fig. III.6 (Q sand , DLH2015 ). Fig. III.6 shows that the sand transport rates obtained from our computations are in agreement with those obtained with other formulations or studies cited in the literature, demonstrating the relevance of our E 0,sand parameter.

Fig. III. 6

 6 Fig. III.6 Sand (200 µm diameter) transport rates computed with a 1DV model using the pure sand erosion law, and obtained for different flow intensities U (solid red curve). For identical flow intensities and sand diameter, sand transport rates deduced from empirical formulations of Van Rijn (1984c) (black curve), Engelund and Hansen (1967) (blue curve), and Yang (1973) (green curve) are illustrated. Empty red circles refer to the modelling results of Dufois and Le Hir (2015) representing transport rates of a 200 µm sand under different flow intensities from an advection/diffusion model.

Fig. III. 7

 7 Fig. III.7Erodimetry experiment conducted on a muddy sample of the Bay of Biscay shelf using the "erodimeter" device (Le[START_REF] Hir | Instrumentation légère pour la mesure de l'érodabilité des sédiments vaseux ou sablo-vaseux[END_REF][START_REF] Hir | Erodibility of natural sediments: experiments on sand/mud mixtures from laboratory and field erosion tests[END_REF]. On the graph, the blue and pink curves represent time evolutions of flow discharge (l.s -1 ) and turbidity (Volt) during the few minutes of the experiment: both quantities were calibrated, the former in bottom shear stress (Pa), the latter in suspended sediment concentration (kg.m -3 ). The discharge/shear stress at which erosion begins is in grey. The corresponding shear stress is 0.1 Pa.

Figure III. 7

 7 Figure III.7 illustrates the critical shear stress for erosion τ e,mud , estimated to be 0.1 N.m -2 , suggesting a barely-consolidated easily erodible sediment. Concerning the erosion coefficient E 0,mud , the range of values cited in the literature extends from 10 -3 to 10 -5 kg.m -2 .s -1 for natural mud beds in open water (e.g. Winterwerp 1989). Simulating fine sediment transport along the continental shelf of the Bay of Biscay, Tessier et al. (2008a) applied the Partheniades erosion law but used an even lower erosion constant (E 0 = 1.3×10 -6 kg.m -2 .s -1 ). As a first attempt in the present study, a low value E 0,mud = 10 -5 kg.m -2 .s -1 was used, and its relevance was demonstrated by comparing the computed erosion fluxes (E modelled ) from equation (III.1) (with τ e =

Fig. III. 8

 8 Fig. III.8 Comparisons of erosion fluxes deduced from erodimetry experiments conducted on muddy samples from the Bay of Biscay shelf and those computed from pure mud erosion law (Eq. III.1) using similar shear stresses. Different symbols depict different sediment samples and labels refer to the shear stresses applied. The solid black line represents perfect agreement between modelled and measured fluxes, and the dotted lines delimit the range linked to model overestimation or underestimation by a factor 2. The above-mentioned E 0,mud , τ e,mud , and n mud values are summarized in Table III.2 and constitute reference parameters characterizing pure mud erosion.

Fig. III. 9

 9 Fig. III.9 Variations in erosion-related parameters (erodibility parameter E 0 on (a), critical shear stress τ e on (b), and exponent n on (c), used in the erosion law (Eq. III.1)) as a function of the surficial sediment mud content in the different erosion settings tested.

Fig. III. 10

 10 Fig. III.10 1DV simulations of suspended mud concentrations at 1.5 m above the bottom (C wat, mud ) and changes in the seabed (mud fraction, thickness) obtained for different initial seabed vertical discretizations in response to the actual forcing at LC station. (a) Total shear stress and depth-integrated current over the study period, (b) C wat, mud for each vertical discretization, (c) to (f) changes in the upper sediment in the different simulations. White dotted lines show the boundaries of the sediment layers, providing a visual indication of the vertical discretization.

Fig

  Fig. III.10 shows the results of simulations performed with the seabed discretizations listed in table III.3 in terms of the concentrations of suspended mud (C wat, mud ) 1.5 m above the bottom, and upper seabed mud fraction, where the thickness of the layers can be visualized. First, it can be seen that C wat, mud near the seabed decreases with an increase in the vertical discretization, i.e. with a decrease in dz sed,ini (Fig. III.10b). This phenomenon is linked to an increase in the available amount of mud potentially resuspended with the increasing layer thickness in response to a given shear stress. The corresponding changes in the seabed differ significantly. When only five layers are initially prescribed in the sediment (Fig. III.10c), bed exchanges are mostly limited to the same sediment layer, with only a few layers being created at the end of the period. Refining sediment vertical discretization progressively leads to more dynamic changes in the seabed, with the creation of more numerous and heterogeneous layers.

Fig. III. 11

 11 Fig. III.11 Depth-integrated suspended sand and mud concentrations averaged over the entire study period [on (a) and (b) respectively] as a function of the initial thickness of individual sediment layers. Blue and red curves represent results obtained using settling velocity settings W S, ref and W S, test , respectively.

  Fig. III.9 (section III.3.4.4). Total bottom shear stresses (i.e. those caused by waves and currents) and barotropic currents in Fig. III.12a illustrate changes in forcing throughout the period. In the water column, we successively represented SSC over the entire water column (Figs. III.12b,c,d) and at 1.67 m above the seabed (i.e. at the level of the first AWAC cell; Fig. III.12e) for the two simulations and for the AWAC measurements. Changes in the seabed in the two simulations are presented in Figs. III.12f and III.12g. Lastly, a global sediment budget (in kg) was applied to the model cell used for the comparison, and the contribution of advection (hereafter referred to as F OBC , representing the cumulated amount of sediment that crosses the borders of the cells along the water column, as net inflow if F OBC increases or as net outflow if F OBC decreases) is illustrated in Fig. III.12h.

Fig. III. 12

 12 Fig. III.12 Comparisons of the results of the 3D model obtained from erosion settings S1 LIN and S1 EXP2 , and measurements made by the AWAC acoustic profiler. (a) Shear stresses and depth-integrated currents, (b) measured SSC over the entire water column, (c) and (d) computed SSC for S1 LIN and S1 EXP2 simulations, (e) time series of measured and modelled SSC variations at the level of the AWAC first cell (1.67 m above the bottom), (f) and (g) changes in the seabed (mud fraction, thickness of the sediment layers) in the two simulations (white dotted lines represent the boundaries of the sediment layers), and (h) cumulated amount of SSC advected through the water column (solid lines represent mud and dotted lines represent sand).

Fig. III. 13

 13 Fig. III.13 Comparison of the results of the 3D model obtained from erosion settings S1 EXP2 , S3 EXP2 and S4 EXP2 , and measurements made with the AWAC acoustic profiler. (a) Shear stresses and depth-integrated currents, (b) time series of measured and modelled SSC at the level of the first AWAC cell (1.67 m above the bottom), (c) and (d) changes in the seabed (mud fraction, thickness of the sediment layers) in S1 EXP2 and S3 EXP2 simulations (the white dotted lines represent the boundaries of the sediment layers), and (e) cumulated amount of mud advected through the water column in the S1 EXP2 and S3 EXP2 simulations. Changes in the seabed linked to the optimum erosion setting S1 EXP2 and the simulation S3 EXP2 (f mcr1 = 5%) are illustrated in Figs. III.13c,d. Following event 2, contrary to results in S1 EXP2 , no drastic change in the nature of the seabed occurs in S3 EXP2 in the rest of the period, with a surficial sediment containing at least 30-40% of mud. This less dynamic change in the seabed is consistent with the lower SSC obtained in the water column. A reduction of f mcr1 led to the application of a pure mud erosion law starting from a lower mud content in the surficial sediment. This mostly resulted in less erosion (E 0,mud <<E 0,sand ) with weaker SSC and slower changes in the seabed. This is also visible in the variations in F OBC, mud (Fig. III.13e) which highlight the fact that the reduced sediment dynamics obtained by reducing f mcr1 results in weaker gradients (SSC, seabed nature) with adjacent cells, and a less dynamic advection term over the study period.

  north-east Atlantic and extends from the west of the northern Spanish coast (Cap Ortegal) to the north of the French Atlantic Coast (Brittany). It is characterised by a narrow continental shelf along the Spanish coast (~30 km) oriented E-W, which turns N-S and progressively widens northward along the French coast (~180 km in front of Brittany) (Fig. IV.1). The shelf is separated from the abyssal plain by a steep break. It is generally split into three main parts: the Spanish shelf, the Aquitaine shelf, and the Armorican shelf (Fig. IV.1).

Fig. IV. 1

 1 Fig. IV.1 Geographic extension of the 3D model with its bathymetry (in metres with respect to mean sea level). Black lines represent isobaths (40, 70, 100, and 130 m). The thick white line (corresponding to the 180 m isobath) approximately delimits the shelf edge. White star refers to "Le Croisic" station where measurements are provided for model validation. Pink and black stars are selected locations used in results description.

Fig. IV. 2

 2 Fig. IV.2 Distribution of generalized sigma vertical levels as a function of water depth along a schematic slope. The red vertical bar indicates the water depth beyond which the resolution is increased in the upper and lower parts of the water column.

  Four classes representing the typical sediment sizes of the BoB are considered: gravel (8 mm, hereinafter G), fine sand (200 µm, hereinafter FS, dominant on the shelf), and two mud classes characterised by different settling behaviour. As detailed inMengual et al. (submitted), model initialisation used existing surficial sediment maps (e.g.[START_REF] Bouysse | Carte des sédiments superficiels du plateau continental du Golfe de Gascogne : partie septentrionale au 1/500 000[END_REF]) and recent sediment samples in the Bay of Biscay (SHOM data, see 'Acknowledgments'), which provided the sediment facies distribution over the BoB. For each facies, a typical sediment class distribution is assumed, and a mass concentration is then attributed to each sediment class. The latter is straightforwardly deduced from the class fraction and a bulk sediment concentration attributed to the sediment facies. According to the model concept of Le[START_REF] Hir | Dynamics of sand and mud mixtures: a multiprocess-based modelling strategy[END_REF], the consolidation state of the bottom sediment is linked to the relative mud concentration (i.e. the concentration of mud between sand grains, hereinafter C rel mud ). Disregarding consolidation processes (mainly of fine sand, the bed remains weakly consolidated), seeMengual et al. (submitted), we assumed a constant C rel mud value (550 kg.m -3 ) and derived a relationship between the bulk sediment density (C bulk ), C rel mud , the sediment particle density (2600 kg.m -3 ), and the total non-cohesive fraction of the seabed (FS + G). In this way, and assuming uniform facies distribution along the vertical, the initial characterisation of the sediment composition is complete. Fig. IV.3 shows sediment initialisation and the distribution of the total mud fraction.

Fig. IV. 3

 3 Fig. IV.3 Sediment initialisation (derived from a 6-month spin up period, from 1 st of January to 1 st July, 2007) expressed as the mud fraction integrated in the upper 5 mm of the seabed compartment.

  Fig. IV.1) during two typical winter months. In addition to the clear agreement between model results on hydrodynamics and measured values, the comparison demonstrated the ability of the fitted erosion law (described in section IV.2.2.3) to accurately reproduce SSC dynamics in the water column throughout the period. Here the model validation is presented in terms of water elevation, H S , SSC and current velocity (Fig. IV.4).

Fig. IV. 4

 4 Fig. IV.4 Model validation at LC site for: (a) water elevation; (b) significant wave height; (c), (d), (e) SSC (suspended sediment concentration) and the two components of current velocity (U zonal component positive eastward, V meridional component positive northward) at 1.67 m above the bottom (this elevation corresponds to the first measurement cell of the AWAC acoustic profiler).

Fig. IV. 5

 5 Fig. IV.5 Wind (speed in m.s -1 ) and wave (H S in m) forcings during the simulated period (from the 1 st of January, 2007 to the 31 st of December, 2011) in (a) and (c), respectively, and over a 19-year period (from the 1 st of January, 1994 to the 31 st of December, 2012) in (b) and (d), respectively. The analysis was performed at location 47°14'5"N and 4°19'1"W (mid shelf in front of the Loire Estuary). Percentages in all the figures correspond to cumulative occurrence probabilities for all directions.

Figures

  Figures IV.5a and IV.5c illustrate wind and wave forcings during the 2007-2011 period, and their representativeness with respect to 19-year distributions computed from the hindcast ofBoudière et al. (2013) (Figs. IV.5b and IV.5d, respectively).

  g. bottom SSC, bottom water fluxes, sand fluxes, or wind fields. Results linked to the cluster analysis performed on bottom mud fluxes (5 regimes named KmS1, KmS2, KmS3, KmS4, and KmS5) and the corresponding average items of interest are illustrated in Fig. IV.6. The figure IV.7 shows example of annual variations in bottom mud and sand fluxes (from August 2009 to August 2010) at a site located in front of the Loire estuary, in an area often affected by the most intense circulation on the shelf (see location in Fig. IV.1), with the corresponding variations in wind/wave forcings and bottom water fluxes. In figure IV.7, the colours correspond to the different K-means regimes of mud fluxes, thus providing a high frequency insight into the typical conditions linked to each of them. The first aspect of note is the clarity of the succession of regimes (Fig. IV.7), surprisingly without any noise, demonstrating that the classification is appropriate. It is also noteworthy that K-means cluster analyses conducted on the water fluxes or on the wind (not illustrated here) led to K-means regimes similar to the average field of corresponding parameters averaged for the K-means regimes of mud fluxes. As the exact correspondence between the different regimes obtained for different parameters cannot be guaranteed, only results for mud flux regimes are discussed, but their analogy with sand flux, water flux and wind regimes reinforces the relevance of the analysis presented in Fig. IV.6. Waves are not included in the presentation of K-means regimes, because, except for the intensity of sediment fluxes, they do not characterise the different regimes to any great extent. The first K-means regime (KmS1; Fig. IV.6a

  . IV.6b). The corresponding average bottom sand fluxes follow the same poleward orientation as the mud fluxes, but decrease rapidly offshore (Fig. IV.6c), with intensities ranging from 10 -4 kg.m -1 .s -1 near the coast (e.g. along the Landes coast) and 5.10 -7 kg.m -1 .s -1 over the 80-meter isobath. The average bottom water fluxes associated with the KmS1 regime are very weak and variable over the major part of the shelf, nevertheless with poleward fluxes along the Landes coast and over the outer shelf (Fig. IV.6d

  6) where ρ s = 2600 kg.m -3 , d p = 200 µm (FS diameter), g = 9.81 m.s -2 , s-1 = (ρ s /ρ -1) = 1.6, U * the friction velocity, and u/v the E-W (positive eastward) and N-S (positive northward) components of the current. Figures IV.9c and IV.9d illustrate the resulting cumulated mud and sand fluxes ∑C mud .v = f(∑C mud .u) and ∑Q sand,v =f(∑Q sand,u ), respectively, while figure IV.9b represents the tidal residual flow through the progressive vector diagram of the bottom current. These simple computations show that sand and mud transports are likely to follow divergent residual orientations. In this case, the residual sand flux is oriented south-westward (according to the main current direction, as illustrated by the current hodograph, Fig. IV.9a), while the residual mud flux is north-westward. This difference is due to the phase lag between deposition and resuspension which characterises fine cohesive sediments: resuspension is dominant during the south-westward tidal current, and suspended mud concentration is maximum in the following period, when the tidal flow turns north-westward, as illustrated by the concentration of suspended mud superimposed on the flow diagrams (Figs. IV.9a and IV.9b). The residual tidal current is oriented southward (Fig. IV.9b), i.e. in a third direction, different from those of the residual sediment fluxes.

Fig. IV. 6

 6 Fig. IV.6 Natural-induced mud flux regimes obtained from K-means analysis (KmS1, KmS2, KmS3, KmS4, KmS5), with the corresponding average bottom mud concentration, bottom sand fluxes, bottom water fluxes, and wind fields (each vertical row of 5 subplots refers to a given regime). Occurrences of each K-means regime are indicted by (Occ.) on the maps.

Fig. IV. 6

 6 Fig. IV.6 Continued.

Fig. IV. 7

 7 Fig. IV.7 Temporal series of significant wave heights (a), wind speeds (b), bottom water fluxes (c), bottom mud fluxes (d), and bottom sand fluxes (e) at a site located in front of the Loire estuary (pink star in Fig. IV.1). For each graph (b to e), a successive vector diagram shows both the direction and intensity of the wind or flux (destination) every day, while the intensity is represented by a continuous curve (hourly data). Colours depict Kmeans regimes linked to the individual model time step (hourly model outputs).

Fig. IV. 8

 8 Fig. IV.8 Temporal series of the tidal coefficient linked to K-means regimes KmS1 and KmS2 over a period of 4.5 years. The additional subplot illustrates the occurrence of each of these two regimes depending on tidal coefficient ranges. The red arrow identifies a key spring tide used in the results section.

Fig. IV. 9

 9 Fig. IV.9 Simulation of sand and mud transport along a spring tide (from the 19 th [cyan square] to the 24 th [red square] of August 2009) at a site located in front of the Loire Estuary (100-m depth, black star in Fig. IV.1). (a) Hodograph of tidal currents. Current components u and v are in m.s -1 . (b) Progressive vector plot of tidal current (u/v refer to E-W and N-S components positive eastward and northward respectively); C mud refers to suspended mud concentration, in mg.l -1 , varying with respect to the tidal phases. Units on x,y axes are distances, in m×60 (dt = 60 s in Eq. IV.5). (c) Progressive vector plot of mud flux, computed from Eq. (IV.5) using the current components represented in (b). (d) Progressive vector plot of sand flux, computed from Eq. (IV.6) using the current components represented in (b).

First, the third

  mud flux regime (KmS3; Fig. IV.6k), which occurs 9.5% of the time, highlights opposite circulations on the inner and outer shelf. It exhibits intense equatorward mud fluxes (ranging from 5.10 -3 to 10 -2 kg.m -1 .s -1 ) down to a depth of 100 m, especially between Belle Ile Island and Arcachon Bay, and weaker poleward fluxes (around 5.10 -5 kg.m -1 .s -1 ) further offshore. This scheme agrees with the corresponding average hydrodynamic circulation (Fig. IV.6n) and higher bottom SSC on the inner shelf (Fig. IV.6l). The correlation between the orientations of bottom water and mud fluxes near the coast is also visible in the temporal series extracted in front of the Loire estuary (Fig. IV.7). Figures IV.6o(average field) and IV.7b (temporal series) both show that KmS3 occurs during significant northerly to north-easterly wind events associated with small to moderate waves. Despite similarities in flux directions, the sand dynamics does not rigorously follow the mud circulation scheme (Fig. IV.6m

  The fourth circulation scheme (KmS4; Fig. IV.6p), which occurs 7.1% of the time, highlights a continuous poleward bottom mud flux over the entire shelf, in full agreement with average bottom water fluxes (Fig. IV.6s), with the higher fluxes reached over areas exhibiting higher average SSC (reaching up to 100 mg.l -1 near the coast; Fig. IV.6q

  Fig. IV.6r). This intense poleward regime occurs during strong southerly to south-westerly wind events (> 10 m.s -1 ; Fig. IV.6t) associated with rather large H S (Fig. IV.7). Indeed, an increase in H S enables sediment resuspension over a wider range of water depths, thereby increasing the extent of significant fluxes generally confined to the area near the coast during less energetic conditions. Lastly, the K-means analysis revealed the KmS5 (Fig. IV.6u) regime, characterised by low occurrence (~1%). KmS5 corresponds to intense H S (Fig. IV.7a) and westerly to north-westerly winds (Fig. IV.6y). Bottom mud fluxes exhibit very intense equatorward fluxes on the inner shelf (up to 5.10 -2 kg.m -1 .s -1 over large areas; SSC range from a few tens to a few hundreds of mg.l -1 , Fig. IV.6v) and significant poleward fluxes along the Spanish and Aquitaine coasts, and the Armorican outer shelf (between 10 -4 and 5.10 -3 kg.m -1 .s -1 ). The sand flux provides evidence for similar features (Fig. IV.6w), with very intense flux intensities (e.g. up to 10 -5 kg.m -1 .s -1 on the outer shelf). Sediment fluxes agree with the average bottom circulation, which has similar characteristics (Fig. IV.6x). The interpretation of the three last regimes and their association with typical flow patterns on the shelf of the BoB are discussed in section IV.5.1.

Fig. IV. 10

 10 Fig. IV.10 Autumn/winter averaged sediment dynamics (vertically integrated). (a) and (d) residual naturalinduced mud (F mud , a) and sand (F sand , d) fluxes averaged over the different years of the simulated period. (b) and (e), average deviation of the mean seasonal flux directions of each year from their average over 5 years for mud (E dir mud , b) and sand (E dir sand , e) (between 0 and 180°; Eq. IV.7). (c) average bottom suspended mud concentration (C mud ).

Fig. IV. 11

 11 Fig. IV.11 Spring/summer averaged sediment dynamics (vertically integrated). (a) and (d) residual naturalinduced mud (F mud , a) and sand (F sand , d) fluxes averaged over the different years of the simulated period. (b) and (e), average deviation of the mean seasonal flux directions of each year from their average over 5 years for mud (E dir mud , b) and sand (E dir sand , e) (between 0 and 180°; Eq. IV.7). (c) average bottom suspended mud concentration (C mud ).

  3.1 provide evidence that intense equatorward mud fluxes occur almost 10% of the time down to 70 m water depth between Belle Ile Island and the Gironde estuary (KmS3). These events contrast with KmS4 regimes, which are characterised by intense poleward fluxes also occurring around 10% of the time, mainly during this autumn/winter period, and result in higher variability in flux orientation (Fig.IV.10b). Lastly, the lowest mud fluxes over the French continental shelf during this period occur along the Landes coast, where sandy sediment facies are abundant. During this season of high wave exposure, mean bottom mud concentrations range from a few to a few tens of mg.l -1 on the inner shelf (more than 100 mg.l -1 very close to the coast), whereas they are still < 2 mg.l -1 on the outer shelf (Fig. IV.10c). Except in the north-western extremity of the domain, sand shows the same poleward dynamics on the inner shelf (Fig. IV.10d). Moving offshore, residual sand fluxes decrease by about 5 orders of magnitude. On the outer shelf, they have a dominant cross-shore component, but higher orientation variability (Fig. IV.10e). Sand fluxes are very weak over the northern part of the Grande-Vasière area (south of Penmarc'h), where the seabed mainly consists of muddy sediment (Fig. IV.3).Residual seasonal mud and sand fluxes corresponding to the spring/summer period (Figs.IV.11a and IV.11d, respectively) are oriented poleward on the inner shelf, except in the region north of Penmarc'h, in agreement with the KmS1 and KmS2 circulation systems described in section IV.3.1. On the part of the shelf located south of Penmarc'h, sediment fluxes are at least ten times weaker than those which occur during the autumn/winter period. Both sand and mud fluxes are weak and variable over the middle and outer parts of the French shelf and along the Spanish coast, resulting in strong variability in their orientation (Figs.IV.11b, e). At this period, bottom mud concentrations are weak (< 1 mg.l -1 ) over most of the shelf, with the highest concentrations (a few tens of mg.l -1 ) confined very close to the coast (Fig. IV.11c). At the annual scale, the residual mud and sand fluxes (averaged over the different years simulated; Figs. IV.12a,c) exhibit strong similarities with those in the autumn/winter season (Figs. IV.10a,d),

Fig. IV. 12

 12 Fig. IV.12 Annual residual natural-induced and depth-integrated mud and sand fluxes averaged over the different years of the simulated period: F mud on (a) and F sand on (c), respectively. Subplots (b) and (d) represent cumulated amounts of mud and sand (in kg) passing through borders (F mud int and F sand int ; depth-integration), either cross-shore (red cross-sections) or alongshore (4 segments delimited by cross-shore borders along the 70 m (in light blue), 100 m (in green), 130 m (in orange), and 180 m (in blue) isobaths). The corresponding residual "flux" values (in kg/year) are written on each graph using the same colour code. The arrows are the same length, but provide qualitative information on the orientation (poleward/equatorward or onshore/offshore) and the intensity (thickness increases with flux intensity) of the flux.

Fig. IV. 13

 13 Fig. IV.13 Time-averaged resuspension fluxes computed for both natural and trawling forcings at the scale of the GV (left hand column), and the relative contribution of trawling to the total resuspension flux (right hand column). Fluxes are averaged at the seasonal (winter and summer) and annual scales.

Fig. IV. 14

 14 Fig. IV.14 Seasonal residual horizontal mud fluxes caused by trawling averaged over the five simulated years (F mud trawling in autumn/winter (a) and spring/summer (d)), with their corresponding relative contribution to total flux intensity (including both natural and anthropogenic forcings), on (b) and (e), respectively. (c) and (f): impact of trawling on the concentration of suspended mud at the bottom (difference in concentration between the simulation with all forcings and the simulation with natural forcing only, in autumn/winter and spring/summer respectively). The thin black lines correspond to isobaths 40 m, 70 m, 100 m, 130 m and 180 m, and the thick black line delimits the Grande-Vasière area.

  . IV.14d). Despite weaker flux intensities, the contribution of trawling beyond a depth of 90 m is high in front of the Gironde estuary and the Landes coast, and on the western part of the Spanish shelf. In addition, mud fluxes caused by trawling are significant along the eastern part of the GV and preferentially oriented toward the coast. The fact that intensities of horizontal mud fluxes are lower in summer than in winter whereas resuspension fluxes are the opposite may be surprising: the reason is lower bottom residual circulation in summer, as described in IV.3.1.The dominant trawling contribution to sediment dynamics occurring over the GV in this period is also apparent when the changes in the concentration of suspended mud caused by trawling at the bottom are assessed. These changes have to be compared to the average mud concentrations caused by waves and currents shown in Fig.IV.11c: off the isobath 100 m, the latter are < 1 mg.l -1 . Like its contribution to fluxes, on the outer shelf, trawling is responsible for 80% to 100% of the concentration of mud at the bottom, especially over the internal GV, as can clearly be seen in Fig.IV.14.f. 

Fig. IV. 15

 15 Fig. IV.15 Annual residual fluxes caused by trawling (depth-integrated) expressed as cumulated amounts of mud (F mud int trawling , a) and sand (F sand int trawling , b) (in kg.year -1 ) passing through borders oriented cross-shore (red cross-sections) or alongshore (4 segments delimited by cross-shore borders along the 70 m (in light blue), 100 m (in green), 130 m (in orange), and 180 m (in blue) isobaths). The corresponding residual "flux" intensities and their ratio to natural ones (in %) are written on each graph using the same colour code. The arrows are the same length, but provide qualitative information on flux orientation (poleward/equatorward or onshore/offshore) and intensity (thickness increases with intensity).

  . IV.3) and the end (Figs.IV.16a,b) of the simulation (e.g. in the GV area, in the mud fields in front of the Gironde estuary). This reassuring feature shows that the model does not cause a shift of the surficial sediment, which could happen if the sediment initialisation was incorrect or the parameterisation of sediment dynamics was unrealistic. The surficial sediment thus appears to be in equilibrium. Nevertheless, the mud content of the GV area significantly increases along the 90 m isobath, which is consistent with onshore natural-induced mud fluxes through the 100 m isobath over this part of the shelf as mentioned in section IV.3.2 (Fig. IV.12).The pattern of surficial sediments looks the same when trawling is taken into account (Fig.IV.16b), but the difference with the case without trawling (Fig.IV.16a) shows that trawling is responsible for a significant reduction in mud content over the internal part of the GV area and over some areas located in front of the Gironde estuary (Fig.IV.16d). This loss of the fine fraction is consistent with intense trawling activities over these zones(Fig. IV.16c). The areas exhibiting the most significant changes (decrease ranging from 10% to 50%) are located along the 110 m isobath in the north-western and southern extremities of the GV area. However, trawling is also responsible for an increase in mud content over areas located on the two sides of this intensively trawled band, i.e. at deeper depths or along the eastern boundary of the GV. Such preferential zones of mud deposition are consistent with the significant contribution of trawling to onshore residual mud fluxes along the 100 m isobath (Fig. IV.15a) and the noticeable offshore component of seasonal trawling-induced mud fluxes (Fig. IV.14).

Fig. IV. 16

 16 Fig. IV.16 Surficial mud content (integrated over the top 5 mm of the seabed) at the end of the simulated 5-year period, either under the influence of natural forcing only (a) or under natural plus anthropogenic forcings (b); (d) changes in the mud fraction in the seabed caused by trawling (difference between (b) and (a)). Thin black lines correspond to isobaths 40 m, 70 m, 100 m, 130 m, 180 m. The thick black lines delimit the "Grande-Vasière" area (GV) and the west and south Gironde mud fields (WGMF and SGMF respectively). Zones A and B are the two zones where experiments on the physical impacts caused by trawling were conducted[START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF]. A map of fishing effort data (horizontal resolution 5 km) expressed as the average number of times of trawling in one year is presented in (c). A value higher than 1 means that the spot is trawled more than once in the year. More details on fishing effort data can be found in[START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF].

  Fig. IV.12) and the 180 m isobath (in blue in Fig. IV.12).

Fig. IV. 17

 17 Fig. IV.17 Changes in the seabed mud stock from July 2007 to July 2011 (in kg.m -2 ): subplots (a) and (b) illustrate areas where the stock increases, respectively decreases, using the same colour code for the intensity of changes. Thin black lines correspond to isobaths 40 m, 70 m, 100 m, 130 m and 180 m. Thick black lines delimit the "Grande-Vasière" area and the west and south Gironde mud fields (from the north to the south).

Figure 1 .

 1 Figure 1. Représentation des bathymétries à 500 et 2500 m de résolution et des différents transects par rapport au niveau moyen (MSL).

Figure 2 .

 2 Figure 2. Moyennes de la contrainte de cisaillement induite par les vagues (TAUW) par strate bathymétrique [(a) : 5 -10 m ; (b) : 10 -20 m ; (c) : 20 -40 m] pour les configurations à 500 m (bleu) et 2500 m (rouge) de résolution durant la période énergétique.

Figure 3 .Figure 4 .

 34 Figure 3. Coupes des concentrations en MES (g/l), de la composante U (Est-Ouest positive vers l'Est) des vitesses de courant (m/s), et des flux sédimentaires (kg m -2 s -1 ) le long du transect 1 lors de la période énergétique (7 janvier 2014 à 00h), pour les deux résolutions.
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 22 Fig. A2.2

Fig. A5. 1

 1 Fig. A5.1 Flux résiduels de sable et de vase intégrés sur toute la colonne d'eau de Juillet à Décembre 2007.

Fig. A6. 1

 1 Fig. A6.1 Initialisation du fond sédimentaire du modèle : description des différents faciès sédimentaires en termes de fractions de vase (frmud), sable (frsand), et gravier (frgrav).

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table II . 1

 II1 Characteristics of the otter twin trawl used during sea trials II.3.2 Characterization of the resuspension plume

  II.5b). Measurements of conductivity, temperature, and pressure were acquired with a SeaBird 9/11 CTD probe, while altimetry data were used to control the probe's vertical position above the seabed and thus in the turbid plume. A Sea Tech Optical Backscatterance Sensor (OBS) was mounted on the probe to measure Suspended Sediment Concentrations (SSC), as well as a RDI narrowband 1200 KHz ADCP (Acoustic Doppler Current Profiler) looking downward with four acoustic transducers recording the backscattered acoustic intensity. The return echo was sampled over twenty 25 cm-thick cells. A second experiment aimed at discriminating the impacts of different parts of the gear on trawling-

induced resuspension and at measuring the resuspension as close as possible to the generation location. It consisted in fixing a line equipped with 3 turbidity sensors (WETlabs or NKE types, also monitoring pressure) behind a door (LP1) or behind the clump (LP2, Fig. II.5

  ). E trawl mud and E sdg mud are thus obtained while considering E=E trawl and E=E sdg in Eq. (II.4) respectively (see TableII.2).

	Table II.2 Erosion rates estimates in kg.m -2 on the two zones (A and B)	
		E trawl	E trawl mud	E sdg	E sdg mud
	Zone A	0.14± 0.028	0.02± 0.004	0.50± 0.099	0.08± 0.015
	Zone B	0.12± 0.030	0.03± 0.007	0.42± 0.108	0.10± 0.027

  Des mesures de turbidité faites derrière différentes parties clés du chalut, ont permis d'identifier les panneaux (constituants lourds du chalut permettant le maintien de l'ouverture latérale du filet) comme la source principale de génération du panache. Ces observations sont cohérentes avec les conclusions d'études existantes menées sur d'autres sites chalutés, mentionnant des panaches aux caractéristiques proches (e.g. Durrieu de Madron et al. 2005) et résultant principalement de l'action mécanique importante exercée par le panneau sur le fond (e.g.

  La construction et la validation d'une telle loi d'érosion relative à l'influence des forçages naturels dans le cas spécifique du Golfe de Gascogne est donc essentielle (objet du chapitre III). De plus, ce deuxième chapitre n'aborde pas la question du devenir des particules injectées dans la colonne d'eau. La mise en place d'un modèle hydro-sédimentaire incluant l'influence respective des forçages naturels et anthropiques sur l'érosion des sédiments permettra, in fine, d'évaluer de combien les particules remises en suspension sous l'influence du chalutage sont advectées, et si elles contribuent significativement ou non, aux flux sédimentaires résiduels sur le plateau (objet du chapitre IV).Les conclusions du chapitre II ont clairement souligné la nécessité de construire et valider un paramétrage décrivant l'érosion d'origine naturelle, i.e. sous l'influence combinée des vagues et des courants, dans le cas spécifique du Golfe de Gascogne afin de lever les incertitudes encore importantes sur les estimations de flux d'érosion. En effet, ce travail d'optimisation est essentiel afin d'évaluer précisément d'une part la contribution relative du chalutage au flux vertical total, très dépendante de l'intensité et de la variabilité interannuelle de l'érosion d'origine naturelle, et d'autre part afin de proposer une quantification réaliste des flux sédimentaires à l'échelle du plateau. Ce troisième chapitre rend compte de la mise en place et de l'effort global de validation d'un modèle hydro-sédimentaire, principalement axé sur la proposition d'une nouvelle formulation de l'érosion sous l'influence des forçages naturels, adaptée aux mélanges de sédiments fins (sable fin/vase) présents sur le plateau du Golfe de Gascogne (et sur les plateaux continentaux en règle générale).Dans une approche par modélisation, le transport des sédiments fins est généralement simulé via la résolution d'une équation d'advection/diffusion faisant intervenir des termes liés au dépôt et à l'érosion. Différents paramétrages de l'érosion utilisant différentes fractions critiques et différents types de transitions entre les deux régimes sont ensuite testés pour évaluer leur capacité à reproduire la turbidité obtenue par la mesure et aboutir à un paramétrage optimal.

	Introduction au chapitre III

Malgré les similitudes entre le transport en suspension lié au sable fin et à la vase, leurs processus d'érosion respectifs sont sensiblement différents du fait de leurs propriétés contrastées (e.g.

Mehta 1989;[START_REF] Mitchener | Erosion of mud/sand mixtures[END_REF][START_REF] Jacobs | Erosion threshold of sand-mud mixtures[END_REF]

. L'érosion du sable (régime non-cohésif) est liée à la taille et à la densité des particules, et naturellement à l'intensité du forçage

(Van Rijn 1984a)

. L'érosion des sédiments vaseux (régime cohésif) est plus complexe, fait intervenir d'autres paramètres tels que des forces électrochimiques (e.g.

[START_REF] Righetti | May the Shields theory be extended to cohesive and adhesive benthic sediments[END_REF]

, la composition minéralogique (e.g.

[START_REF] Mitchener | Erosion of mud/sand mixtures[END_REF]

, la teneur en matière organique (e.g.

[START_REF] Young | Erosion of fine-grained marine sediments: sea-floor and laboratory experiments[END_REF]

, ou encore les propriétés de l'eau interstitielle (e.g.

[START_REF] Kimiaghalam | An experimental study on the effects of physical, mechanical, and electrochemical properties of natural cohesive soils on critical shear stress and erosion rate[END_REF]

, et varie en fonction de l'état de consolidation du sédiment. Pourtant les formulations décrivant l'érosion du sable et de la vase présentent de fortes similitudes et peuvent être exprimées au travers d'une loi unique de type Partheniades-Ariathurai, E=E 0 (τ/τ e -1) n , où τ correspond à la contrainte de cisaillement près du fond (forçage), E 0 à un coefficient d'érosion, τ e à la contrainte critique d'érosion, et n à la non linéarité de l'érosion en fonction de l'excès de contrainte de cisaillement. Ces trois derniers paramètres, en particulier E 0 et τ e , varient sensiblement en fonction du type de sédiment (i.e. fraction vaseuse). Dans la littérature, il est classiquement mentionné que E 0 diminue et que τ e augmente lorsque le fond s'enrichit en particules fines (e.g.

[START_REF] Mitchener | Erosion of mud/sand mixtures[END_REF][START_REF] Smith | Erosion thresholds and rates for sand-mud mixtures[END_REF]

, en particulier au delà d'une certaine fraction critique de vase (ou d'argile selon les études) dans le mélange (e.g.

[START_REF] Panagiotopoulos | The influence of clay on the threshold of movement of fine sandy beds[END_REF] Le Hir et al. 2011)

. Dans une approche par modélisation, les lois d'érosion prescrites dans certaines études existantes introduisent le concept de fraction(s) critique(s) en vase et de transition sur les paramètres d'érosion (E 0 , τ e , et n) entre les régimes non-cohésif et cohésif (e.g.

[START_REF] Van Ledden | Sand-mud segregation in estuaries and tidal basins[END_REF] Le Hir et al. 2011;[START_REF] Carniello | Modeling sand-mud transport induced by tidal currents and wind waves in shallow microtidal basins: Application to the Venice Lagoon (Italy)[END_REF]

. Une nouvelle loi d'érosion incluant ces deux concepts et permettant d'ajuster à la fois les fractions critiques et le type de transitions (plus ou moins rapides) est ici proposée dans le but d'ajuster un paramétrage permettant de représenter au mieux la dynamique des sédiments en suspension obtenue par la mesure. Le chapitre III s'organise de la manière suivante. Tout d'abord, une synthèse bibliographique est proposée sur l'état des connaissances actuelles relatives aux lois d'érosion spécifiques aux sédiments sableux, vaseux et mixtes. Le modèle hydrodynamique est ensuite brièvement décrit, puis validé en termes de courant (intensité, direction), température, salinité, et vagues. Une attention particulière est accordée aux étapes successives de construction du modèle sédimentaire en termes d'initialisation du fond (structure, composition), de paramétrage de la vitesse de chute selon les classes de particule, et surtout dans la définition des différents paramètres d'érosion (E 0 , τ e , et n) associés aux régimes noncohésifs et cohésifs. Pour le régime non cohésif, une modélisation 1DV a été utilisée pour reconstituer des capacités de transport et les comparer aux formulations empiriques de la littérature, tandis que pour le régime purement vaseux, les rares mesures d'érodabilité disponibles sur la Grande Vasière ont été utilisées.

  [START_REF] Carniello | Modeling sand-mud transport induced by tidal currents and wind waves in shallow microtidal basins: Application to the Venice Lagoon (Italy)[END_REF] used a 2-stage erosion law built by[START_REF] Van Ledden | Sand-mud segregation in estuaries and tidal basins[END_REF]: below a critical mud fraction p mcr , the erosion factor of the sand fraction is steady and the one of the mud fraction decreases slightly according to the factor 1/(1p m ), while above p mcr the erosion rate is the same for the sand and the mud fractions and logarithmically decreases according to a power law. Regarding the critical shear stress for erosion, it first slightly increases with p m and then varies linearly to reach the mud shear strength. Dealing only with the critical shear stress,[START_REF] Ahmad | The critical shear stresses for sand and mud mixture[END_REF] proposed an alternative to the Van Ledden (2003) expression, with no critical mud fraction, varying linearly with p m for low values of p m and more strongly for high p m values, using a parameter representing the packing of the sand sediment in the mixture.

III.3. Methods

III.3.1 Study area and available observations

The present study deals with the specific case of the Bay of Biscay shelf (approximately delimited by the 180 m isobath in Fig.

III.1)

, located in the north east Atlantic, whose hydro-sedimentary dynamics results from the coexistence of various forcings. It is exposed to an energetic wave climate (e.g.

[START_REF] Dodet | Wave climate variability in the North-East Atlantic Ocean over the last six decades[END_REF]

, especially in winter, when storms lead to resuspension of sediments

[START_REF] Castaing | Le transfert à l'océan des suspensions estuariennes: cas de la Gironde[END_REF][START_REF] Barthe | Etude théorique de l'action des courants de marée et des houles sur les sédiments du plateau continental du Golfe de Gascogne[END_REF] 

down to considerable water depths (e.g. >100 m, Folliot 2004). On the shelf, residual tidal currents are weak (~3 cm/s measured on the French shelf;

[START_REF] Pingree | Celtic and Armorican slope and shelf residual currents[END_REF][START_REF] Boyer | Circulation on the shelf and the upper slope of the Bay of Biscay[END_REF]

, and circulation is mainly driven by wind and density currents.

Table III . 1

 III1 Realistic forcings used in 3D simulations

Table III . 2

 III2 Erosion parameters for pure sand and pure mud sediment

Table III .3

 III Description of tests (simulations) performed on sediment vertical discretization with the initial number of sediment layers, and the corresponding initial thickness of individual layers dz sed, ini .

	Number of	5	15	30	60	90	120 150
	layers						
	dz sed, ini [mm]	6	2	1	0.5 0.33 0.25 0.2

  , le sédiment est érodé en tant que mélange (i.e. sable et vase érodés simultanément), et l'érosion est prescrite selon un régime noncohésif (comportement en sable pur) lorsque la fraction vaseuse du fond sédimentaire est inférieure à une première fraction critique, et selon un régime cohésif (comportement en vase pure) lorsque cette fraction vaseuse excède une seconde fraction critique. A la suite de différentes phases relatives à la validation du modèle hydrodynamique et à l'évaluation rigoureuse des paramètres d'érosion associés à chacun des deux régimes (i.e. E 0 , τ e , et n dans la loi de Partheniades-Ariathurai), plusieurs types de transitions (linéaire, exponentielles) définies entre différentes valeurs de fractions critiques ont été testées afin de décrire l'évolution de ces paramètres d'un régime à l'autre (i.e. entre les deux fractions critiques). La pertinence de chacun des différents paramétrages a été évaluée en comparant les résultats du modèle en termes de concentrations de sédiments en suspension par rapport à des données de turbidité acquises au niveau d'une station fixe sur une période de deux mois. Tout d'abord, les différents tests ont montré la nécessité de définir une fraction critique de vase d'environ 10-20% pour ne pas sous-estimer les concentrations de sédiments en suspension modélisées vis-à-vis des La loi d'érosion déduite de cette étude a donc permis d'améliorer la réponse du modèle en turbidité, tout en restant cohérente par rapport aux conclusions d'études préexistantes. Il serait désormais intéressant de réitérer ce type de comparaisons modèle-mesures sur la base d'un ajustement de la loi d'érosion pour des cas d'études plus côtiers où le fond, constitué de mélanges sable/vase, est soumis à des forçages plus intenses. Cela permettrait notamment de voir si une transition rapide des paramètres d'érosion entre les régimes non-cohésif et cohésif conduit systématiquement, ou non, à une amélioration des résultats du modèle.Dans le cadre de cette thèse dédiée au Golfe de Gascogne, les résultats cohérents du modèle tant d'un point de vue de l'hydrodynamique que de la représentation de la turbidité permettent désormais d'avoir une plus grande confiance en notre paramétrage, et ainsi de pouvoir proposer une quantification des flux sédimentaires à l'échelle du plateau.Ce quatrième chapitre vise à proposer une quantification des flux sédimentaires à partir du modèle décrit et validé dans le chapitre III, en incluant la dynamique d'érosion supplémentaire liée au chalutage de fond (décrite dans le chapitre II). Deux simulations de 5 ans sont ici réalisées, l'une sous l'influence des forçages naturels uniquement, et l'autre incluant les effets combinés des forçages naturels et anthropiques. Les objectifs sont d'une part, de caractériser les flux sédimentaires induits par chaque type de forçage (naturels ou anthropique), et d'autre part d'évaluer leurs contributions respectives à la dynamique totale. D'un point de vue de la dynamique naturelle, malgré une littérature abondante sur la circulation, aucune quantification de la variabilité spatio-temporelle des flux sédimentaires naturels n'a à ce jour été proposée à l'échelle du plateau. L'idée est ici d'identifier des régimes typiques de flux sédimentaires, en distinguant les flux liés au sable et à la vase, et d'évaluer si ils peuvent être rattachés à des conditions hydrodynamiques et météorologiques bien définies. Outre l'évaluation de la dynamique "haute-fréquence" en réponse aux différentes conditions de forçages, l'intérêt est aussi d'évaluer si les flux sédimentaires intégrés sur de plus longues échelles de temps, e.g. saisonnière ou annuelle, décrivent des schémas particuliers.

	Introduction au chapitre IV

observations, suggérant ainsi un comportement non-cohésif des mélanges contenant moins de 10% de vase. Compte tenu du ratio silt/argile dans le fond sédimentaire du plateau Golfe de Gascogne, une fraction critique équivalente en termes de pourcentage d'argile, serait d'environ 3-6%. D'autre part, les résultats ont mis en évidence que la définition d'une transition rapide (exponentielle) des paramètres d'érosion au delà de cette fraction critique (en particulier E 0 ) permettait d'améliorer significativement la réponse du modèle en turbidité. Cette transition se caractérise notamment par une diminution du coefficient E 0 de plus de 2 ordres de grandeur pour un enrichissement en vase de 10% (ou 3% d'argile) dans le mélange, au delà de la fraction critique marquant la fin du régime non-cohésif. Ces conclusions (fraction critique et type de transition) sont cohérentes avec celles mentionnées par des études expérimentales récentes de la littérature menées sur l'érosion des mélanges sable/vase. Enfin, les différentes simulations réalisées ont aussi démontré la nécessité de tenir compte du processus d'advection pour correctement reproduire l'évolution temporelle des concentrations en suspension à l'échelle de la colonne d'eau. Autrement dit, la turbidité locale ne résulte pas seulement d'une dynamique 1DV (équilibre suspension/érosion/dépôt). Le recours à un modèle hydro-sédimentaire 3D apparait donc nécessaire pour tenir compte de l'advection influençant la dynamique sédimentaire dans son ensemble (apport et export de sédiments, évolution du fond dans le voisinage).

Concernant l'impact du chalutage sur la dynamique sédimentaire dans son ensemble, de nombreuses questions subsistent à ce stade de l'étude. Les conclusions du chapitre II ont mentionné des incertitudes importantes sur les estimations de flux d'érosion naturels, fragilisant ainsi les différentes évaluations sur la contribution relative du chalutage au flux d'érosion total. Suite au travail de validation présenté au chapitre III, principalement axé sur l'optimisation du paramétrage de la loi d'érosion, les contributions relatives des forçages naturels et anthropique au flux d'érosion peuvent maintenant être réévaluées plus précisément. De plus, aucun élément n'a pour l'instant été apporté quant au devenir des particules remises en suspension par les activités de chalutage. L'intégration du forçage anthropique réaliste dans le modèle va donc permettre d'évaluer si les flux résiduels induits par le chalutage suivent des orientations privilégiées et si ils contribuent ou non significativement au flux total. Par exemple, des études faites à l'échelle d'autres plateaux continentaux (e.g.

[START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF] 

dans le Golfe du Lion;

Oberle et al. 2015a 

sur le plateau Nord-Ouest Ibérique) ont mis en évidence une contribution significative du chalutage à l'export de sédiments vers le large, au delà du talus.

Table IV . 1

 IV1 Processing model outputs.

  highlighted significant decreases in mud content in recent decades over areas which are subject to intense trawling. For instance, we reported[START_REF] Mengual | a) Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF] a decrease of 30% in mud content between 1967 and 2014 over an intensively trawled zone of the GV (zone B on Fig. IV.16d), not observed over a moderately trawled one during the same period (zone A on Fig. IV.16d). The model results in the present study confirm a significant decrease in mud content over the simulated period in zone B, and not in zone A, which is located in a spot showing fewer changes in the seabed caused by trawling.

  ). Ces alternances sont aussi observées sur les flux hydrodynamiques et semblent largement contrôlées par le vent (en cette période les stratifications sont faibles). Trois régimes typiques ont été mis en évidence au cours de l'hiver. Le premier, intervenant environ 7% du temps à l'échelle de la période simulée (régime KmS4), se caractérise par des flux sédimentaires (vase et sable, intégrés sur toute la colonne d'eau) poleward sur l'ensemble du plateau. Ces flux suivent la circulation moyenne orientée de la même manière et semblent corrélés à des régimes de vent de secteur Sud-Ouest. Le second régime se caractérise par des flux intenses equatorward concentrés sur la partie interne du plateau (flux beaucoup plus faibles au niveau des parties intermédiaire et externe du plateau), et intervient environ 9.5% du temps (régime KmS3). Il est associé à des vents de secteur Nord, et une fois encore apparait cohérent vis-à-vis de la circulation moyenne. Enfin, un dernier régime de très faible occurrence (1% du temps, régime KmS5) présente des flux sédimentaires equatorward intenses sur le plateau interne (jusqu'au bassin d'Arcachon), et poleward sur la partie Sud du plateau Aquitain, et sur la partie externe du plateau de manière plus générale. Ces évènements de flux sont associés à des vents soutenus de secteur Nord-Ouest et suivent la circulation moyenne.

  -1 le long de la côte Aquitaine. Les flux de vase et de sable ont été intégrés à travers des sections cross-shore ou longshore (suivant les isobathes70, 100, 130, et 180 m). Ces flux intégrés à l'échelle des sections ont permis d'estimer les quantités globales de sédiments transitant à l'échelle du plateau. Les flux intégrés à l'échelle annuelle montrent une dynamique poleward des sédiments, de l'ordre de 2.10 8 à 4.10 9 kg/an pour la vase, et de 10 6 à 10 8 kg/an pour le sable. De la pointe du Raz jusqu'au Sud de l'Aquitaine, les flux intégrés le long des différentes isobathes montrent une dynamique vers le large pour la vase (~10 8 à 10 9 kg/an) et le sable (de 10 5 à 10 8 kg/an du large à la côte), bien que le flux résiduel puisse être orienté vers la côte au niveau de certaines sections, e.g. flux résiduel de vase orienté vers la côte le long de l'isobathe 100 m au niveau de la zone Bretagne Sud. La sommation des flux intégrés le long des différentes sections a permis d'effectuer des budgets sédimentaires à l'échelle du plateau. Les variations du stock sableux peuvent localement être importantes proche de la côte mais se caractérisent généralement par des redistributions à des échelles spatiales restreintes. Pour la vase, il s'avère que le bilan global à l'échelle du plateau montre une tendance à l'érosion de l'ordre de 0.038 kg.m -2 .an -1 , correspondant à une perte totale de 2.02 Mt/an. Cette perte peut être comparée aux apports fluviaux de l'ordre de 2.5 Mt/an[START_REF] Jouanneau | Fine-grained sediment budget on the continental margin of the Bay of Biscay[END_REF] qui n'ont pas été pris en compte dans nos estimations. L'influence du chalutage de fond sur la dynamique sédimentaire a pu être examinée dans son ensemble (influence sur les flux verticaux, horizontaux, et sur la nature du fond). Du point de vue de la dynamique verticale, les résultats ont montré une contribution significative du chalutage à la remise en suspension de sédiment au niveau de la Grande-Vasière. A l'échelle annuelle, sa contribution au flux d'érosion total atteint près de 20% au niveau de la vasière Nord de la Grande-Vasière intensément chalutée, et peut atteindre plusieurs pourcents au niveau d'autres zones, soit plus profondes, soit plus sableuses et intensément chalutées. Néanmoins, l'érosion importante induite par les vagues au cours de l'hiver masque la contribution annuelle du chalutage sur de larges étendues. Durant l'été, l'intensité des forçages naturels décroit fortement tandis que les activités de pêche deviennent omniprésentes (haute saison de pêche). Ainsi, l'érosion moyenne induite par le chalutage devient clairement dominante à l'échelle de la Grande-Vasière au cours de cette période (80% en moyenne), se manifestant notamment par une augmentation de la concentration de vase près du fond de l'ordre du mg.l -1 .Une contribution importante du chalutage aux flux sédimentaires horizontaux a aussi été mise en évidence à l'échelle de l'ensemble du plateau. En automne/hiver, le chalutage contribue à environ 20-30% du flux total (principalement orienté poleward) au niveau de larges zones sur la partie externe du plateau continental, ainsi que sur de plus petites étendues du plateau interne. Durant la haute saison de pêche (printemps/été), il devient le moteur principal de la dynamique horizontale des sédiments au niveau de la Grande-Vasière et sur la majeure partie du plateau externe. A l'échelle annuelle, le chalutage contribue ainsi à la dynamique poleward des flux de vase et de sable (entre quelques pourcents et 30%) ainsi qu'à l'export naturel de sédiments vers le large au niveau du plateau externe (e.g. +35% d'export de sédiments vaseux le long de l'isobathe 130 m, +15% le long de l'isobathe 180 m). Ces résultats suggérant une contribution significative au transport de sédiment vers le large rejoignent les conclusions d'études antérieures menées sur d'autres plateaux continentaux (e.g.[START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF] Oberle et al. 2015a). Les résultats montrent également un transport sédimentaire résiduel vers la côte induit par le chalutage sur la partie interne du plateau. Le long de la bordure Est de la Grande-Vasière, il serait notamment à l'origine d'une augmentation d'un facteur 2 du transport résiduel de vase vers la côte. Le phénomène d'augmentation des concentrations de MES dans le secteur côtier sud-Bretagne a souvent été évoqué, sans qu'à notre connaissance il ait été étayé par des mesures. Les résultats des simulations apportent un certain crédit à une telle tendance.Enfin, une signature très claire du chalutage de fond a pu être observée sur l'évolution de la nature du fond au cours de la période simulée (5 ans). Une diminution importante de la fraction vaseuse du sédiment superficiel intervient au niveau des zones particulièrement chalutées du plateau, telles que la partie interne de la Grande-Vasière ou les vasières situées à l'embouchure de l'estuaire de la Gironde. Ces évolutions sont qualitativement en accord avec les tendances observées au niveau des deux zones plus ou moins intensément chalutées de la Grande-Vasière dans le chapitre II. Au contraire, le chalutage serait responsable d'une augmentation de la fraction fine du fond sédimentaire le long de la bordure Est de la Grande-Vasière, devant l'embouchure de l'estuaire de la Gironde, ou encore au niveau de certaines zones situées plus au large. A noter qu'une conséquence du contraste entre flux d'érosion de sable et flux d'érosion des vases, avec une transition assez brutale lorsque les deux sont mélangés est un impact significatif des chalutages sur la dynamique sédimentaire au voisinage des zones chalutées, du fait d'une certaine redistribution du matériel fin.Ce quatrième chapitre de la thèse a donc permis d'identifier le chalutage de fond comme un forçage très important influençant la dynamique sédimentaire dans son ensemble au niveau du plateau.L'objectif de cette thèse était de quantifier la variabilité spatio-temporelle des flux sédimentaires sur le plateau continental du Golfe de Gascogne en prenant soin d'évaluer les contributions respectives des forçages climatiques et des activités de chalutage. Ce travail a été initié pour plusieurs raisons. Tout d'abord, malgré plusieurs études ayant permis de caractériser la circulation hydrodynamique sur le plateau, aucune évaluation des flux sédimentaires n'avait à ce jour été proposée à l'échelle régionale. D'autre part, des études conduites dans le Golfe de Gascogne avaient suggéré des impacts significatifs des activités de pêche sur la dynamique sédimentaire. C'était par exemple le casde Bourillet et al. (2006) qui avaient évalué que la remise en suspension induite par les activités de pêche représentait 10 à 30% de celle générée par les tempêtes au niveau de la Grande-Vasière. De manière plus générale, de nombreuses études ont mentionné que le chalutage de fond était très probablement le facteur anthropique le plus influant à l'échelle des plateaux continentaux du monde entier. Un tel forçage ne pouvait donc pas être ignoré dans une démarche de quantification des flux à l'échelle régionale. Une approche par modélisation a été retenue pour mener à bien ce projet, étant donné la richesse des informations pouvant être fournies et la couverture spatiale importante associée. La modélisation mise en place se devait d'être 3D, en raison du caractère souvent barocline des circulations dans le Golfe de Gascogne, stratifié la moitié de l'année.Afin de pouvoir répondre à cette question, il était tout d'abord nécessaire de caractériser les effets des activités de chalutage sur la dynamique sédimentaire, et en particulier sur la remise en suspension des sédiments, afin d'intégrer ce forçage de façon réaliste dans le modèle. En effet, aucune mesure n'avait à ce jour permis de caractériser la remise en suspension et l'altération du fond associées à l'action des chaluts raclant le fond dans le cas spécifique du Golfe de Gascogne. Des campagnes en mer ont donc été effectuées afin d'apporter des nouveaux éléments sur les impacts physiques du chalutage spécifiques à notre cas d'étude. Ces campagnes se sont déroulées au niveau de la Grande-Vasière, large étendue sablo-vaseuse particulièrement chalutée, en se focalisant sur deux zones particulières caractérisées par des pressions de pêche d'intensité différente. Tout d'abord, des mesures de turbidité ont été effectuées dans le sillage d'un chalut professionnel. Un panache turbide de quelques mètres de haut pour quelques centaines de mètres de large a été mis en évidence et quantifié. Il se caractérise par des concentrations de sédiments en suspension de l'ordre de 150 mg.l -1 au plus près du chalut qui diminuent ensuite relativement rapidement dans le sillage du chalut. Un protocole inédit consistant à fixer une ligne de turbidimètres directement à certains constituants du chalut a permis d'identifier les panneaux (constituants lourds du chalut permettant le maintien de l'ouverture latérale du filet) comme la source principale de remise en suspension. Ces différentes observations ont montré une bonne cohérence par rapport à d'autres études de la littérature (e.g. Durrieu de[START_REF] De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF][START_REF] Dellapenna | The impact of shrimp trawling and associated sediment resuspension in mud dominated, shallow estuaries[END_REF]. Dans le but de limiter l'impact majeur des panneaux sur la remise en suspension, des chercheurs de la station IFREMER de Lorient ont développé un panneau innovant permettant de limiter autant que possible les contacts avec le fond et donc la remise en suspension associée. Les essais en mer ont permis de tester ces nouveaux panneaux sur un chalut classique. Leur utilisation et l'application de notre protocole de mesure a mis en évidence une très nette diminution de la turbidité générée dans le sillage du chalut, démontrant ainsi l'intérêt et l'efficacité de tels engins alternatifs.Parallèlement aux mesures faites dans la colonne d'eau, l'impact du chalutage a aussi été évalué en termes d'altération du fond (nature du sédiment superficiel, enfoncement). Des carottes sédimentaires ont été prélevées sur les 25 premiers centimètres du fond au niveau des deux zones plus ou moins chalutées. Une diminution significative de la fraction en particules fines a été observée dans les 3-4 premiers centimètres des différentes carottes prélevées au niveau de la zone intensément chalutée. De plus, la fraction vaseuse moyenne déduite de nos échantillons sédimentaires au niveau de cette zone a montré une très nette diminution par rapport à des analyses comparables faites dans les années soixante, au même endroit. Ces évolutions ont pu être reliées à l'influence des activités du chalutage en termes de lessivage progressif de la fraction fine du fond. Ces conclusions rejoignent des observations de diminution de la fraction de vase dans la partie supérieure de carottes sédimentaires prélevées dans des zones chalutées (e.g.[START_REF] Palanques | Impact of bottom trawling on water turbidity and muddy sediment of an unfished continental shelf[END_REF][START_REF] Palanques | Effects of bottom trawling on the Ebro continental shelf sedimentary system (NW Mediterranean)[END_REF] Oberle et al. 2015b). Dans le cas de la Grande-Vasière,[START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF] avaient également mentionné une augmentation du rapport sable/vase au niveau de certaines zones (i.e. diminution de la fraction fine). Enfin, la perturbation induite par le chalut sur la micro-topographie du fond a pu être évaluée au moyen d'un traîneau benthique équipé de caméras et de lasers. Ce dispositif a permis de quantifier les caractéristiques des traces laissées par les différentes parties du chalut sur le fond. Seules les traces de panneaux ont pu être clairement identifiées (4-5 cm de profondeur pour 20 cm de large), en cohérence avec leur impact dominant constaté sur la remise en suspension. La géométrie de ces traces a permis le calcul d'un taux de remise en suspension local induit par le chalut (0.13 kg.m -2 ), en mettant en oeuvre une méthode élaborée et originale pour estimer les volumes remaniés. En combinant ce taux d'érosion avec un forçage réaliste d'effort de pêche, une formulation du flux d'érosion induit par le chalutage a pu être définie. Ce flux, exprimé en kg.m -2 .s -1 (même unité que le flux d'érosion naturel), a pu être intégré dans le modèle afin de rendre compte de l'influence réaliste du chalutage de fond sur la remise en suspension.Avant d'entreprendre toute quantification des flux, il a fallu, au préalable, valider le modèle hydrosédimentaire du point de vue de la dynamique naturelle. La validation a été réalisée au niveau d'une station fixe, à partir de mesures (antérieures à la thèse, faites dans le cadre du programme PREVIMER) de courant et de turbidité à l'échelle de toute la colonne, ainsi que des données de température, salinité, et de vagues sur une période de deux mois (conditions typiques hivernales). A la suite de la validation du modèle hydrodynamique, une attention particulière a été accordée à la formulation de la loi d'érosion dans le cas des mélanges de sable fin et de vase classiquement rencontrés sur les plateaux continentaux, parmi lesquels celui du Golfe de Gascogne. Du fait de leurs propriétés contrastées, les processus d'érosion relatifs au sable et à la vase sont sensiblement différents. Néanmoins les formulations décrivant leurs processus d'érosion respectifs sont souvent proches et peuvent être exprimées selon une loi de type Partheniades-Ariathurai (faisant intervenir les paramètres d'érosion E 0[coefficient d'érosion], τ e [contrainte critique d'érosion], et l'excès de cisaillement élevé à une puissance n). Sur la base du modèle décrit par Le[START_REF] Hir | Dynamics of sand and mud mixtures: a multiprocess-based modelling strategy[END_REF], le concept de fractions critiques de vase dans le mélange a permis de rendre compte des flux d'érosion différents relatifs aux mélanges de type sableux et vaseux. En dessous d'une première fraction critique de vase (f mcr1 ), le sédiment est supposé se comporter comme un sable pur (régime non-cohésif) avec des paramètres d'érosion caractéristiques. Au contraire, au delà d'une seconde fraction critique de vase, le sédiment se comporte comme de la vase pure (régime cohésif) avec un deuxième jeu de paramètres d'érosion caractéristiques. Ce type de loi d'érosion nécessite de définir une transition des paramètres d'érosion entre les régimes non-cohésif et cohésif. Une nouvelle loi d'érosion permettant d'ajuster les valeurs de fractions critiques et le type de transitions (plus ou moins rapides) a été proposée dans le but d'ajuster un paramétrage optimal permettant de représenter au mieux la dynamique des sédiments en suspension obtenue par la mesure. Les différents tests réalisés ont montré la nécessité de définir une première fraction critique f mcr1 d'environ 10-20% (ou 3-6% en raisonnant en termes de fraction argileuse), ainsi qu'une transition rapide sur les paramètres d'érosion (exponentielle) entre les régimes non-cohésif et cohésif afin de représenter le plus précisément possible les mesures de turbidité au point fixe. Ces conclusions se sont avérées cohérentes par rapport à plusieurs études expérimentales menées sur l'érosion des mélanges sable/vase, mentionnant notamment une transition rapide du même type entre les deux régimes (e.g.

  Tout d'abord, l'érosion induite par le chalutage se fait au prorata des fractions sédimentaires, mais est actuellement basée sur un taux d'érosion global constant et indépendant de la nature du fond. Ce taux d'érosion est représentatif de la remise en suspension occasionnée par un chalut sur un fond sablovaseux (entre 15 et 25% de vase, dominant sur le plateau continental) au niveau de la Grande-Vasière. Dans la littérature, il est généralement mentionné que l'enfoncement des différents constituants des chaluts dans le fond augmente avec la proportion de vase dans ce dernier (en particulier au niveau des panneaux). Etant donné que le taux d'érosion calculé dépend directement de la géométrie des traces laissées par les panneaux sur le fond, ce taux serait donc très probablement plus important au niveau des zones plus vaseuses. L'érosion induite par le chalutage est donc vraisemblablement sous estimée au niveau des zones vaseuses soumises aux activités de chalutage telles que la vasière Nord de la Grande-Vasière, ou les vasières localisées devant l'estuaire de la Gironde. D'autre part, le forçage représentant l'effort de pêche utilisé dans le calcul du flux d'érosion lié au chalutage est actuellement fourni à faible résolution (données mensuelles agrégées selon une résolution horizontale de 5 km).

Fig. A4.3 Station 2 (localisation sur Fig. A4.1).

Fig. A4.4 Station 3 (localisation sur Fig. A4.1).

Fig. A4.5 Station 4 (localisation sur Fig. A4.1).

Fig. A4.6 Station 5 (localisation sur Fig. A4.1).

Fig. A4.7 Station 6 (localisation sur Fig. A4.1).

Fig. A5.2 Flux résiduels de sable et de vase intégrés sur toute la colonne d'eau pour l'année 2008.

Fig. A5.3 Flux résiduels de sable et de vase intégrés sur toute la colonne d'eau pour l'année 2009.

Fig. A5.4 Flux résiduels de sable et de vase intégrés sur toute la colonne d'eau pour l'année 2010.

Fig. A5.5 Flux résiduels de sable et de vase intégrés sur toute la colonne d'eau pour l'année 2011.
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Appendix II.1 Backscatter index provided by ADCP Tessier et al. (2008b) proposed a processing method for the RDI ADCP 1200 kHz used in this study. All the following coefficients and hypotheses are thus directly extracted from Tessier et al. (2008b). As deduced from the sonar equation [START_REF] Urick | Principles of Underwater Sound[END_REF][START_REF] Lurton | An introduction to underwater acoustics: principles and applications[END_REF], they expressed the backscatter index BI according to the relation:

!" = !" -!" + !" !"# + !" !" -! !"# (II. 1.1) where RL is the received level in dB.µPa -1 and is expressed as:

where B and EC 0 are internal transducer noises respectively set at 70 dB and 46 counts, KC is a dB/count conversion coefficient, fixed at 0.423, and EC is the echo received signal in count. SL corresponds to the emitted level and is set to 217 dB.µPa -1 . TL geo and TL ws are terms linked to the transmission loss along the beam path (in dB). TL geo is the geometrical attenuation for the spherical spreading and is expressed as:
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Abstract

A 3D realistic hydro-sedimentary model was used to assess the spatio-temporal variability of sediment fluxes on the Bay of Biscay shelf under the influence of both natural and anthropogenic (trawling) forcings. Two simulations were performed, with and without anthropogenic forcing, covering a 5-year period.

Regarding natural dynamics, marked seasonal variations were observed in the intensity of sediment fluxes, which were much higher in autumn and winter than in the rest of the year due to high energy waves and currents. There was alternation of typical residual sediment flux regimes. These correlated well with water fluxes, were strongly influenced by the wind, and mainly oriented poleward. In the spring/summer months, residual fluxes were concentrated on the inner shelf, but still oriented poleward. Their intensity was correlated with the tidal amplitude. Annually integrated fluxes were close to those in the autumn/winter period.

Regarding anthropogenic effects on sediment dynamics, trawling was shown to significantly contribute to sediment resuspension, fluxes, and changes in the seabed at the scale of the shelf. The contribution of trawling to resuspension was more than 80% during the high fishing season at many locations on the outer shelf and over the Grande-Vasière area (a large mud belt located in the middle of the shelf). The contribution of trawling was significantly weaker in the winter and at annual scales, particularly over zones with muddy sand facies (i.e. between 1‰ and 1%), but remained high, and reached 20% of the annual erosion over muddy areas (e.g. northern part of the Grande-Vasière). This significant trawling-induced erosion dynamics results in high sediment fluxes which increase natural poleward dynamics from a few percent up to 30%, and contribute to the natural offshore export of sediment on the outer shelf (e.g. +35% of mud fluxes along the 130 m isobath). In contrast, on the inner shelf, trawling-induced sediment fluxes are rather oriented toward the coast. Finally, simulation results revealed a trawling signature on changes in the seabed. A significant decrease (from 10% to 50%) in mud content was simulated over trawling hotspots, especially over the internal part of the Grande-Vasière and on mud patches located in front of the Gironde estuary. Conversely, trawling causes or intensifies mud deposition on both sides of these preferentially trawled areas.

Keywords Natural sediment fluxes; Trawling-induced sediment dynamics; Numerical modelling; Bay of Biscay shelf

IV.1. Introduction

Assessing sediment fluxes at regional scale is crucial for many environmental issues including sedimentary budgets, littoral drift amplitude, management of sediment extraction and dredging, and monitoring benthic habitats. Continental shelves are dynamic sedimentary environments where sediment fluxes result from the combined influence of erosion (i.e. waves, currents) and advection processes. Due to limited water depths, these areas are preferential zones for sediment resuspension under the influence of waves and currents (e.g. [START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF]).

This study focuses on the continental shelf of the Bay of Biscay (hereinafter BoB), which is influenced by various forcings including exposure to large swells [START_REF] Dodet | Wave climate variability in the North-East Atlantic Ocean over the last six decades[END_REF]). The BoB is located in the 

Résumé :

Dans un modèle numérique, le choix de la résolution horizontale de la grille de calcul détermine l'échelle des processus physiques qui seront correctement représentés. Cette résolution influence par ailleurs la précision de la représentation des forçages, notamment, pour un modèle hydrosédimentaire, la contrainte de cisaillement sur le fond (moteur du processus d'érosion), et plus généralement la circulation hydrodynamique. La sensibilité à la résolution est particulièrement élevée dans les zones côtières présentant de forts gradients bathymétriques et de faibles profondeurs d'eau. Cette étude s'applique à comparer les forçages, les circulations et les flux sédimentaires issus de deux simulations faites sur une même zone, pour deux périodes contrastées et pour deux résolutions différentes de 2500 m et 500 m. En période de tempête, des différences significatives sur l'estimation de la contrainte de cisaillement induite par les vagues ont été mises en évidence avec des différences moyennes allant jusqu'à 40% pour des profondeurs inférieures à 20 m. Les flux sédimentaires calculés sur les deux maillages ont été comparés le long de différents transects caractérisés par différentes profondeurs d'eau. La haute résolution permet la représentation de structures de circulation particulières sur tout le domaine, et des différences significatives de concentrations en matières en suspension ont été observées le long de ces transects sur l'ensemble de la colonne d'eau, en particulier pour les sédiments vaseux. L'ensemble de ces résultats apporte des éléments de réponse sur l'influence de la résolution sur la quantification des flux sédimentaires. Mots clés : Résolution horizontale, Forçages hydrodynamiques, Flux sédimentaires, Modélisation numérique.

Annexe 2. Comparaisons des circulations résiduelles mensuelles modélisées à 500 m et 2500 m de résolution horizontale

Suite aux travaux détaillés dans l'Annexe 1 sur l'influence de la résolution horizontale, des comparaisons ont été entreprises du point de vue de l'impact sur la circulation résiduelle. Des simulations à 500 m et 2500 m de résolution horizontale ont été réalisées à l'échelle de la Bretagne Sud au cours de l'année 2008 (voir détails dans Annexe 1). Le paramétrage du modèle utilisé dans ces comparaisons diffère de celui retenu dans les chapitres III et IV. A ce stade de l'étude, le modèle n'avait pas été calibré du point de vue de la dynamique sédimentaire. Seuls des résultats de circulation (intégration à l'échelle de toute la colonne d'eau en m 3 .m -1 .s -1 ) sont donc ici présentés. Les figures A2.1 à A2.4 présentent des débits résiduels mensuels obtenus avec les configurations à 500 m (vecteurs rouges) et 2500 m (vecteurs bleus) de résolution au cours de 4 mois de l'année 2008 (Janvier, Février, Août, et Septembre). 

Annexe 3. Complément de validation : réponse du modèle pour des configurations à 500 m et 2500 m de résolution horizontale par rapport à des observations

Cette annexe confronte des résultats de modèle obtenus pour différentes résolutions horizontales de la grille de calcul à des observations de vagues, de température, de salinité, et de courants obtenues au cours de différentes campagnes en mer. Le paramétrage du modèle utilisé dans ces comparaisons diffère de celui retenu dans les chapitres III et IV. En effet, à ce stade de l'étude, le modèle n'avait pas été calibré du point de vue de la dynamique sédimentaire (aucun résultat de turbidité ou de flux sédimentaire n'est donc ici présenté), et le temps de spin-up nécessaire à la mise en place de la circulation n'avait pas été suffisamment examiné. Les comparaisons modèles/mesures doivent donc être considérées avec précaution, l'intérêt portant essentiellement sur la sensibilité du modèle à la résolution.

Annexe 4. Illustration de la dynamique hydro-sédimentaire obtenue à différentes localisations sur le plateau

Plusieurs radiales ont été définies afin de sauvegarder de façon plus complète les différentes sorties du modèle 3D, tant dans la colonne d'eau que dans le fond sédimentaire. Ces différentes radiales, orientées perpendiculairement à la côte et composées de 2 à 4 stations, ont été disposées sur le plateau afin d'obtenir des informations plus précises relatives à des zones présentant des faciès sédimentaires contrastés (i.e. sableux, sablo-vaseux, ou vaseux) ainsi que des circulations potentiellement différentes. Sur les 24 stations associées à l'ensemble des radiales, seuls les résultats obtenus au niveau de 6 d'entres-elles sont ici présentés. Chaque figure illustrée ci-dessous présente pour chacune des stations l'évolution temporelle au cours des 5 années simulées des :

-contraintes de cisaillement induites par les vagues (τ w en Pa) et les courants (τ c en Pa) au niveau du fond. Les courbes bleues continues correspondent aux sorties horaires du modèle, et les barres noires à des moyennes journalières.

-flux d'eau intégrés sur les 10 m en dessous de la surface (Fwat surf) et sur les 10 m au dessus du fond (Fwat fond). Les courbes bleues continues sont en m 3 .m -1 .heure -1 , tandis que les barres noires correspondent à des intégrations journalières des flux (en m 3 .m -1 .jour -1 ).

-flux de vase (Fmud fond) et de sable (Fsand fond) intégrés sur les 10 m au dessus du fond. Les courbes bleues continues sont en kg.m -1 .heure -1 , tandis que les barres noires correspondent à des intégrations journalières des flux (en kg.m -1 .jour -1 ).

-fractions vaseuses (FRMUD) dans le sédiment superficiel, intégrées sur 5 mm (bleu) ou 1 mm (rouge).

Variabilité spatio-temporelle des flux sédimentaires dans le Golfe de Gascogne : contributions relatives des forçages climatiques et des activités de chalutage.

Résumé

L'étude de la variabilité spatio-temporelle des flux sédimentaires sous l'influence des forçages naturels et des activités de chalutage a été entreprise à l'échelle du plateau continental du Golfe de Gascogne, en associant des données in situ et une modélisation numérique 3D déterministe. Deux campagnes en mer spécifiques ont été menées pour quantifier les impacts physiques induits par un chalut professionnel au niveau de la Grande-Vasière, en termes de remise en suspension (panache turbide), et de perturbation de la structure et de la nature du sédiment superficiel. 

Abstract

The spatio-temporal variability of sediment fluxes under the influence of natural forcings and trawling activities was assessed at the scale of the Bay of Biscay shelf, from in situ data and a 3D process-based numerical modelling. Two sea trials were carried out to quantify physical impacts induced by a professional trawling gear over an intensively trawled area of the shelf, the "Grande-Vasière", in terms of resuspension (turbid plume) and alteration of the surficial sediment nature and structure. These data enabled to estimate an average trawling-induced erosion rate of 0.13 kg.m -2 .

Their combination with fishing effort data led to monthly spatial distributions of trawling-induced erosion fluxes. Besides, a 3D realistic hydro-sedimentary model has been set up and calibrated from measurements acquired at a mooring station. The calibration task mainly consisted in assessing the natural erosion law setting under the influence of waves and currents. A new formulation of the erosion law has been proposed to describe the erosion of any mixture of mud and fine sand (sediment facies classically encountered on continental shelves) and led to a noteworthy improvement of the model response in terms of turbidity. Two 5-year simulations were performed accounting for natural forcings only or both natural and anthropogenic forcings in order to quantify and compare their respective contributions to sediment fluxes (vertical and horizontal sediment dynamics). The temporal variability of sediment fluxes is described in a succession of typical regimes occurring in response to various conditions of forcings (e.g. tide, wind, wave, trawling), and residual fluxes are assessed at seasonal and annual scales: without accounting for riverine sediment inputs, the mud flux is estimated to 1.6 Mt/yr outflowing northward (at the latitude of the Pointe du Raz) and to 0.62 Mt/yr toward the continental slope (through the 180 m isobath).