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Plus de 37% de la population mondiale vit actuellement à moins de 100 km des côtes de l'Océan Mondial [START_REF] Mcgranahan | The rising tide: assessing the risks of climate change and human settlements in low elevation coastal zones[END_REF]) tandis que 70% des plus grandes villes du monde (de plus de 1,6 millions d'habitants) se trouvent en zone littorale [START_REF] Small | A global analysis of human settlement in coastal zones[END_REF]. Cette forte présence humaine expose les écosystèmes côtiers de la planète à une série d'effets anthropiques directs et indirects [START_REF] Stutz | The relative influence of humans on barrier islands: humans versus geomorphology[END_REF]. Le développement continu de ces zones se caractérise par l'intensification généralisée de l'urbanisation du littoral [START_REF] Mckinney | Urbanization, biodiversity, and conservation[END_REF], du transport maritime [START_REF] Hall | Why are maritime ports (still) urban, and why should policy makers care?[END_REF], de la pêche [START_REF] Garcia | Gloom and doom? The future of marine capture fisheries[END_REF]) et de l'exploitation des ressources renouvelables et non renouvelables [START_REF] Liu | Monitoring trends of urban development and environmental impact of Beijing, 1999-2006[END_REF]. Cette activité économique provoque une augmentation sensible des concentrations en métaux lourds et autres contaminants dans les eaux côtières, avec parfois pour conséquence l'eutrophisation des écosystèmes concernés [START_REF] Tam | Spatial variation of heavy metals in surface sediments of Hong Kong mangrove swamps[END_REF][START_REF] Smith | Eutrophication of freshwater and coastal marine ecosystems a global problem[END_REF][START_REF] Tett | Defining and detecting undesirable disturbance in the context of marine eutrophication[END_REF]. Les écosystèmes côtiers s'étant révélés les systèmes les plus sensibles aux effets anthropiques de tout l'environnement marin, nous devons étudier très attentivement leur comportement face aux évènements et perturbations climatiques qu'ils subissent. Parmi les défis encore à relever figure celui qui consiste à établir une distinction précise entre les réponses d'origine naturelle et celles d'origine anthropique de ces systèmes vis à vis des différents systèmes climatiques qui les gouvernent.

Le changement climatique

Il a été maintes fois démontré que les récentes variations climatiques de notre planète, loin d'être uniquement l'oeuvre de changements naturels, sont également dues à l'action de l'homme [START_REF] Moritz | Dynamics of recent climate change in the Arctic[END_REF][START_REF] Smol | Climate-driven regime shifts in the biological communities of arctic lakes[END_REF][START_REF] Behrenfeld | Climate-driven trends in contemporary ocean productivity[END_REF]Hoegh-Guldbeg & Bruno 2010;etc.). Certains des effets du changement climatique sur l'environnement marin sont identifiables et quantifiables : augmentation de la température de l'eau [START_REF] Hughes | Climate change, human impacts, and the resilience of coral reefs[END_REF], accélération de l'écoulement des glaces polaires causé par leur fonte [START_REF] Zwally | Surface melt-induced acceleration of Greenland ice-sheet flow[END_REF], élévation du niveau moyen des océans [START_REF] Monioudi | Assessment of island beach erosion due to sea level rise: the case of the Aegean archipelago (Eastern Mediterranean)[END_REF], diminution globale de la productivité primaire nette [START_REF] Behrenfeld | Climate-driven trends in contemporary ocean productivity[END_REF]) et modifications de la circulation océanique [START_REF] Clark | The role of the thermohaline circulation in abrupt climate change[END_REF]. On observe également des changements dans la répartition des espèces marines, avec notamment des apparitions de plus en plus fréquentes d'espèces invasives et la diminution des captures par pêche. Ainsi, de nombreuses espèces de poissons ayant une grande importance commerciale ont migré vers le nord du fait du réchauffement climatique [START_REF] Perry | Climate change and distribution shifts in marine fishes[END_REF].

Les océans sont l'un des plus grands réservoirs de dioxyde de carbone (CO2; [START_REF] Lampel | Detection of water vapour absorption around 363 nm in measured atmospheric absorption spectra and its effect on DOAS evaluations[END_REF]. De nombreuses études ont montré que les océans ralentissent l'augmentation de la concentration atmosphérique en CO2 liée aux activités humaines. On considère qu'environ un quart à un tiers des émissions anthropiques a été absorbé par les océans, même s'il est probable que le taux de séquestration du carbone puisse avoir évolué ces dernières décennies [START_REF] Barnett | Detection of anthropogenic climate change in the world's oceans[END_REF][START_REF] Sabine | The oceanic sink for anthropogenic CO2[END_REF][START_REF] Khatiwala | Reconstruction of the history of anthropogenic CO2 concentrations in the ocean[END_REF][START_REF] Le Quéré | Impact of climate change and variability on the global oceanic sink of CO2[END_REF]. En dépit du rôle crucial des océans dans le système climatique mondial, notre connaissance de son fonctionnement est encore incertaine.

La plupart des prévisions de variabilité des océans repose sur la modélisation de leur fonctionnement. Ces modèles de prévisions sont donc alimentés, à l'origine, par des relevés instrumentaux historiques. Bien que ces modèles soient de puissants outils de prévision climatique, ils tendent à faire des erreurs sur les prévisions à l'échelle locale par manque de données rétrospectives cohérentes. Ce type de données facilite en effet la calibration des modèles [START_REF] Braconnot | Evaluation of climate models using palaeoclimatic data[END_REF]. [START_REF] Reynolds | A multiproxy reconstruction of Hebridean (NW Scotland) spring sea surface temperatures between AD 1805 and 2010[END_REF] soulignent que cela est particulièrement le cas pour les données recueillies avant 1860 quand les méthodes de mesure étaient souvent rudimentaires et que les collectes des données n'étaient pas systématiques.

Les études paléoclimatologiques basées sur des proxies environnementaux peuvent permettre de surmonter ces difficultés [START_REF] Wanamaker | Reconstructing mid-to high-latitude marine climate and ocean variability using bivalves, coralline algae, and marine sediment cores from the Northern Hemisphere[END_REF]. La sclérochronologie des bivalves marins en est un bon exemple [START_REF] Rahmstorf | Ocean circulation and climate during the past 120,000 years[END_REF].

Même s'il existe une grande variabilité interne naturelle des océans, en particulier des écosystèmes côtiers, [START_REF] Harley | The impacts of climate change in coastal marine systems[END_REF] suggèrent qu'un certain nombre de changements récents pourraient être causés par le réchauffement climatique. Ce pourrait ainsi être le cas pour la modification de la circulation des océans et de leur capacité de séquestration du CO2.

La circulation océanique

La circulation océanique dépend de plusieurs processus dont, principalement, les tourbillons océaniques et la circulation méridienne de retournement (CMR) de l'Atlantique (Atlantic Meridional Overturning Circulation AMOC; [START_REF] Marshall | Closure of the meridional overturning circulation through Southern Ocean upwelling[END_REF]. La CMR est le résultat de l'application du principe d'Archimède, selon lequel les différences de densité de surface aux latitudes élevées permettent la convection océanique [START_REF] Mcdougall | On geometrical aspects of interior ocean mixing[END_REF]. Ce phénomène, souvent appelé circulation thermohaline, préserve l'Europe du Nord du climat extrême que connaît, par exemple, le Canada situé à la même latitude. C'est pourquoi une modification éventuelle de cette circulation pourrait avoir des effets catastrophiques comme une brutale modification du climat [START_REF] Dupont | The strategic implications of climate change[END_REF]. Certains modèles climatiques prévoient que la circulation thermohaline pourrait ralentir d'environ 30% sous l'effet de l'arrivée de grandes quantités d'eau douce provoquées par les anomalies climatiques et l'augmentation des précipitations dans les latitudes les plus septentrionales [START_REF] Stouffer | Investigating the causes of the response of the thermohaline circulation to past and future climate changes[END_REF]. Bien que très controversé dans la littérature spécialisée, ce refroidissement des eaux entraînerait l'apparition d'un climat plus froid en Europe du Nord. On trouvera de plus amples informations sur cette controverse au Chapitre 4. continuent à absorber le carbone, ce qui provoque l'acidification des eaux, la baisse du pH des océans ainsi qu'un état de sous-saturation préjudiciable à la formation d'organismes marins dépendants du carbonate de calcium [START_REF] Doney | Ocean acidification: The other CO2 problem[END_REF].

En résumé, la quantité de CO2 pourrait changer radicalement dans le futur et cela va avoir un impact significatif sur le climat et l'environnement [START_REF] Hoegh-Guldberg | Coral reefs under rapid climate change and ocean acidification[END_REF]Fig. 1.1). De ce fait, l'Atlantique Nord intéresse particulièrement les spécialistes du climat en raison de son influence dominante sur les systèmes météorologiques mondiaux et la variabilité de son environnement [START_REF] Walther | Ecological responses to recent climate change[END_REF].

Les systèmes océaniques et atmosphériques influant sur l'Atlantique Nord

L'Océan Atlantique est le deuxième plus vaste après le Pacifique, couvrant environ 20% de la surface de la planète. Il est par ailleurs l'un des plus salé, avec une salinité de surface comprise entre 33 et 37 selon la latitude et la saison. Les valeurs maximales de salinité se retrouvent dans les régions subtropicales soumises à de faibles précipitations et à une forte évaporation. Les salinités les plus faibles sont quant à elles enregistrées au nord de l'équateur (du fait des fortes précipitations tropicales), aux hautes latitudes et le long des côtes à proximité des estuaires [START_REF] Talley | Salinity Patterns in the Ocean[END_REF]. La température de surface de l'Océan Atlantique varie selon la saison, la latitude et la courantologie. Les effets conjoints des variations de température et de salinité déterminent la densité de l'eau qui influence en retour les mouvements des masses d'eau [START_REF] Lalli | Biological Oceanography: An Introduction[END_REF].

Une masse d'eau est identifiable par un certain nombre de propriétés physiques et chimiques (i.e., température, salinité, densité, traceurs chimiques) qui résultent de son processus de formation. La redistribution des masses d'eau dans l'Atlantique Nord est liée au transport de chaleur, notamment entre les régions tropicales et les régions polaires [START_REF] Scott | The location of diapycnal mixing and the Meridional Overturning Circulation[END_REF]. Par conséquent, il est important de comprendre et de quantifier les mécanismes qui induisent des variations de circulation océanique, aussi bien dans le passé que dans le futur. En particulier, si les conditions climatiques des derniers siècles furent relativement similaires à celles d'aujourd'hui [START_REF] Thompson | Kilimanjaro ice core records: Evidence of Holocene climate change in tropical Africa[END_REF], elles ont aussi été influencées par des épisodes pluri-décennaux caractérisés par des écarts de températures notables par rapport à la moyenne à long-terme, probablement causés par des forçages climatiques externes anormaux. Cela a pu être mis en évidence par plusieurs reconstructions climatiques basées sur des données de type "proxy" [START_REF] Overpeck | Arctic environmental change of the last four centuries[END_REF][START_REF] Jones | The evolution of climate over the last millennium[END_REF][START_REF] Mann | Global surface temperatures over the past two millennia[END_REF].

La circulation de surface dans l'Atlantique Nord consiste en trois principaux courants inter-connectés entre eux : le Gulf Stream qui s'écoule vers le nord-est depuis les côtes d'Amérique du Nord; la dérive nord-atlantique (North Atlantic Current -NAC) qui est une branche du Gulf Stream se dirigeant vers le nord depuis les Grands Bancs de Terre-Neuve; et le front sub-polaire qui est l'extension nord-est de la dérive nord-atlantique [START_REF] Marchal | On the movements of the North Atlantic Subpolar Front in the preinstrumental past[END_REF]. Ce front sub-polaire est une région qui sépare le gyre sub-tropical du gyre sub-polaire.

Ce système de courant transporte les eaux chaudes dans l'Atlantique Nord; sans lui, les températures dans l'Atlantique nord-est et en Europe chuteraient dramatiquement [START_REF] Rossby | The North Atlantic Current and surrounding waters: At the crossroads[END_REF].

La circulation thermo-haline globale est induite par les effets conjoints du forçage thermo-halin et du mélange vertical [START_REF] Rahmstorf | Thermohaline circulation: The current climate[END_REF]. Le gyre sub-polaire est une composante importante de la circulation thermo-haline et joue un rôle crucial dans la variabilité climatique [START_REF] Tréguier | The North Atlantic subpolar gyre in four high-resolution models[END_REF][START_REF] Moreno-Chamarro | Climate and ocean variability during the last millennium in paleo-observations and Earth system model simulations[END_REF] de par l'existence d'un lien entre la force de ce gyre et la convection profonde en mer du Labrador (un site très important pour la circulation thermo-haline). Il existe donc un lien fort entre la variabilité de la dynamique du gyre sub-polaire et l'évolution de la circulation thermo-haline dans l'Atlantique [START_REF] Böning | Decadal variability of subpolar gyre transport and its reverberation in the North Atlantic overturning[END_REF].

Les forçages atmosphériques ont également un impact sur la circulation thermo-haline dans l'Atlantique. Il est possible que les températures hivernales relativement douces dans l'Atlantique nord et en Europe occidentale puissent être reliées à des processus d'advection éoliens and non au transport de chaleur océanique [START_REF] Seager | Is the Gulf Stream responsible for Europe's mild winters?[END_REF]. L'Oscillation Nord-Atlantique (North Atlantic Oscillation -NAO) est un facteur climatique ayant une influence sur la température de l'air, les précipitations, et la vitesse du vent à l'échelle du bassin nord-Atlantique (mais également sur les masses continentales d'Europe occidentale et d'Amérique nord-est), agissant à une échelle inter-annuelle [START_REF] Lamb | North Atlantic Oscillation: Concept and an application[END_REF][START_REF] Hurrell | Decadal trends in the North Atlantic Oscillation: Regional temperatures and precipitation[END_REF][START_REF] Trigo | The impact of North Atlantic wind and cyclone trends on European precipitation and significant wave height in the Atlantic[END_REF]. Il existe des différences importantes dans les prédictions de différents modèles climatiques quant à l'évolution future de la NAO et quant aux réponses de cette oscillation au changement climatique [START_REF] Woollings | The North Atlantic jet stream under climate change and its relation to the NAO and EA patterns[END_REF]. Si de récents travaux ont permis d'améliorer les capacités de prédiction des variations de la NAO à une échelle saisonnière (e.g. [START_REF] Cassou | Intraseasonal interaction between the Madden-Julian Oscillation and the North Atlantic Oscillation[END_REF][START_REF] Scaife | Skillful long-range prediction of European and North American winters[END_REF], la prédiction des tendances à long-terme reste à ce jour un challenge considérable. D'autres forçages atmosphériques majeurs peuvent par ailleurs moduler la relation entre la NAO et le climat hivernal en Europe de l'est, par l'intermédiaire de processus nonstationnaires. La structure est-atlantique (East Atlantic pattern -EAP) est l'un de ces forçages. Initialement décrit par [START_REF] Wallace | Teleconnections in the geopotential height field during the Northern Hemisphere winter[END_REF], il est défini par un centre de basses pressions au-dessus de la région sub-tropicale de l'Atlantique nord, le long de la ligne nodale du dipole caractérisant la NAO. L'EAP est connu pour influencer le trajet et la position des tempêtes au-dessus de l'Atlantique nord [START_REF] Woollings | Variability of the North Atlantic eddydriven jet stream[END_REF]. De récents travaux ont montré que l'EAP, conjointement avec un autre forçage dénommé Scandinavian Pattern (SCA), pouvait influencer la position des centres d'action du dipole de la NAO [START_REF] Moore | Multidecadal mobility of the North Atlantic Oscillation[END_REF][START_REF] Comas-Bru | Impacts of the EA and SCA patterns on the European twentieth century NAO-winter climate relationship[END_REF]. Les phases de l'EAP et du SCA contrôleraient ainsi la relation entre la NAO et les conditions hivernales dans la région (température de l'air et précipitations notamment). Plus récemment, il a été démontré que la connection entre la NAO et l'EAP semble être à l'origine des anomalies de transport de chaleur et de vapeur d'eau au-dessus de l'Atlantique nord [START_REF] Bastos | European land CO2 sink influenced by NAO and East-Atlantic Pattern coupling[END_REF]. Toutefois, le rôle potentiel de l'EAP et du SCA dans la modulation des liens, étudiés par [START_REF] Brayshaw | Changes in Mediterranean climate during the Holocene: Insights from global and regional climate modelling[END_REF][START_REF] Garćıa-Bustamante | Relationship between wind power production and North Atlantic atmospheric circulation over the northeastern Iberian Peninsula[END_REF], entre l'indice NAO et le régime des vents à la surface des océans reste encore à étudier.

Avec la récente prise de conscience du changement climatique à l'oeuvre, il est plus important que jamais d'acquérir une vision globale du système climatique planétaire afin de mieux en prévoir ses futures évolutions [START_REF] Moss | The next generation of scenarios for climate change research and assessment[END_REF]. L'absence de données d'observation paléoclimatiques, aussi bien spatiales que temporelles, est un frein majeur à l'obtention d'estimations climatiques précises [START_REF] Phipps | Paleoclimate datamodel comparison and the role of climate forcings over the past 1500 Years[END_REF]. La sclérochronologie peut, aujourd'hui, contribuer à combler ce manque grâce à sa capacité à fournir quantité d'indicateurs [START_REF] Wanamaker | Reconstructing mid-to high-latitude marine climate and ocean variability using bivalves, coralline algae, and marine sediment cores from the Northern Hemisphere[END_REF].

La sclérochronologie

Avec la perspective du changement climatique au premier rang des préoccupations de la politique environnementale, des études mettant en évidence les variations des systèmes climatiques passés sont indispensables [START_REF] Reynolds | Now what do people know about global climate change? Survey studies of educated laypeople[END_REF][START_REF] Tschakert | Anticipatory learning for climate change adaptation and resilience[END_REF][START_REF] Cameron | Securing Indigenous politics: A critique of the vulnerability and adaptation approach to the human dimensions of climate change in the Canadian Arctic[END_REF]. Elles permettent, en effet, une meilleure compréhension des processus responsables de ces changements [START_REF] Gröke | Advances in mollusc sclerochronology and sclerochemistry: tools for understanding climate and environment[END_REF]. L'océan affecte le système climatique de plusieurs façons, notamment en jouant un rôle dans les grands cycles biogéochimiques et les échanges gazeux avec l'atmosphère [START_REF] Rahmstorf | Ocean circulation and climate during the past 120,000 years[END_REF]. Toutefois, les séries temporelles d'observation issues de relevés instrumentaux ne sont pas suffisamment longues pour fournir une image complète et précise de la variabilité climatique. Les changements de circulation océanique au cours des derniers millénaires peuvent potentiellement être enregistrés dans des archives biogéniques. Des reconstructions paléoclimatiques peuvent en effet être réalisées à partir de différents types de données proxy, à différentes échelles temporelles (sub-annuelle à séculaire). De nombreuses archives paléoclimatiques permettent déjà de réaliser des reconstructions haute-résolution. Le point crucial pour définir une archive haute-résolution est que son processus de formation permette une datation aussi précise que possible de toute partie de l'archive (e.g. possibilité de préciser au cours de quelle année s'est formée telle ou telle portion). La capacité des modèles à prévoir le futur des systèmes climatiques et océaniques se trouve renforcée par cet apport d'indicateurs de changements passés [START_REF] Rahmstorf | Ocean circulation and climate during the past 120,000 years[END_REF][START_REF] Harley | The impacts of climate change in coastal marine systems[END_REF][START_REF] Brown | Modelling mid-Holocene tropical climate and ENSO variability: towards constraining predictions of future change with palaeo-data[END_REF][START_REF] Collins | The impact of global warming on the tropical Pacific Ocean and El Niño[END_REF]. Ces indicateurs peuvent être des signaux géochimiques ou structurels, enregistrés de manière séquentielle dans des accrétions et des dépôts de structures biologiques ou géologiques représentatives de l'environnement dans lequel elles se sont formées [START_REF] Gröke | Advances in mollusc sclerochronology and sclerochemistry: tools for understanding climate and environment[END_REF].

La sclérochronologie est l'étude de la formation temporelle, sous forme d'incréments de croissance, de ces dépôts calcifiés sur le squelette en carbonate de calcium des organismes marins [START_REF] Kirby | Paleoecological differences between tertiary and quaternary Crassostrea oysters, as revealed by stable isotope sclerochronology[END_REF]. En effet, ces indicateurs biologiques de la variabilité de l'environnement marin sont les équivalents, pour les océans, des indicateurs dendrochronologiques des écosystèmes continentaux [START_REF] Jones | Sclerochronology: Reading the Record of the Molluscan Shell: Annual growth increments in the shells of bivalve molluscs record marine climatic changes and reveal surprising longevity[END_REF]. Le terme de sclérochronologie est apparu pour la première fois en 1974 dans une publication de [START_REF] Buddemeier | Radiographic studies of reef coral exoskeletons: Rates and patterns of coral growth[END_REF] qui portait sur l'étude radiographique de la croissance d'un corail. Ce terme est ensuite employé deux ans plus tard, pour la première fois, dans le titre d'une publication de Hudson et al (1976). Depuis, et particulièrement au cours de ces quinze dernières années, la sclérochronologie a connu des avancées majeures et est actuellement en plein essor au sein de la communauté scientifique [START_REF] Kowelski | Applied marine paleoecology: An oxymoron or reality?[END_REF]. [START_REF] Schöne | Unraveling environmental histories from skeletal diaries -Advances in sclerochronology[END_REF] proposent d'utiliser ce terme uniquement pour l'étude de la structure physique des tissus durs, complétée ou non par une analyse géochimique, et de considérer la sclérochimie, discipline qui étudie uniquement la géochimie isotopique et élémentaire des tissus durs des organismes marins, comme une sous-discipline de la sclérochronologie. Cette différentiation est inspirée de celle que font déjà les dendrochronologistes qui distinguent l'étude des isotopes des cernes des arbres (dendrochimie) de celle de l'accroissement temporel de la largeur de ces cernes (dendrochronologie) [START_REF] Bondi | A theory-driven approach to tree-ring standardization: Defining the biological trend from expected basal area increment[END_REF]. Si la dendrochronologie est de loin la discipline la plus connue, les cernes des arbres ne sont pas les seuls éléments à pouvoir fournir des informations sur l'environnement, et l'on peut aujourd'hui obtenir des données importantes à partir des coquilles de mollusques [START_REF] Marali | Ba/Ca ratios in shells of Arctica islandica-Potential environmental proxy and crossdating tool[END_REF], des sclérosponges (Horta-Puga 2017), des carottes de glace [START_REF] Stein | Holocene variability in sea ice cover, primary production, and Pacific-Water inflow and climate change in the Chukchi and East Siberian Seas (Arctic Ocean)[END_REF], des algues coralliennes [START_REF] Wanamaker | Reconstructing mid-to high-latitude marine climate and ocean variability using bivalves, coralline algae, and marine sediment cores from the Northern Hemisphere[END_REF], des sédiments [START_REF] Allen | Rapid environmental changes in southern Europe during the last glacial period[END_REF], des coraux [START_REF] Marschal | A new method for measuring growth and age in the precious red coral Corallium rubrum (L.)[END_REF]), des otolithes de poisson [START_REF] Alós | The chemical signature of retained hooks in mulloway (Argyrosomus japonicus) revealed by otolith microchemistry[END_REF]), des spéléothèmes (MacDougal et al. 2017), des statolithes [START_REF] Zumholz | Statolith microchemistry traces the environmental history of the boreoatlantic armhook squid Gonatus fabricii[END_REF]), des foraminifères [START_REF] Ezat | Ventilation history of Nordic Seas overflows during the last (de)glacial period revealed by species-specific benthic foraminiferal 14 C dates[END_REF], des brachiopodes [START_REF] Curry | Use of stable oxygen isotope determinations from brachiopod shells in palaeoenvironmental reconstruction[END_REF], ainsi que des dents de mammifères [START_REF] Hamilton | From the forests to teeth: Visual crossdating to refine age estimates in marine mammals[END_REF].

Les études de sclérochronologie reposent sur l'analyse de l'accroissement annuel des couches calcaires qui forment le squelette des animaux, notamment des mollusques bivalves, provenant en général du même milieu et de la même espèce. Les incréments correspondants à l'accroissement annuel de chaque coquille peuvent être comptés et on peut en déduire l'âge de l'animal. La mesure de la largeur de ces incréments permet également de quantifier la croissance annuelle de chaque individu. Les résultats obtenus peuvent être utilisés comme indicateur de la variabilité de l'environnement, notamment de la température de l'eau. Selon [START_REF] Butler | Variability of marine climate on the North Icelandic Shelf in a 1357-year proxy archive based on growth increments in the bivalve Arctica islandica[END_REF] la température peut en effet influer de trois façons sur la croissance des coquilles : d'abord comme le résultat direct d'effets thermodynamiques, puis, indirectement, à travers la température des eaux de surface des océans qui modifie la disponibilité alimentaire [START_REF] Gosling | The effect of moisture content and prechill duration on dormancy breakage of Douglas fir seeds (Pseudotsuga menziesii var. menziesii [Mirb.] Franco)[END_REF], et enfin en modifiant la durée de la période de croissance des mollusques bivalves [START_REF] Brocas | The dog cockle, Glycymeris glycymeris (L.), a new annually-resolved sclerochronological archive for the Irish Sea[END_REF][START_REF] Schöne | Sea surface water temperatures over the period 1884-1983 reconstructed from oxygen isotope ratios of a bivalve mollusc shall (Arctica islandica, southern North Sea)[END_REF].

En effet, en fonction de l'environnement local, on observe une croissance synchronisée des animaux d'un même milieu [START_REF] Helama | Compound response of marine and terrestrial ecosystems to varying climate: Preanthropogenic perspective from bivalve shell growth increments and tree-rings[END_REF]Black et al. 2008a;[START_REF] Coulson | Sclerochronological studies reveal that patterns of otolith growth of adults of two co-occurring species of Platycephalidae are synchronised by water temperature variations[END_REF][START_REF] Vihtakari | A key to the past? Element ratios as environmental proxies in two Arctic bivalves[END_REF]. Si des incréments de croissance remarquables, synchronisés entre plusieurs individus d'une même population, peuvent être identifiés par des techniques dites de cross-matching, il devient alors possible de combiner de multiples séries individuelles afin de reconstituer une chronologie de référence (= chronologie maîtresse, master chronology) beaucoup plus longue et étoffée [START_REF] Schöne | Unraveling environmental histories from skeletal diaries -Advances in sclerochronology[END_REF] Bien que ce champ d'étude n'en soit encore qu'à ses débuts, il a indéniablement commencé à prendre son essor, en particulier dans le domaine de la croissance des bivalves.

Le potentiel des bivalves comme archives marines

Les mollusques présentent de nombreux avantages par rapport aux carottes de sédiments ou aux coraux. Tout d'abord, la périodicité de formation des lignes de croissance de la coquille est parfois très élevée, pouvant aller chez certaines familles de bivalves jusqu'à indiquer la fréquence des marées [START_REF] Richardson | The use of tidal growth bands in the shell of Cerastoderma edule to measure seasonal growth rates under cool temperate and sub-arctic conditions[END_REF]. Cette caractéristique confère à ces mollusques un potentiel considérable en matière de paléoreconstruction à haute résolution.

On peut ainsi reconstituer des conditions environnementales à un niveau infra-annuel alors que les coraux et les sédiments n'offrent généralement qu'une information à l'échelle annuelle [START_REF] Mann | The value of multiple proxies[END_REF]. Un autre avantage des mollusques est leur couverture géographique très large par rapport à d'autres archives potentielles comme les coraux scléractiniaires qui se limitent aux latitudes inter-tropicales. Ils peuvent ainsi fournir des données d'observation du climat sur une échelle spatiale beaucoup plus large [START_REF] Kearney | Mechanistic niche modelling: combining physiological and spatial data to predict species' ranges[END_REF][START_REF] Chauvaud | Variation in size and growth of the great scallop Pecten maximus along a latitudinal gradient[END_REF].

Le nombre d'études consacrées aux coquilles des bivalves et, plus particulièrement, au lien entre la largeur de leurs incréments de croissance et leur environnement, est en constante augmentation. Les mesures de la taille de ces incréments ont déjà permis de reconstituer des oscillations climatiques [START_REF] Holland | Decadal climate variability of the North Sea during the last millennium reconstructed from bivalve shells (Arctica islandica)[END_REF]) ainsi que des courbes de température de l'eau de mer [START_REF] Jones | Sclerochronological records of temperature and growth from shells of Mercenaria mercenaria from Narragansett Bay, Rhode Island[END_REF]). D'autres travaux ont permis de mettre en évidence des relations entre la croissance des bivalves et plusieurs autres variables environnementales. Ainsi, [START_REF] Helama | Compound response of marine and terrestrial ecosystems to varying climate: Preanthropogenic perspective from bivalve shell growth increments and tree-rings[END_REF] and [START_REF] Mette | Linking large-scale climate variability with Arctica islandica shell growth and geochemistry in northern Norway[END_REF] ont pu démontrer que la croissance de la coquille d'Arctica islandica était étroitement liée à la NAO hivernale, tandis que Gutierrez-Mas (2011) a mis en évidence l'influence de l'élévation du niveau des mers sur des fossiles de Glycymeris spp. Enfin, [START_REF] Bušelić | Glycymeris bimaculata (Poli, 1795) -A new sclerochronological archive for the Mediterranean[END_REF] ont mis en en évidence, au moins en partie, l'existence d'une corrélation entre la croissance de G. bimaculata et la salinité des eaux environnantes.

Des rythmes de croissance endogènes ont pu être observés chez un certain nombre d'espèces de bivalves marins. Ainsi, des incréments de croissance des coquilles liés aux marées ont été identifiés chez Chione fluctifraga et C. cortezi et pourraient correspondre aux cycles d'émersion-immersion [START_REF] Schöne | Sclerochronology and growth of the bivalve mollusks Chione fluctifraga and Chione cortezi in the northern Gulf of California, Mexico[END_REF]. D'autres espèces, comme Crassostrea gigas, présentent une croissance réduite, voire même interrompue, pendant la gamétogenèse, toute l'énergie disponible de l'organisme étant alors mobilisée pour la production de gamètes [START_REF] Dridi | Seasonal variation in weight and biochemical composition of the Pacific oyster, Crassostrea gigas in relation to the gametogenic cycle and environmental conditions of the Bizert lagoon[END_REF]. Chez d'autres espèces encore, comme chez le bivalve antarctique Yoldia eightsi, on a pu observer une cyclicité de croissance endogène, qui demeure pour l'instant inexpliquée [START_REF] Román-González | Analysis of ontogenetic growth trends in two marine Antarctic bivalves Yoldia eightsi and Laternula elliptica: Implications for sclerochronology[END_REF].

Le seul inconvénient à l'étude de ces mollusques est une longévité le plus souvent moindre que celle des coraux. En effet, la plupart des bivalves vivent une quinzaine d'années environ, ce qui ne permet pas de disposer d'une fenêtre temporelle d'archivage très longue, même à très haute résolution [START_REF] Ridgeway | Maximum shell size, growth rate, and maturation age correlate with longevity in bivalve molluscs[END_REF]. Il y a toutefois des exceptions chez certaines espèces : A. islandica, par exemple, peut vivre plus de 500 ans [START_REF] Butler | Variability of marine climate on the North Icelandic Shelf in a 1357-year proxy archive based on growth increments in the bivalve Arctica islandica[END_REF] tandis que Margaritifera margaritifera [START_REF] Geist | Strategies for the conservation of endangered freshwater pearl mussels (Margaritifera margaritifera L.): a synthesis of Conservation Genetics and Ecology[END_REF] et G. glycymeris [START_REF] Reynolds | A multiproxy reconstruction of Hebridean (NW Scotland) spring sea surface temperatures between AD 1805 and 2010[END_REF] peuvent atteindre les 200 ans. Le prélèvement de différents spécimens vivants et morts sur un même site permet de reconstituer l'état du milieu jusqu'à plusieurs siècles en arrière [START_REF] Weidman | The long-lived mollusc Arctica islandica: A new paleoceanographic tool for the reconstruction of bottom temperatures for the continental shelves of the northern North Atlantic[END_REF]. De plus, les restes de coquilles de bivalves sont courants sur les sites archéologiques ou également à l'état de fossiles et sub-fossiles, ce qui permet d'accéder à des données sur les conditions environnementales, non seulement à une échelle historique, mais également géologique.

Pour toutes ces raisons, les propriétés des bivalves les rendent particulièrement appropriés pour nous aider dans la reconstitution des variations environnementales passées, pas uniquement à travers l'étude des incréments, mais également de la composition en Le mécanisme par lequel les bivalves forment leur coquille est encore loin d'avoir été complètement élucidé. Il est notamment encore difficile de savoir si la formation de la coquille est un processus entièrement extracellulaire ou bien si une partie se déroule dans le milieu intracellulaire. Ainsi, deux modèles conceptuels ont été développés pour répondre à cette interrogation.

Le premier (matrix model) suggère que le processus de biominéralisation se déroule dans le fluide extra-palléal (EPF), un liquide biologique enfermé dans un compartiment situé entre l'épithélium externe du manteau et l'intérieur de la coquille (Fig. 1.2). Dans ce fluide, la précipitation du carbonate de calcium (CaCO3) est facilitée par la sursaturation en ions calcium et bicarbonates. La cristallisation du CaCO3 y est alors réalisée autour d'une trame de matrice organique sécrétée par l'épithélium externe du manteau [START_REF] Bevelander | An electron microscope study of the formation of the nacreous layer in the shell of certain bivalve molluscs[END_REF][START_REF] Wheeler | Phosphoproteins of Oyster (Crassostrea virginica) Shell Organic Matrix[END_REF]. Ce modèle considère donc que la formation de la coquille prend place extracellulairement, au sein du fluide extra-palléal. A l'inverse, le modèle dit "cellulaire" considère la biominéralisation comme un processus partiellement intra-cellulaire : les cristaux de CaCO3 seraient formés dans des hémocytes au sein de l'hémolymphe, puis transportés au niveau du front de calcification [START_REF] Mount | Hemocyte-mediated shell mineralization in the eastern oyster[END_REF][START_REF] Zhang | Direct imaging the upconversion nanocrystal core/shell structure at the subnanometer level: Shell thickness dependence in upconverting optical properties[END_REF]. En dépit du fait que ces modèles proposent des mécanismes différents, tous deux s'accordent pour considérer que la biominéralisation de la coquille se déroule dans un micro-environnement isolé du milieu ambiant. Cela complique d'autant plus la mise en évidence d'éventuelles relations entre des variables environnementales et la composition isotopique et élémentaire ("impuretés") dans la coquille.

Les isotopes stables

L'analyse des isotopes stables de l'oxygène (δ 18 O) donne des résultats intéressants et plusieurs études ont montré que le ratio des ces isotopes dans les coquilles de mollusques est un bon indicateur des variations de température de l'eau de mer dans laquelle l'organisme, qui a fabriqué ce squelette calcaire, a vécu [START_REF] Chauvaud | Shell of the Great Scallop Pecten maximus as a high-frequency archive of paleoenvironmental changes[END_REF]. Cependant, les travaux d [START_REF] Epstein | Revised carbon-water temperature scale[END_REF] ont souligné l'influence de la composition isotopique du fluide ambiant au cours de la précipitation du carbonate. [START_REF] Schöne | Unraveling environmental histories from skeletal diaries -Advances in sclerochronology[END_REF] indiquent que δ 18 O est un double indicateur car il enregistre simultanément les changements de température et la signature isotopique de l'oxygène de l'eau ambiante [START_REF] Urey | Oxygen Isotopes in nature and in the laboratory[END_REF]. Il est donc indispensable de connaître la valeur du δ 18 O de l'eau (présentant une relation linéaire à la salinité) afin de reconstituer précisément l'évolution de la température de l'eau à partir des données de δ 18 O des coquilles.

Les isotopes de l'oxygène ont été utilisés avec succès dans le passé comme indicateurs de température de l'eau de mer, principalement grâce à l'équation mise au point par [START_REF] Grossman | Oxygen and carbon isotope fractionation in biogenic aragonite: temperature effects[END_REF] pour les bivalves aragonitiques. Glycymeris glycymeris, présent en rade de Brest, est présenté comme un cas particulier par [START_REF] Royer | Structural analysis and paleoenvironmental potential of dog cockle shells (Glycymeris glycymeris) in Brittany, northwest France[END_REF]. En effet, la reconstitution précise de l'évolution des températures mesurées a nécessité la mise au point d'une nouvelle équation. L'équation de Grossman & Ku (1986) a toutefois été utilisée avec succès par [START_REF] Reynolds | A multiproxy reconstruction of Hebridean (NW Scotland) spring sea surface temperatures between AD 1805 and 2010[END_REF], qui ont mené leur étude dans le nord-ouest de l'Écosse. D'autres espèces du genre Glycymeris ont également été utilisés avec succès pour la reconstitution de paléotempératures [START_REF] Bušelić | Glycymeris bimaculata (Poli, 1795) -A new sclerochronological archive for the Mediterranean[END_REF][START_REF] Kim | High resolution geochemical investigation of the bivalve shells (Glycymeris sp.) from shell mounds in Jeju Island, Korea: Late Holocene paleoclimatic implications related to East Asian Monsoon climate[END_REF]. L'étude de Royer et al. (2013), citée précédemment, a servi de pierre angulaire aux travaux présentés ici et plus d'informations à ce sujet peuvent être trouvées au Chapitre 5.

Le δ 13 C des coquilles de bivalves est supposé refléter la composition atmosphérique en CO2 et les variations de la production primaire océanique [START_REF] Gillikin | Ontogenic increase of metabolic carbon in freshwater mussel shells (Pyganodon cataracta)[END_REF]. Il existe deux sources de carbone pour la fabrication des coquilles : le carbone inorganique dissous (CID) et le carbone rejeté par l'organisme, issu de son propre métabolisme. Ce dernier est le produit final du carbone consommé [START_REF] Mcconnaughey | Carbon isotopes in biological carbonates: Respiration and photosynthesis[END_REF]. Dans leur étude, Lorrain et al. (2004) constatent que le rapport entre la quantité totale de carbone produite par le bivalve pendant la respiration et la quantité totale de carbone nécessaire à la fabrication de la coquille détermine la quantité de carbone métabolique disponible pour la formation de la coquille. De ce fait, tout résultat provenant de bivalves dont nous connaissons mal le métabolisme et le système respiratoire, doit être pris avec précaution. [START_REF] Chauvaud | What's Hiding Behind Ontogenetic δ 13 C Variations in Mollusk Shells? New Insights from the Great Scallop (Pecten maximus)[END_REF] complètent cette approche en arguant du fait que les variations à la fois ontogénétiques et saisonnières du δ 13 C observées dans les coquilles montrent que celles-ci ne sauraient être utilisées comme indicateur des fluctuations passées du carbone inorganique dissous mais peuvent en revanche constituer un outil prometteur pour les études écophysiologiques.

Les éléments traces

L'étude de la composition élémentaire des coquilles de bivalves est déjà considérée par la communauté scientifique internationale comme un outil prometteur de mesure des paramètres environnementaux, tels que la température de surface de la mer, la salinité, la dynamique du phytoplancton et la contamination par les métaux lourds (Liste 1.1). Les éléments trouvés dans les dépôts de carbonate peuvent être classés en deux catégories. La première regroupe les éléments, comme le calcium (Ca) et le magnésium (Mg), ayant une teneur dans la matrice carbonatée de plus de 100 ppm (Schöne et al. 2011). La seconde regroupe les éléments dont la teneur est inférieure à 100 ppm, comme le plomb (Pb) ou le cuivre (Cu) [START_REF] Lifset | Metal lost and found: Dissipative uses and releases of copper in the United States 1975-2000[END_REF]. De nombreux auteurs ont démontré que les éléments mineurs 1.7.1. Quelques exemples donnant lieu à des débats dans la littérature spécialisée A cause de leur présence importante dans la matrice carbonatée, de nombreux travaux sont consacrés à l'étude du strontium et du magnésium dans le but de mieux comprendre leur processus d'incorporation [START_REF] Shirai | Assessment of the mechanism of elemental incorporation into bivalve shells (Arctica islandica) based on elemental distribution at the microstructural scale[END_REF]Zhao et al. 2017b). Les analyses donnent des résultats différents et les interprétations divergent en fonction des espèces étudiées.

Le strontium a été longtemps étudié en tant qu'indicateur de température de surface.

Cette hypothèse est étayée par l'existence d'une relation inverse entre la température et le ratio Sr/Ca chez d'autres organismes vivants comme le corail [START_REF] De Villiers | Biological controls on coral Sr/Ca and delta 18 O reconstructions of sea surface temperatures[END_REF][START_REF] Rüggeberg | Stable strontium isotopes (δ 88 / 86 Sr) in cold-water corals -A new proxy for reconstruction of intermediate ocean water temperatures[END_REF]). Toutefois, de récentes études du ratio Sr/Ca des coquilles de mollusques laissent supposer que sa valeur pourrait être influencée par d'autres paramètres, même si certains travaux montrent que la température demeure l'élément moteur principal [START_REF] Freitas | Environmental and biological controls on elemental (Mg/Ca, Sr/Ca and Mn/Ca) ratios in shells of the king scallop Pecten maximus[END_REF]. Parmi ces autres paramètres, on trouve le ratio Sr/Ca de l'eau, le taux de croissance [START_REF] Stecher | Profiles of strontium and barium in Mercenaria mercenaria and Spisula solidissima shells[END_REF]Lorrain et al. 2005), les modifications de salinité de l'eau [START_REF] Dodd | Non-linear variation with salinity of Sr/Ca and Mg/Ca ratios in water and aragonitic bivalve shells and implications for paleosalinity studies[END_REF] et l'activité métabolique du manteau chez certaines espèces comme Mercenaria mercenaria [START_REF] Stecher | Profiles of strontium and barium in Mercenaria mercenaria and Spisula solidissima shells[END_REF] et S. giganteus (Gillikin et al. 2005b). De plus, l'interprétation de l'incorporation du strontium dans les coquilles peut différer d'un auteur à l'autre même lorsque la même espèce est étudiée.

L'étude de Mytilus trossulus [START_REF] Klein | Bivalve skeletons record sea-surface temperature and δ 18 O via Mg/Ca and 18 O/ 16 O ratios[END_REF], M. edulis [START_REF] Wanamaker | Experimental determination of salinity, temperature, growth, and metabolic effects on shell isotope chemistry of Mytilus edulis collected from Maine and Greenland[END_REF]), Isognomon ephippium [START_REF] Lazareth | High-resolution trace element profiles in shells of the mangrove bivalve Isognomon ephippium: a record of environmental spatio-temporal variations?[END_REF] and Protothaca staminea [START_REF] Takesue | Mg/Ca, Sr/Ca, and stable isotopes in modern and Holocene Protothaca staminea shells from a northern California coastal upwelling region[END_REF] suggère que le magnésium pourrait servir de traceur pour la température de l'eau de mer. Malgré tout, comme pour le strontium, les mêmes incertitudes sont soulignées dans certaines publications, dont les conclusions sont parfois contradictoires. L'analyse du mollusque chilien, Concholepas concholepas, révèle que l'incorporation du magnésium dans la coquille et le taux de croissance varient de façon cyclique avec le jour et la nuit [START_REF] Lazareth | Nyctemeral variations of magnesium intake in the calcitic layer of a Chilean mollusk shell (Concholepas concholepas, Gastropoda)[END_REF]). Pendant la journée, l'incorporation du magnésium semble corrélée à la température de l'eau mais, pendant la nuit, elle paraît contrôlée par le métabolisme de l'animal lui-même (activité trophique, formation d'incréments de croissance riche en matière organique). Les résultats obtenus par cette étude pourraient expliquer, en partie, les anomalies observées lors des études précédentes portant sur le même sujet.

Tous ces résultats mettent en évidence la nécessité d'un étalonnage rigoureux à l'échelle de chaque espèce. Il semble donc difficile, à l'heure actuelle, de tirer des conclusions sur le processus d'incorporation du strontium et du magnésium dans les coquilles de bivalves.

Les nombreux débats autour de ces deux seuls éléments suffisent à prouver que l'analyse géochimique des coquilles est une discipline complexe. Il convient donc d'être prudent dans les interprétations que l'on peut en faire et surtout d'éviter de généraliser les résultats obtenus.

Indicateurs géochimiques de la dynamique de croissance du plancton

Les mesures instrumentales de la production primaire dans les océans sont rares.

L'observation ininterrompue de la surface terrestre n'a, en effet, commencé qu'à la fin des années 70 lorsque les premiers satellites d'observation ont été lancés et reste actuellement beaucoup plus détaillée au-dessus des régions économiquement développées ou qui présentent un intérêt scientifique accru. Les paléocéanographes doivent donc s'appuyer sur les enregistrements de type proxy pour reconstituer la production primaire à des époques ou des lieux pour lesquels l'observation directe est impossible. De nombreuses études ont été consacrées à l'évaluation du potentiel des éléments trace présents dans les carbonates biogèniques marins et, plus particulièrement, dans celui des coquilles de mollusques, comme indicateur haute résolution de la dynamique de croissance passée du phytoplancton [START_REF] Vander Putten | [END_REF][START_REF] Gillikin | Stable carbon isotopic composition of Mytilus edulis shells: relation to metabolism, salinity, δ 13 CDIC and phytoplankton[END_REF][START_REF] Thébault | Barium and molybdenum records in bivalve shells: Geochemical proxies for phytoplankton dynamics in coastal environments?[END_REF]. Le plus prometteur de cet indicateur potentiel est le baryum (Ba).

Un certain nombre d'études mettent en lumière l'existence d'un lien entre les efflorescences phytoplanctoniques et la présence de concentrations élevées en Ba dans les coquilles de plusieurs espèces de mollusques bivalves, telles que M. californianus [START_REF] Spangenberg | Developmental effects of barium exposure in a marine bivalve (Mytilus californianus)[END_REF], M. mercenaria and Spisula solidissima [START_REF] Stecher | Profiles of strontium and barium in Mercenaria mercenaria and Spisula solidissima shells[END_REF], M. edulis [START_REF] Vander Putten | [END_REF], Comptopallium radula [START_REF] Thébault | Barium and molybdenum records in bivalve shells: Geochemical proxies for phytoplankton dynamics in coastal environments?[END_REF]) and A. islandica [START_REF] Marali | Ba/Ca ratios in shells of Arctica islandica-Potential environmental proxy and crossdating tool[END_REF]. Cependant, ce lien est réfuté par [START_REF] Gillikin | Synchronous barium peaks in high-resolution profiles of calcite and aragonite marine bivalve shells[END_REF] qui suggèrent que les taux élevés de Ba/Ca dans les coquilles de P. maximus and S. giganteus 

Métaux lourds : des indicateurs de pollution

Outre les éléments déjà cités, de nombreuses études réalisées sur les coquilles de bivalves s'intéressent également à la teneur en éléments-traces métalliques (Cd, Cu, Mn, Ni, Pb, V, U), auparavant communément regroupés sous l'appelation "métaux lourds", afin de détecter la présence de polluants et de contamination anthropique [START_REF] Boening | An evaluation of bivalves as biomonitors of heavy metal pollution in marine waters[END_REF]. Comme les sclérosponges, les bivalves ont la capacité d'accumuler des concentrations élevées de plomb dans leur coquille calcaire qui sert donc de système d'archivage des polluants.

Toutefois, en raison d'une forte variabilité intra-annuelle et intra-individuelle, l'analyse de ces concentrations peut s'avérer difficile, en particulier chez M. mercenaria [START_REF] Genest | Heavy metals in Mercenaria mercenaria and sediments from the New Bedford Harbor region of Buzzard's Bay, Massachusetts[END_REF] et C. radula [START_REF] Metian | Accumulation of nine metals and one metalloid in the tropical scallop Comptopallium radula from coral reefs in New Caledonia[END_REF]. Malgré cela, un registre chronologique des variations des concentrations environnementales en plomb entre 1949 et 2002 a pu être établi à partir de l'étude de onze coquilles de M. merceneria de Caroline du Nord (USA). Cet enregistrement révèle une augmentation du taux de plomb contenu dans les coquillages, qui coïncide avec la généralisation de l'utilisation de l'essence au plomb au début de l'ère industrielle (Gillikin et al. 2005a). Ces travaux confirment également qu'il est possible de retracer les fluctuations environnementales du plomb à long terme et de manière efficace à partir de l'étude de quelques spécimens seulement.

Ces résultats suggèrent aussi que les variations des autres éléments métalliques (Zn, Cu, Cd, Ni) contenus dans les coquilles des mollusques pourraient être liés aux apports pélagiques de métaux dans les océans [START_REF] Carriker | Ontogenetic trends of elements (Na to Sr) in prismatic shell of living Crassostrea virginica (Gmelin) grown in three ecologically dissimilar habitats for 28 weeks: a proton probe study[END_REF]. Toutefois, des travaux menés sur Le Chapitre 5 présente les résultats de l'analyse des éléments traces mesurés dans les coquilles de G. glycymeris entre 1969 et aujourd'hui. Cette analyse a pour but de mieux comprendre l'incidence des facteurs environnementaux et biologiques sur chaque élément.

Au vu de la littérature disponible au moment de la rédaction de ce mémoire de thèse, cette étude est une première.

Enfin, le Chapitre 6 est rédigé sous forme de conclusion et permet de mettre en évidence les facteurs climatiques les plus significatifs de la rade de Brest, de souligner les réflexions et les perspectives suscitées par les travaux présentés ici, ainsi que de proposer des idées pour de futures recherches.

Biology and Ecology

G. glycymeris (Linnaeus 1758) is eurythermal [START_REF] ~ R ~ Raffi | Biogeographic patterns and Plio-Pleistocene extinction of Bivalvia in the Mediterranean and southern North Sea[END_REF] and are stenohaline [START_REF] Rombouts | Potential changes in benthic macrofaunal distributions from the English Channel simulated under climate change scenarios[END_REF]). [START_REF] Savina | A comparative ecophysiological study of two infaunal filter-feeding bivalves: Paphia rhomboïdes and Glycymeris glycymeris[END_REF] regard the mollusc as an infaunal, subtidal, filter-feeding bivalve, which buries into sandy-gravelly sea floors.

Glycymerids are descendants of the ancient Arcoidea, which were established early in the radiation of the Bivalvia. Fossil specimens have been found to come from the Cretaceous (~ 130 MA) and appear to occupy similar ecological ranges to the present species in the North Atlantic. The shell of G. glycymeris, therefore, retains many primitive characteristics such as a basically ovate shape, a strong broad hinge plate with taxodont teeth, and roughly equal-sized adductor muscle scars. They are not as specialized anatomically as other bivalves; instead, they have adapted to physically harsh environments evidencing their role as functional generalists.

As with the shell, primitive features are visible in the anatomy, i.e. the adductor muscles are isomyarian and filibranch gills are present. The ciliary sorting mechanism of the gills carries material both dorsally and ventrally along the outer and inner demibranch, Food particles are carried anteriorly, to the labial palps and the mouth, along the dorsal margin of the lamellae and along the dorsal groove between the bases of the two demibranchs. This sorting mechanism is very efficient, reflected in the relatively small labial palps which are the main sorting region for most lamellibranches [START_REF] Atkins | On the ciliary mechanisms and interrelationships of lamellibranchs. Part I: Some new observations on sorting mechanisms in certain lamellibranchs[END_REF][START_REF] Morton | Feeding and digestion in Bivalvia[END_REF]. Rejected material is carried posteriorly along the ventral margin of the demibranchs, until it's finally discarded at the gill posterior, close to the exhalant stream.

A mucous food-string leaves the labial palps and enters the mouth and stomach, where particles may be sorted further. When comparing the structure and function of the stomach of several other bivalve species, [START_REF] Reid | The structure and function of the stomach in bivalve molluscs[END_REF] concluded that the stomach of Glycymeris glycymeris more closely resembled a hypothetical primitive stomach, with a small but efficient area for sorting food particles. Such a simple anatomy of the stomach is usually found in bivalves where the major particle sorting area is located elsewhere, other than in the stomach [START_REF] Reid | The structure and function of the stomach in bivalve molluscs[END_REF]. [START_REF] Brand | The respiratory responses of the dog cockle Glycymeris glycymeris (L.) to declining environmental oxygen tension[END_REF] state that particle sorting must take place on ctenidia only, evidenced by a low filtration rate of roughly 0.06 l h -1 g -1 . However, [START_REF] Savina | A comparative ecophysiological study of two infaunal filter-feeding bivalves: Paphia rhomboïdes and Glycymeris glycymeris[END_REF] found an average filtration rate 10 times higher. This considerable difference may be explained by G. glycymeris exhibiting a high variability in feeding activity. [START_REF] Brand | The respiratory responses of the dog cockle Glycymeris glycymeris (L.) to declining environmental oxygen tension[END_REF] found that the filtration time was around 60 %, suggesting that G. glycymeris could have a periodic feeding activity, with active periods (high filtration) alternating with "inactive" periods (no or low filtration, but digestion and defecation). The fact that faeces of G. glycymeris were very dense and compacted into small pieces tends to confirm this periodic activity. Very low ventilation rates are recorded for the species, compared to other filter-feeding bivalves. The fact that most particle sorting takes place on the gills is thought to contribute to the observed low ventilation volume [START_REF] Brand | The respiratory responses of the dog cockle Glycymeris glycymeris (L.) to declining environmental oxygen tension[END_REF]. However, although the ventilation rates were very low, the oxygen utilization proved to be unusually high for a bivalve without a respiratory pigment. This can be explained by an unusually long blood pathway through the gills [START_REF] Atkins | On the ciliary mechanisms and interrelationships of lamellibranchs. Part I: Some new observations on sorting mechanisms in certain lamellibranchs[END_REF][START_REF] Brand | The respiratory responses of the dog cockle Glycymeris glycymeris (L.) to declining environmental oxygen tension[END_REF], or by oxygen uptake occurring by direct diffusion through the tissue surface. Due to this the species has considerable ability to withstand anaerobic conditions, although small individuals are better regulators of oxygen consumption than large individuals [START_REF] Morris | The respiratory physiology of the subtidal bivalves Glycymeris glycymeris, Anomia ephippium and Modiolus modiolus[END_REF][START_REF] Brand | The respiratory responses of the dog cockle Glycymeris glycymeris (L.) to declining environmental oxygen tension[END_REF].

Only one study has been previously carried out on the reproduction of G. glycymeris in the Bay of Brest. In this study, [START_REF] Lucas | Recherche sur la sexualité des mollusques bivalves[END_REF] assigned sexually mature animals to three gonad development stages. At stage A the individuals could not be sexed; at stage B gonad smears showed that few gametes (oocytes or sperms) were present; while in stage C gametes were abundant. The population had ripe gametes all year round so that the proportion of stage C gametes was never lower than 70% [START_REF] Lucas | Recherche sur la sexualité des mollusques bivalves[END_REF]. The ability to have ripe gametes throughout the year has also been observed in British waters. [START_REF] Lebour | The eggs and larvae of the British prosobranchs with special reference to those living in the plankton[END_REF] obtained ripe eggs from G. glycymeris in Plymouth Bay in January, March and October, and [START_REF] Morris | The respiratory physiology of the subtidal bivalves Glycymeris glycymeris, Anomia ephippium and Modiolus modiolus[END_REF] stated that the animals collected off the Isle of Man spawned year-round. Just less than three thousand individuals were examined by [START_REF] Lucas | Recherche sur la sexualité des mollusques bivalves[END_REF] and only six individuals were found to be hermaphrodite. The sex ratio changed with size, from being mostly males at the onset of sexual maturity (~20 mm in shell height), to more females at a size of 40 mm (40% males). In order to explain the change in sex ratio with size, the possibility of higher mortality rates among the males was rejected and it was suggested instead that the change in ratio was caused by a sex change, supported by the occurrence of the hermaphrodite animals [START_REF] Lucas | Recherche sur la sexualité des mollusques bivalves[END_REF].

The foot of G. glycymeris is relatively large and consists of an upper visceropedal region (including the gonad) and a muscular lower part with two lateral flaps. When the shell is lying on the surface of the substratum, the foot extends into the sand with the two lateral flaps held together but at retraction the flaps separate, forming an anchor. When the animal has gained sufficient pedal anchorage, the shell is raised into an erect position and effective burrowing begins as a series of downward steps repeated. The digging cycles takes 0.5 to 3 minutes to complete, with smaller individuals undertaking a large number of short cycles rapidly to achieve the same depth as the larger individual.

During the digging cycle the ligament fails to give adequate force for reopening the shell valves against the surrounding substratum, indicating that it is relatively weak [START_REF] Ansell | Observations on burrowing in Glycymeris glycymeris (L.) (Bivalvia, Arcacea)[END_REF]. Furthermore, [START_REF] Thomas | Constraints of ligament growth, form and function on evolution in the Arcoida (Mollusca: Bivalvia)[END_REF] has suggested that the weak ligament of arcoids, in general, has prevented infaunal species of this group becoming specialized for mosaics from the individual photographs, and the growth increments seen in the images were crossdated visually using the list year method [START_REF] Yamaguchi | A simple method for cross-dating increment cores from living trees[END_REF]. This technique is based on the assumption of synchronous growth in individuals sampled from the same area [START_REF] Fritts | Tree Rings and Climate[END_REF][START_REF] Yamaguchi | A simple method for cross-dating increment cores from living trees[END_REF]. The growth increments were then digitally measured, using ImageJ software. Because the increment widths in G. glycymeris typically show little variability, a mean value was taken of three sets of measurements in order to minimize the effect of measurement error [START_REF] Brocas | The dog cockle, Glycymeris glycymeris (L.), a new annually-resolved sclerochronological archive for the Irish Sea[END_REF]. The growth measurements were taken in the hinge rather than the ventral margin as the hinge provides a more consistent orthogonal transect through the increments [START_REF] Ramsay | Can shell scars on the dog cockle, (Glycymeris glycymeris L.) be used as an indicator of fishing disturbance?[END_REF].

Stable isotope (Chapter 4) and trace element (Chapter 5) sampling was taken in the prismatic layer (within margin) and not the hinge. This is because, as the increments in the margin are wider, they can provide a more detailed interannual variability that is not available in the hinge. It has long been known that the increments found in the hinge (such as in Fig 2 .3 and 2.5) are transposed to the margin [START_REF] Jones | Annual cycle of shell growth increment formation in two continental shelf bivalves and its paleoecologic significance[END_REF][START_REF] Ramsay | Can shell scars on the dog cockle, (Glycymeris glycymeris L.) be used as an indicator of fishing disturbance?[END_REF], due to the increments being formed during the growth period. To be sure the ages assigned to the margin increments were correct, the years counted in margin were compared to the overall age derived from the hinge. The shells which had clear increments, showed the marker years, and had the same number of years counted in both the hinge and the margin were chosen for further analysis.

For more information on the direct methods of stable isotope and trace element analysis, please see chapters 4 and 5 respectively. preceding the G. glycymeris growth season suggesting that winter conditions predispose the benthic environment for later shell growth. Concentration of suspended particulate matter within the river in February is also positively correlated with shell growth, leading to the conclusion that food availability is also important to the growth of G. glycymeris in the Bay of Brest. With the addition of principle components analysis, we were able to determine that inflow from the River Elorn, nitrite levels and salinity were the fundamental drivers of G. glycymeris growth and that these environmental parameters were all linked.

Annually-resolved paleoenvironmental archives such as tree-rings (Bond-Lanberty et al. 2014;[START_REF] Silva | Tree growth acceleration and expansion of alpine forests: The synergistic effect of atmospheric and edaphic change[END_REF][START_REF] Seiler | Insensitivity of tree-ring growth to temperature and precipitation sharpens the puzzle of enhanced pre-eruption NDVI on Mt. Etna (Italy)[END_REF]) ice cores [START_REF] Melott | Atmospheric ionization by high-fluence, hard-spectrum solar proton events and their probable appearance in the ice core archive[END_REF][START_REF] Steiger | Climate reconstruction using data assimilation of water-isotope ratios from ice cores[END_REF]Stoker et al;2017) and corals [START_REF] Caragnano | Elemental variability in the coralline alga Lithophyllum yemenense as an archive of past climate in the Gulf of Aden (NW Indian Ocean)[END_REF][START_REF] Kubota | Annual shell growth pattern of the Stimpson's hard clam Mercenaria stimpsoni as revealed by sclerochronological and oxygen stable isotope measurements[END_REF]) have provided valuable insights into the terrestrial and tropical marine environments of the past. Up until the last decade, however, no proxy archive with a similarly high resolution had been developed for the marine environment of the mid and high latitudes [START_REF] Wanamaker | Reconstructing mid-to high-latitude marine climate and ocean variability using bivalves, coralline algae, and marine sediment cores from the Northern Hemisphere[END_REF]. During the past decade, with the use of the shells of long-lived bivalve molluscs, in particular Arctica islandica [START_REF] Butler | Marine climate in the Irish Sea: analysis of a 489-year marine master chronology derived from growth increments in the shell of the clam Arctica islandica[END_REF][START_REF] Wanamaker | Surface changes in the North Atlantic meridional overturning circulation during the last millennium[END_REF][START_REF] Butler | Variability of marine climate on the North Icelandic Shelf in a 1357-year proxy archive based on growth increments in the bivalve Arctica islandica[END_REF], Panopea abrupta (Black et al. 2008b;[START_REF] Black | Climate-driven synchrony across tree, bivalve, and rockfish growthincrement chronologies of the northeast Pacific[END_REF][START_REF] Black | Multi-proxy reconstructions of northeastern Pacific sea surface temperature data from trees and Pacific geoduck[END_REF], and Glycymeris spp. [START_REF] Reynolds | A multiproxy reconstruction of Hebridean (NW Scotland) spring sea surface temperatures between AD 1805 and 2010[END_REF][START_REF] Peharda | The bivalve Glycymeris pilosa as a multidecadal environmental archive for the Adriatic and Mediterranean Seas[END_REF][START_REF] Reynolds | Reconstructing North Atlantic marine climate variability using an absolutely-dated sclerochronological network[END_REF], this gap in knowledge has begun to close.

These species, as well as others, can be used to build extended decadal to multicentennial annual-resolved chronologies using techniques established within the field of dendrochronology [START_REF] Butler | Variability of marine climate on the North Icelandic Shelf in a 1357-year proxy archive based on growth increments in the bivalve Arctica islandica[END_REF]). These chronologies, especially when they can be precisely dated by being anchored in time with shells of a known date of death, provide a stratigraphy for geochemical and increment width proxies which, when successfully calibrated against instrumental series, can be used for paleoenvironmental reconstructions at an annual resolution [START_REF] Schöne | Unraveling environmental histories from skeletal diaries -Advances in sclerochronology[END_REF].

Growth increments found in the shells can provide useful information about the biology, ontogeny and environment of the individual and its population [START_REF] Richardson | Molluscs as archives of environmental change[END_REF][START_REF] Zhao | Delineating the role of calcium in shell formation and elemental composition of Corbicula fluminea (Bivalvia)[END_REF][START_REF] Milano | Changes of shell microstructural characteristics of Cerastoderma edule (Bivalvia) -A novel proxy for water temperature[END_REF]. These increments can be formed regularly, for example as annual or tidal increments, or intermittently as a result of disturbance events that cause metabolic stress to the animal [START_REF] Richardson | Molluscs as archives of environmental change[END_REF]. Endogenous growth rhythms have been found in a number of marine bivalve species. For example, tidal growth increments in shell formation have been identified in Chione fluctifraga and C. cortezi and are characterized as corresponding to emersion-immersion cycles [START_REF] Schöne | Sclerochronology and growth of the bivalve mollusks Chione fluctifraga and Chione cortezi in the northern Gulf of California, Mexico[END_REF]. Other species exhibit reduced or even interrupted shell growth during gametogenesis due to the allocation of energetic resources towards the production of gametes, such as Crassostrea gigas [START_REF] Dridi | Seasonal variation in weight and biochemical composition of the Pacific oyster, Crassostrea gigas in relation to the gametogenic cycle and environmental conditions of the Bizert lagoon[END_REF]). In other examples, such as the Antarctic bivalve Yoldia eightsi, endogenous cyclicity in growth has been observed for which there is no clear explanation (Román-González et al.

2017).

Growth increment widths have also been successfully used to reconstruct seawater temperatures [START_REF] Black | Climate-driven synchrony across tree, bivalve, and rockfish growthincrement chronologies of the northeast Pacific[END_REF][START_REF] Royer | Structural analysis and paleoenvironmental potential of dog cockle shells (Glycymeris glycymeris) in Brittany, northwest France[END_REF]) and climate oscillations [START_REF] Holland | Decadal climate variability of the North Sea during the last millennium reconstructed from bivalve shells (Arctica islandica)[END_REF]). More intermittent links with seawater temperatures were described by [START_REF] Butler | Marine climate in the Irish Sea: analysis of a 489-year marine master chronology derived from growth increments in the shell of the clam Arctica islandica[END_REF] and [START_REF] Marali | Oceanographic control on shell growth of Arctica islandica (Bivalvia) in surface waters of Northeast Iceland -Implications for paleoclimate reconstructions[END_REF]. In addition, other studies have found relationships between bivalve growth and various other environmental variables. For example, [START_REF] Helama | Compound response of marine and terrestrial ecosystems to varying climate: Preanthropogenic perspective from bivalve shell growth increments and tree-rings[END_REF] and [START_REF] Mette | Linking large-scale climate variability with Arctica islandica shell growth and geochemistry in northern Norway[END_REF] found that A. islandica shell growth was related to the winter NAO, Gutierrez-Mas (2011) found Glycymeris spp. fossils to be responding to sea-level rise and [START_REF] Bušelić | Glycymeris bimaculata (Poli, 1795) -A new sclerochronological archive for the Mediterranean[END_REF] correlated the growth of G. bimaculata, in part, with the salinity of the surrounding waters.

The focus of this study is on Glycymeris glycymeris which is another species that has been used for reconstruction of past climatic and environmental variables [START_REF] Reynolds | A multiproxy reconstruction of Hebridean (NW Scotland) spring sea surface temperatures between AD 1805 and 2010[END_REF][START_REF] Royer | Structural analysis and paleoenvironmental potential of dog cockle shells (Glycymeris glycymeris) in Brittany, northwest France[END_REF][START_REF] Brocas | The dog cockle, Glycymeris glycymeris (L.), a new annually-resolved sclerochronological archive for the Irish Sea[END_REF]. G. glycymeris is a fairly large bivalve with a maximum length of 80 mm [START_REF] Royer | Structural analysis and paleoenvironmental potential of dog cockle shells (Glycymeris glycymeris) in Brittany, northwest France[END_REF]) that inhabits the north eastern Atlantic continental shelf from Cape Verde to Norway in water depths of up to 100m in areas with strong bottom currents [START_REF] Savina | A comparative ecophysiological study of two infaunal filter-feeding bivalves: Paphia rhomboïdes and Glycymeris glycymeris[END_REF]. Previous research has shown (i) that the periodic growth increments in G. glycymeris are formed annually and are synchronous within populations [START_REF] Reynolds | A multiproxy reconstruction of Hebridean (NW Scotland) spring sea surface temperatures between AD 1805 and 2010[END_REF][START_REF] Royer | Structural analysis and paleoenvironmental potential of dog cockle shells (Glycymeris glycymeris) in Brittany, northwest France[END_REF][START_REF] Brocas | The dog cockle, Glycymeris glycymeris (L.), a new annually-resolved sclerochronological archive for the Irish Sea[END_REF]) and (ii) that individuals can live for nearly 200 years [START_REF] Ramsay | Can shell scars on the dog cockle, (Glycymeris glycymeris L.) be used as an indicator of fishing disturbance?[END_REF][START_REF] Reynolds | A multiproxy reconstruction of Hebridean (NW Scotland) spring sea surface temperatures between AD 1805 and 2010[END_REF]). This species is therefore an ideal proxy archive for marine paleoenvironmental studies as it can provide replicated and crossdated chronologies of shell material, with annual resolution and absolute dating. If sufficient quantities of suitable fossil material are available it will be possible to extend these chronologies back through several centuries.

The study site is in the Bay of Brest, a semi-enclosed mixed marine/estuarine ecosystem with an area of 180 km 2 and an average depth of 8 m. The Bay of Brest is connected to the Atlantic shelf (Iroise Sea) by a strait to the west that is 2 km wide and 40 m deep, and is fed by two rivers. The larger river, the Aulne, has a catchment area of 1822 km 2 and the smaller Elorn has a catchment of 280 km 2 . These two rivers provide up to 85% of the total freshwater input into the bay [START_REF] Raimonet | Spatio-temporal variability in benthic silica cycling in two macrotidal estuaries: causes and consequences for local to global studies[END_REF]. It is therefore a suitable region for an investigation into the influence of river inflow upon the hydrography, biological and environmental dynamics within the bay.

A major difference between the open ocean and semi-enclosed bays has to do with the dynamics of seasonal phytoplankton blooms [START_REF] Watanabe | Estuarine circulation-driven entrainment of oceanic nutrients fuels coastal phytoplankton in an open coastal system in Japan[END_REF]. Increasing nutrient loading during the last decade, resulting from intensifying agricultural practice, has focused attention on the possible trend towards coastal eutrophication. Estuarine ecosystems, particularly those in enclosed or semi-enclosed bays, are subject to high nutrient loading, but each bay responds differently to such inputs [START_REF] Sugimoto | Seasonal changes in submarine groundwater discharge and associated nutrient transport into a tideless semi-enclosed embayment (Obama Bay, Japan)[END_REF]. While the emergence of eutrophic conditions is characteristic of some coastal areas, others, including the Bay of Brest, have not yet exhibited such a critical evolution (le [START_REF] P ~ Le Pape | Resistance of a coastal ecosystem to increasing eutrophic conditions: the Bay of Brest (France), a semi-enclosed zone of Western Europe[END_REF].

A typical configuration of factors drives biogeochemical dynamics in such semienclosed bays: density stratification is potentially induced by aperiodic river discharges, but stirring by tidal currents and wind prevents sustained vertical stratification in these partially mixed waters [START_REF] P ~ Le Pape | Resistance of a coastal ecosystem to increasing eutrophic conditions: the Bay of Brest (France), a semi-enclosed zone of Western Europe[END_REF]. At the other end of the system, hydrodynamic exchanges with the open ocean limits the accumulation of organic matter [START_REF] Jennerjahn | Relevance of mangroves for the production and deposition of organic matter along tropical continental margins[END_REF]; however, intermittent inputs by river flow can maintain nutrient availability even after periods of high consumption (Mallin et al. 2003).

The objective of this study is to create an extended and annually resolved G. glycymeris chronology and to evaluate its potential as an environmental indicator and archive of proxy records for past climatic and hydrographic variability. In order to achieve this objective, the following goals were set; (i) to determine the feasibility of crossdating live-and dead-collected shell material using G. glycymeris samples from the Bay of Brest, north-west France, (ii) to establish that these samples can be used to build a well-replicated and statistically robust chronology, (iii) to identify relationships between environmental factors and the growth of G. glycymeris.

Methods

Chronology Construction

The morphometrics (shell length, height, width, and total dry shell mass) of all the collected shells were measured using an automatic vernier calliper at 0.01 cm precision and recorded. The shell mass was recorded on a balance to the nearest 0.1 g. The recorded biometrics were then used to select 44 live-and 30 dead-collected shells for sectioning. The selected shells were those which were the largest by height, and the heaviest by total shell mass, chosen on the basis that these were likely to be the longest-lived (see [START_REF] Butler | Marine climate in the Irish Sea: analysis of a 489-year marine master chronology derived from growth increments in the shell of the clam Arctica islandica[END_REF]. Shells which were damaged by the dredge or fouled were excluded.

Standard statistical techniques derived from dendrochronology were used to crossdate the growth increment series (Black et al. 2008;[START_REF] Scourse | The marine radiocarbon bomb-pulse across the temperate north Atlantic: a compilation of Δ14c time histories from Arctica islandica growth increments[END_REF][START_REF] Butler | Variability of marine climate on the North Icelandic Shelf in a 1357-year proxy archive based on growth increments in the bivalve Arctica islandica[END_REF][START_REF] Brocas | The dog cockle, Glycymeris glycymeris (L.), a new annually-resolved sclerochronological archive for the Irish Sea[END_REF][START_REF] Reynolds | A multiproxy reconstruction of Hebridean (NW Scotland) spring sea surface temperatures between AD 1805 and 2010[END_REF][START_REF] Peharda | The bivalve Glycymeris pilosa as a multidecadal environmental archive for the Adriatic and Mediterranean Seas[END_REF]). Only those samples within which the growth increments were well defined and which were taken from individuals that were over 20 years old were used for chronology development. In total 20 live-collected and 18 deadcollected individuals satisfied these criteria. The year of collection (2012, 2014 or 2015) was assigned to the most recent partial growth increment of the live-collected specimens; this is the incomplete increment found on the outer edge of the hinge.

The dendrochronological crossdating application COFECHA V6.06P [START_REF] Holmes | Computer-assisted quality control in tree-ring dating and measurement[END_REF][START_REF] Grissino-Mayer | Evaluating Crossdating Accuracy: A Manual and Tutorial for the Computer Program COFECHA[END_REF] was used to crossdate the growth increments between different individuals. For the dead collected specimens, where the date of death was unknown, 2004 was initially assigned to the most recent growth increment so that the series could be input to COFECHA. COFECHA was configured to fit a 20-year cubic smoothing spline with 50% wavelength cut-off to the measured time series. This 20-year smoothing was chosen due to the young average age of the specimens included in the analysis along with the standard 50% wavelength cut-off. Each time series was then divided by the values predicted by the spline, isolating high-frequency variability and standardizing each series to a mean of one (Grissino-Mayer 2001). The overall average of the correlations between each individual and the average of all others was reported as the series intercorrelation. The dead collected individuals were reassigned new arbitrary ages at ten-year intervals until COFECHA could give a potential fit. Once a fit was found the list year method was used to check that the match was also visually correct. The successfully crossdated shell series were used to construct a master chronology using the dendrochronology application ARSTAN for Windows (version 41d, Cook & Krusic 2006)).

Detrending methods that have been previously applied in sclerochronological studies to produce G. glycymeris [START_REF] Reynolds | A multiproxy reconstruction of Hebridean (NW Scotland) spring sea surface temperatures between AD 1805 and 2010[END_REF]) and G. pilosa chronologies [START_REF] Peharda | The bivalve Glycymeris pilosa as a multidecadal environmental archive for the Adriatic and Mediterranean Seas[END_REF] were then used. We first applied an adaptive power transformation to each series to stabilise variance throughout the growth series [START_REF] Cook | Calculating unbiased tree-ring indices for the study of climate and environmental change[END_REF]. Once this was completed, a negative exponential function was fit to the transformed series to remove the ontogenetic growth curve. In 6 cases, however, ARSTAN indicated that a 15-year cubic spline with 50% frequency cut off provided the best fit [START_REF] Cook | Data analysis[END_REF]) by announcing that the previous function would lead to a negative detrended growth curve. ARSTAN creates three versions of the master chronology (standardized (STD), residual (RES) and ARSTAN (ARS)), which model autoregression in different ways. In this study, there were no significant differences between the three versions, so only the STD chronology will be used in the remainder of this analysis.

Chronology Validation

Accelerator mass spectrometry (AMS) radiocarbon ( 14 C) dating was used to validate the crossdating between four dead-collected G. glycymeris that cross matched with each other but could not be visually incorporated into the master chronology. Prior to sampling, the valves were cleaned and the periostracum removed. A single CaCO3 subsample from each shell, drilled close to the ventral margin, was taken by Beta Analytic, Miami, USA, for analysis. Conventional ∆ 14 C determinations were corrected for a regional marine radiocarbon reservoir age effect (MRRE) using ∆R of -48 ± 45 years (Struiver & Braziunas 1993) and, as all samples were post-bomb (post-1950), they were calibrated using regional bomb-pulse calibration curves created by [START_REF] Scourse | The marine radiocarbon bomb-pulse across the temperate north Atlantic: a compilation of Δ14c time histories from Arctica islandica growth increments[END_REF], on the basis of the marine box model used by [START_REF] Reimer | IntCal09 and Marine09 Radiocarbon Age Calibration Curves, 0-50,000 Years[END_REF]. Shallow, well-mixed, locations like the Bay of Brest have a response similar to the German Bight or Oyster Ground which approximate the atmospheric bombpulse because carbon is readily exchanged and mixed in such settings. As such the pMC (% modern carbon) values were compared with the German Bight and Oyster Ground curves found in [START_REF] Scourse | The marine radiocarbon bomb-pulse across the temperate north Atlantic: a compilation of Δ14c time histories from Arctica islandica growth increments[END_REF].

Environmental Analysis

The STD chronology standardized growth index (SGI) was compared to available variables from the local SOMLIT-Brest monitoring station, as well as the North Atlantic Oscillation (NAO). The NAO is an index of fluctuations in atmospheric pressure at sea level between the subpolar and subtropical regions [START_REF] Hurrell | The North Atlantic Oscillation[END_REF]. It is an indicator of weather patterns (wind, temperature, moisture, etc.) in the North Atlantic, especially the strength and direction of westerly winds and storm tracks during the winter months [START_REF] Dawson | Complex North Atlantic Oscillation (NAO) Index signal of historic North Atlantic storm-track changes[END_REF]. The winter NAO index used here is defined as the normalized pressure difference between the Azores (high-pressure) and Iceland (low-pressure) [START_REF] Hurrell | The North Atlantic Oscillation[END_REF], averaged over the months December-February.

The same winter months were averaged for the East Atlantic Pattern (EAP) and compared to the SGI. The EAP has a strong impact in Western Europe by influencing sea surface temperature or modulating mean precipitation rates and hydrological processes [START_REF] Tréguer | Large and local-scale influences on physical and chemical characteristics of coastal waters of Western Europe during winter[END_REF].

The SGI was compared with temperature, salinity and chlorophyll α data acquired by the SOMLIT-Brest monitoring station from 1998 to 2014. Further comparisons were made between the SGI and rainfall using a dataset from Brest-Guipavas first published by Klein Tank et al (2002).

Data about the river flow rates of both the Elorn and the Aulne, nitrite and suspended particulate matter (SPM) was provided by Hydro Bank, which is administered by the Service Central d'Hydrométéorologie et d'Appui à la Prévision des Inondations (service du Ministère de l'Ecologie, du Développement Durable et de l'Energie). This data can be found at http://www.hydro.eaufrance.fr/.

The correlating environmental data were standardised (μ= 0, σ 2 = 1) and analysed using principal components analysis (PCA). Missing values were corrected using a mean value imputation. The scores for the principal components that accounted for the majority of the variance (PC1, PC2 and PC3) were tested for significant correlations (using Pearson's correlation) with the SGI.

Results

Biometrics and Growth

In total 401 live-and 243 dead-collected G. glycymeris with paired valves were collected between September 2014 and November 2015. The mean shell length of all specimens collected was 59.2 mm (σ = 9.3 mm). The mean length of the dead-collected valves was 61.8mm (σ = 6.9 mm; range 34.6 mm to 77.1 mm), and that of the live-collected valves was 52.5 mm (σ = 8.2 mm; range between 24.6 mm and 69.4 mm). There was also a difference between the shell mass of the live-and dead-collected shells, the overall average being 42.4 g (σ = 19.4 g). The dead-collected paired valves weighed an average 55.3 g (σ = 14.7 g; range 8.6 g to 114.8 g), while the live-collected shells weighed much less with an average of only 34.62 g (σ = 14.1 g; range 3.1 g to 95.9 g).

The age range of the live-collected shells was 5 to 43 years, with an average of 19 years (σ = 9 years). This is low compared to the ages of the shells live-collected in 2012, 

Chronology Validation

The four AMS 14 C determinations derived from the ventral margins of shells were dated as post-bomb (post 1950) and were therefore calibrated using the curves for German Bight and Oyster Ground described by [START_REF] Scourse | The marine radiocarbon bomb-pulse across the temperate north Atlantic: a compilation of Δ14c time histories from Arctica islandica growth increments[END_REF]. The calibration indicated that the individuals had died c.1960 or post 2005 (Appendix 4), confirming their placement in the master chronology between 1955 and 1970.

Principal Components Analysis

The standardised environmental parameters of nitrite, River Elorn inflow, salinity and rainfall were analysed using a PCA. The first principle component (PC1) accounted for 51.9% of the variance, PC2 accounted for 21.2% and PC3 of 17.7%. PC4 and PC5 accounted for less than 15% of the variance and were subsequently disregarded from further analysis (Appendix 5). Two of the environmental parameters had similar strength loadings on PC1 (River Elorn Inflow; 0.51; nitrite, 0.55). Another strong loading in PC1 was salinity (-0.52) although it was a negative loading. SPM was the strongest loading on PC2 (0.93) and rainfall was strongest in PC3, showing strong synchrony between these environmental factors and their respective principle components (Fig 3 .5 (see Appendix 6 for all loadings)). PC1 was positively correlated with the SGI (r = 0.35, p = 0.02) whereas neither PC2 (r = -0.12, p = 0.44) or PC3 (r = 0.17, p = 0.29) were found to have significant correlations. extending from 1901 to 2014. The longest-lived shell analyzed was a dead collected individual whose longevity was estimated at 70 years, making it the longest-lived individual of this species so far found in north-west France [START_REF] Royer | Structural analysis and paleoenvironmental potential of dog cockle shells (Glycymeris glycymeris) in Brittany, northwest France[END_REF] have previously reported a maximum longevity of 46 years). It is interesting to note that other studies, conducted at higher latitudes, found significantly greater longevity in G. glycymeris [START_REF] Ramsay | Can shell scars on the dog cockle, (Glycymeris glycymeris L.) be used as an indicator of fishing disturbance?[END_REF][START_REF] Brocas | The dog cockle, Glycymeris glycymeris (L.), a new annually-resolved sclerochronological archive for the Irish Sea[END_REF][START_REF] Reynolds | A multiproxy reconstruction of Hebridean (NW Scotland) spring sea surface temperatures between AD 1805 and 2010[END_REF], with [START_REF] Reynolds | A multiproxy reconstruction of Hebridean (NW Scotland) spring sea surface temperatures between AD 1805 and 2010[END_REF] identifying a specimen that had lived for 192 years. [START_REF] Reynolds | A multiproxy reconstruction of Hebridean (NW Scotland) spring sea surface temperatures between AD 1805 and 2010[END_REF] collected their samples from north-west Scotland, whereas [START_REF] Ramsay | Can shell scars on the dog cockle, (Glycymeris glycymeris L.) be used as an indicator of fishing disturbance?[END_REF] and [START_REF] Brocas | The dog cockle, Glycymeris glycymeris (L.), a new annually-resolved sclerochronological archive for the Irish Sea[END_REF] sampled the waters surrounding the Isle of Man. This supports the hypothesis that there is a latitudinal trend, with longevity increasing at higher latitudes. [START_REF] Moss | Lifespan, growth rate, and body size across latitude in marine Bivalvia, with implications for Phanerozoic evolution[END_REF] found this effect in many different bivalves including species from the commercially important genera Veneridae, Pectinidae, and Mytilidae and attributed it to differences in temperature and the limited and highly seasonal food availability that affects populations at higher latitudes. They theorise that the longer lifespan may be a consequence of limited metabolism, and that long life could be the key to reproduction because with limited food availability individuals could not always rely on the energy resources to allow annual spawning. [START_REF] Wigley | On average value of correlated timeseries, with application in dendroclimatology and hydrometeorology[END_REF] determined that an EPS of 0.85 indicates that the signal in the chronology is a sufficiently good representation of the signal in the whole population. This chronology achieves that threshold after 1975, but because of the reduced sample depth, EPS drops below 0.85 before that date, sometimes falling as low as 0.7. Since all the comparisons with environmental data here relate to the period after 1975, the chronology signal strength can be considered adequate for these analyses. The use of this chronology as a robust reconstruction tool is contingent on its being strengthened prior to 1975 with the addition of growth increment series from more shells. The significant correlation observed between G. glycymeris growth and the inflow of the River Elorn is to be expected. The rivers feeding into the Bay of Brest are a substantial source of nutrients that sustain a large amount of primary productivity in the bay [START_REF] Tréguer | Large and local-scale influences on physical and chemical characteristics of coastal waters of Western Europe during winter[END_REF][START_REF] Salt | The annual and seasonal variability of the carbonate system in the Bay of Brest (Northwest Atlantic Shelf, 2008-2014[END_REF]. Although the River Elorn is the smaller of the two rivers, it is closer to the sample site than the larger River Aulne, and it is therefore reasonable to conclude that it might have a more direct influence on the growth of this G. glycymeris population. Although a significant negative correlation was found between growth and salinity, it is unlikely that there is a direct relationship between the change in salinity and growth. [START_REF] Colonese | Shell sclerochronology and stable isotopes of the bivalve Anomalocardia flexuosa (Linnaeus, 1767) from southern Brazil: Implications for environmental and archaeological studies[END_REF] found a similar relationship between growth, freshwater circulation and salinity using intrashell δ 18 O and δ 13 C values of the freshwater mollusc Anomalocardia flexuosa from southern Brazil. However, G. glycymeris is a marine stenohaline species with an optimum salinity at 34 [START_REF] Rombouts | Potential changes in benthic macrofaunal distributions from the English Channel simulated under climate change scenarios[END_REF]), so it is unlikely that an increase in salinity would cause growth to decrease, especially as average salinity in the Bay of Brest is below the upper tolerance limit for the species and very close to the optimum. It can therefore be assumed that another variable, also related to river inflow, is controlling growth. Del Amo et al (1997) reported correlations (Spearman's rank correlation) between concentrations of silicic acid and phosphate and river inflows during 1993-94 that were higher for the Elorn than for the Aulne.

The long-term trend to lower Si:N molar ratios (le Pape et al 1996) has resulted in silicates and phosphates, rather than nitrates, being the main limiting nutrients in the Bay of Brest (del Amo et al. 1997;[START_REF] Salt | The annual and seasonal variability of the carbonate system in the Bay of Brest (Northwest Atlantic Shelf, 2008-2014[END_REF]. It is therefore feasible that the Elorn is more significant than the Aulne in the delivery of limiting nutrients to the Bay of Brest, so that shell growth is more sensitive to changes in inflow from the Elorn. This hypothesis should, however, be treated with caution as it is based on measurements for a single annual cycle.

The strong positive correlation between growth and suspended particulate matter (SPM) in February supports the hypothesis that food availability is an important driver of shell growth in the Bay of Brest. As G. glycymeris is part of the endofauna, living below the surface of the sediment, the predominant effect of nutrients on shell growth must occur after the particles settle. Active pumping and biodeposition by benthic suspension feeders have been found to increase the rate of settlement of suspended matter on the sediment [START_REF] Ellis | Determining effects of suspended sediment on condition of a suspension feeding bivalve (Atrina zelandica): results of a survey, a laboratory experiment and a field transplant experiment[END_REF]. For example, De Vries & Hopstaken (1984) have previously estimated, for Grevelingen (The Netherlands), that biodeposition by benthic suspension feeders increases particulate matter settlement by at least three times compared to passive sedimentation [START_REF] Chauvaud | Long-term variation of the Bay of Brest ecosystem: benthic-pelagic coupling revisited[END_REF]. In the Bay of Brest, [START_REF] Barnes | A preliminary survey of the macroscopic bottom fauna of the Solent, with particular reference to Crepidula fornicata and Ostrea edulis[END_REF] found that biodeposition by Crepidula fornicata led to siltation of sediment as well as significantly reduced particle resuspension. This activity by C. fornicata appears to be a crucial factor in the development of a silicate pump in the Bay of Brest, with the biologically limiting silicates retained in the bay as a result of such biodeposition and contributing to diatom dominated phytoplankton blooms during the spring and summer [START_REF] Chauvaud | Long-term variation of the Bay of Brest ecosystem: benthic-pelagic coupling revisited[END_REF]Rageneau et al. 2002). C. fornicata is found in great numbers (500-1300 individuals/m -2 ) close to the sample site of this study [START_REF] Chauvaud | Long-term variation of the Bay of Brest ecosystem: benthic-pelagic coupling revisited[END_REF][START_REF] Dawson | Complex North Atlantic Oscillation (NAO) Index signal of historic North Atlantic storm-track changes[END_REF], and it is likely that the retention of nutrients in the area through biodeposition is directly related to the availability of nutrients to G. glycymeris at this site.

High levels of chlorophyll α are not necessarily correlated with high growth rates in bivalves [START_REF] Chauvaud | Effects of environmental factors on the daily growth rate of Pecten maximus juveniles in the Bay of Brest (France)[END_REF]. Lorrain et al (200) observed that large bottom concentrations of chlorophyll α, particularly after diatom blooms, could have a negative effect on the ingestion or respiration of P. maximus juveniles, either by gill clogging or by oxygen depletion at the water-sediment interface associated with the degradation of organic matter. G. glycymeris has a ciliated gill structure which allows for potential food to be sorted upon the gills themselves, rather than through the digestion process and unwanted material is passed to the edges of the gills demibranchs [START_REF] Atkins | On the ciliary mechanisms and interrelationships of lamellibranchs. Part I: Some new observations on sorting mechanisms in certain lamellibranchs[END_REF]. This structure of constant sorting and movement of particles along the gills means that gill clogging is more likely than in species with a lophophore or siphon [START_REF] Steel-Petrović | An explanation for the tolerance of Brachiopods and relative intolerance of filter-feeding bivalves for soft muddy bottoms[END_REF].

Overall, phytoplankton is thought to be only a small part of the diet of G. glycymeris [START_REF] Savina | A comparative ecophysiological study of two infaunal filter-feeding bivalves: Paphia rhomboïdes and Glycymeris glycymeris[END_REF]) and therefore SPM is likely a much better representation of food availability for this species within the normal seasonal cycle. This is not the first time such a conclusion has been made. [START_REF] Galap | Variations of fatty acid contents in selected tissues of the female dog cockle (Glycymeris glycymeris L., Mollusca Bivalvia) during the annual cycle[END_REF] states that bacteria enriched detritus, collected from the sediment, constitutes as the principle nutrient source for G. glycymeris in the Douarnenez Bay, France. Also, this is not restricted to G. glycymeris in France, the same has been observed in Mali Ston Bay, Croatia, where the main food source of G. nummaria is detritus, particularly in the autumn/winter months [START_REF] Najdek | Potential food sources of Glycymeris nummaria (Mollusca: Bivalvia) during the annual cycle indicated by fatty acid analysis[END_REF].

The negative correlation observed with nitrite (NO2) is likely due to the high toxicity of the compound. [START_REF] Widman | Toxicity of unionized ammonia, nitrite, and nitrate to juvenile Bay Scallops, Argopecten irradians irradians[END_REF] found that, after ionised ammonia, NO2 was the most toxic nitrogen based compound for Argopecten irradians irradians. Argumugan et al (2000) observed that Mytilus galloprovinciais and Crassostrea gigas produce NO2 as a by-product of their reactive oxygen intermediates, although these are the only species found to do so. While Mercenaria mercenaria and C. virginica have been shown to have a strong tolerance for nitrite [START_REF] Epifanio | Toxicity of Ammonia, Nitrite Ion, Nitrate Ion, and Orthophosphate to Mercenaria mercenaria and Crassostrea virginica[END_REF], the same has not been observed in G. glycymeris. More research needs to be carried out on the Glycymeris genera as up until now there have been no studies of their response to environmental NO2. This is particularly important in areas such as the Bay of Brest, where inflows of nitrogen compounds have increased ten times over the course of the 20 th century [START_REF] Tréguer | Conservative and non conservative mixing of dissolved and particulate nitrogen compounds, with respects to seasonal variability, in a West European macrotidal estuary[END_REF].

The addition of principle components analysis (PCA) related nitrite levels to the inflow from the River Elorn as well as finding a negative relationship to salinity (Appendix 6) grouping them together for analysis within PC1. This leads to the conclusion that the nitrite levels in the Bay of Brest are being fed by the River Elorn. As this grouping correlated strongly with the SGI, it can be concluded that all of these factors are driven together and that they influence the growth of G. glycymeris. More information is needed to pull apart exactly which of these environmental factors is the most important. Although correlations were found with SPM levels in February (Fig 3.4), the lack of correlation between the SGI and PC2 (Fig

3.5) implies that this correlation may be coincidental.

In contrast with other bivalve growth studies (Schöne et al 2003b;[START_REF] Brocas | The dog cockle, Glycymeris glycymeris (L.), a new annually-resolved sclerochronological archive for the Irish Sea[END_REF], no significant correlation was found between the growth of G. glycymeris and the winter NAO (wNAO). The wNAO reflects winter conditions in Northern Europe, as it indicates the direction of storms caused by winds blowing across the Atlantic [START_REF] Trigo | The North Atlantic Oscillation influence on Europe: climate impacts and associated physical mechanisms[END_REF]. [START_REF] Royer | Structural analysis and paleoenvironmental potential of dog cockle shells (Glycymeris glycymeris) in Brittany, northwest France[END_REF] found that the growing season for G. glycymeris in the Bay of Brest is May-October, and is therefore lagging the period of maximum pressure gradients in the North Atlantic (upon which the wNAO index is based) by several months. The same authors also found no correlation between the wNAO and growth in their population from the Chausey Islands, and concluded that this was because of the time lag. However, it has been suggested by Schöne et al (2003) that the state of the NAO in winter could predispose the environment to favour shell growth later. Correlations between the wNAO and shell growth, even if they are only intermittent [START_REF] Mette | Linking large-scale climate variability with Arctica islandica shell growth and geochemistry in northern Norway[END_REF], seem to occur at higher latitudes than the populations in NW French waters investigated by [START_REF] Royer | Structural analysis and paleoenvironmental potential of dog cockle shells (Glycymeris glycymeris) in Brittany, northwest France[END_REF] and in this study. This suggests that the effect of the positive phase of the wNAO is to divert the Atlantic storm tracks into UK and Norwegian waters. The result is that the lagged signal of the wNAO is more strongly expressed in bivalve populations living directly under the path of the stronger storms that occur when the wNAO is in its positive phase. For the G. glycymeris population studied here, it is likely that local factors are more important for growth than major climate oscillations.

For example, [START_REF] Grall | Using biotic indices to estimate macrobenthic community perturbations in the Bay of Brest[END_REF] describe the river Elorn as being heavily polluted by agricultural runoff and this may lead to larger scale environmental signals such as the NAO being masked in the shell growth records [START_REF] Dunca | Freshwater bivalves tell of past climates: But how clearly do shells from polluted rivers speak? Palaeogeography[END_REF]. [START_REF] Tréguer | Large and local-scale influences on physical and chemical characteristics of coastal waters of Western Europe during winter[END_REF] found a positive correlation between sea surface salinity, rainfall and the East Atlantic Pattern (EAP) in the Bay of Brest. It could be assumed that, because the growth rate of G. glycymeris in this location is controlled by rainfall and river runoff (indirect correlation with salinity), it would be linked with the EAP as well. However, our study shows that this is not the case. [START_REF] Tréguer | Large and local-scale influences on physical and chemical characteristics of coastal waters of Western Europe during winter[END_REF] only used data spanning fifteen years, on the other hand this study utilised almost forty years by comparing the EAP with the created SGI, going back further in time than salinity observations within the bay allow. The difference between the results in this paper and those by [START_REF] Tréguer | Large and local-scale influences on physical and chemical characteristics of coastal waters of Western Europe during winter[END_REF] lends weight to the requirement of longer proxies in order to establish significant climatic trends [START_REF] Mann | Proxy-based reconstructions of hemispheric and global surface temperature variations over the past two millennia[END_REF]).

Assessment of reproducibility

The ability to use G. glycymeris as a sclerochronological record is completely dependent on the amount of shell material available. This is particularly important with fossil shell material as availability must be reasonably extensive along a temporal distribution. This study shows that growth of G. glycymeris in the Bay of Brest is synchronous at Banc de la Cormorandière and that 20 live-collected shells are able to crossmatch to create a statistically robust growth index; however, 18 dead-collected shells are not statistically viable (as the EPS drops below 0.85 when dead-collected shells are added), despite successful cross-matches being identified (Fig 3.1B). This is because the dead-collected samples cross a temporal distribution (Fig 3 .1C) and do not achieve the typical minimum of c. 8-10 shells [START_REF] Brocas | The dog cockle, Glycymeris glycymeris (L.), a new annually-resolved sclerochronological archive for the Irish Sea[END_REF]Butler et al., 2009;[START_REF] Reynolds | A multiproxy reconstruction of Hebridean (NW Scotland) spring sea surface temperatures between AD 1805 and 2010[END_REF] required over any given period to create a robust master chronology.

The addition of AMS 14 C dating provides independent support for the interspecies cross dating, as well as an indication of the temporal distribution of the population. There is close agreement between the 14 C determinations from all four shells and the cross matched dates, supporting the hypothesis that cross matching is a viable tool for aging.

Conclusions

This study indicates that Glycymeris glycymeris in the Bay of Brest is highly sensitive to the fresh water inflow from the River Elorn, as well as to food availability mediated by increased SPM in the late winter. As the length of the chronology extends to periods before measured environmental data was available, it will be possible to reconstruct such variables using the chronology SGIs, subject to improvement of the chronology signal (EPS) by adding more shells to the chronology before the 1970s. It will also be possible to integrate other biological data (such as fish otolith chronologies, changes in benthic species composition, and phytoplankton observations) into this research, using mixed effects models to test the relationships between local environmental variables and different combinations of ecological and biological responses. Given the large quantities of fossil material available in the relatively small area sampled for this study, we are confident that a robust chronology extending further back in time can be constructed. In addition, with the use of radiocarbon dating, we will be able to construct floating chronologies for earlier periods of climatic and environmental interest. This study highlights the importance of location as a factor in the degree to which individual growth in a population responds to climatic and environmental change. Localised records such as these have great potential for the calibration of regional climate models as they provide unique sources of annually-resolved and locality-specific paleoclimate information that is often not available from instrumental measurements. Brest is an interaction area between these two climate systems. As such, this locality is interesting as the δ 18 O of the shells can be used a proxy for both the SPG and EAP, and temperature reconstructions can provide a unique insight in how these climate systems interact prior to the instrumental era.

Introduction

High-resolution records of climate change in the North Atlantic demonstrate frequent and rapid fluctuations in the ocean-atmosphere system [START_REF] Bond | Correlations between climate records from North Atlantic sediments and Greenland ice[END_REF][START_REF] Dansgaard | Evidence for general instability of past climate from a 250-kyr ice-core record[END_REF][START_REF] Mcmanus | High-resolution climate records from the North Atlantic during the last interglacial[END_REF][START_REF] Thouveny | Climate variations in Europe over the past 140 kyr deduced from rock magnetism[END_REF][START_REF] Stuiver | The GISP2 δ 18 O Climate Record of the Past 16,500 Years and the Role of the Sun, Ocean, and Volcanoes[END_REF][START_REF] Fuller | River response to high-frequency climate oscillations in southern Europe over the past 200 k[END_REF]. It is important to study past climates in order to give long-term context to modern climate warming. Numerous studies have focussed on climate change of the past few centuries to millennium, using both modelling experiments based on estimated climate forcings [START_REF] Murphy | Quantification of modelling uncertainties in a large ensemble of climate change simulations[END_REF]) and empirical reconstructions using proxy data [START_REF] Mann | Global-scale temperature patterns and climate forcing over the past six centuries[END_REF]. From the late 19 th century, meteorological stations have been providing records of temperature, precipitation, and other climate indicators over both the northern and southern hemispheres [START_REF] Jones | High-resolution palaeoclimatic records for the last millennium: interpretation, integration and comparison with General Circulation Model control-run temperatures[END_REF]. This has been predominantly land-based stations, supplemented by shipbased logs of sea-surface temperatures (SST), until more recent decades [START_REF] García-Herrera | Description and General Background to Ships' Logbooks as a Source of Climatic Data[END_REF].

In order to study climate before the development of the robust instrument record, evidence derived from climate proxies must be used; indirect observations that serve as substitutes [START_REF] Pollack | Climate Reconstruction from Subsurface Temperatures[END_REF]. The requirement for these reconstructions is exact dated, high-resolution data that can be calibrated with instrumental data [START_REF] Mann | Northern hemisphere temperatures during the past millennium: Inferences, uncertainties, and limitations[END_REF]. It is also important to note the seasonality of the proxy data when forming a climate reconstruction [START_REF] Mann | Global-scale temperature patterns and climate forcing over the past six centuries[END_REF].

The focus of this study is to use stable oxygen isotope data from the shell of Glycymeris glycymeris to reconstruct past seawater temperatures for periods before the availability of local instrumental data (1998-present). According to an oxygen isotope study by [START_REF] Berthou | The analysis of stable isotopes of the shell applied to the determination of the age of four bivalves of the Normano-Breton Gulf[END_REF], G. glycymeris growth bands are formed annually with their boundaries corresponding to growth slowing down. Using these growth lines, it has previously been shown that G. glycymeris can live up to two centuries [START_REF] Ramsay | Can shell scars on the dog cockle, (Glycymeris glycymeris L.) be used as an indicator of fishing disturbance?[END_REF][START_REF] Reynolds | Now what do people know about global climate change? Survey studies of educated laypeople[END_REF]. The distribution and longevity of G. glycymeris make this organism a suitable subject for paleoenvironmental studies.

The objective of this study was specifically to use δ 18 Oshell from G. glycymeris to investigate the climatic drivers of temperature in the Bay of Brest. In order to achieve this objective, the following goals were set: (i) successfully reconstruct seawater temperatures further back in time than instrumental measurements; (ii) identify relationships between the reconstructed temperature and the climate oscillations that are thought to influence the temperature in this study area (such as [START_REF] Tréguer | Large and local-scale influences on physical and chemical characteristics of coastal waters of Western Europe during winter[END_REF].

G. glycymeris in the Bay of Brest is thought to have a growth season of May to October [START_REF] Royer | Structural analysis and paleoenvironmental potential of dog cockle shells (Glycymeris glycymeris) in Brittany, northwest France[END_REF]. Although they don't grow over the months covered by winter North Atlantic Oscillation (NAOwinter (December, January, February)), studies have shown that the European climate over the summer is significantly linked to the NAOwinter, such as [START_REF] Saunders | Summer snow extent heralding of the winter North Atlantic Oscillation[END_REF] which looked in detail at summer snow extent. The majority of studies, however, state that NAOwinter only indicates winter climates [START_REF] Hurrell | Decadal trends in the North Atlantic Oscillation: Regional temperatures and precipitation[END_REF][START_REF] Rodwell | Oceanic forcing of the wintertime North Atlantic Oscillation and European climate[END_REF][START_REF] O ~ Osborn | Recent variations in the winter North Atlantic Oscillation[END_REF]. As such, any relationships found between SST and NAOwinter will likely be lagged by 1 year. The same can be said for the East Atlantic Pattern [START_REF] Wibig | Precipitation in Europe in relation to circulation patterns at the 500 hPa level[END_REF][START_REF] Conrad | East Atlantic teleconnection pattern and the decline of a common arctiid moth[END_REF].

Methods

Twenty-four specimens of different sizes (and ontogenetic ages) were collected alive.

As samples were taken from the juvenile years, shells were chosen for their wide increments in order multiple drill points to be taken. In order to assign calendar years to each increment found in the prismatic layer of the shell, acetate peel replicas were prepared using methods described in Chapter 2. prismatic layer of the 24 shells. Drill holes were ca. 350μm (Fig 4.1) in diameter and provided aragonite fractions of 50 to 120 μg (on average, 94 μg). Samples were processed in a Thermo Finnigan MAT 253 continuous flow-isotope ratio mass spectrometer coupled to Gas Bench II at the Institute of Geosciences, University of Mainz. Samples were dissolved in concentrated phosphoric acid in helium-flushed borosilicate exetainers at 72°C (two hours reaction time). Stable oxygen isotope ratios are reported relative to the Vienna Pee-Dee Belemnite (VPDB) standard based on a NBS-19 calibrated Carrara marble (δ 18 O = -1.91‰).

The average internal precision and accuracybased on eight individual measurements per sample -was 0.06‰ and the long-term accuracy (1σ), based on 421 blind measurements of NBS-19, was ±0.04 ‰.

In order to determine past temperatures using δ 18 Oshell, we used a fractionation equation developed by [START_REF] Royer | Structural analysis and paleoenvironmental potential of dog cockle shells (Glycymeris glycymeris) in Brittany, northwest France[END_REF], calibrated for aragonitic G. glycymeris shells from the Bay of Brest:

(1) ° = 8. ± .

-. ± . × ( 18 -18 ).

Using this equation requires shell oxygen isotope data that are not adjusted for differences in acid fractionation factors of aragonite (shell) and calcite (standards). For more detailed explanation of this correction see [START_REF] Füllenbach | Strontium/lithium ratio in aragonitic shells of Cerastoderma edule (Bivalvia) -A new potential temperature proxy for brackish environments[END_REF].

The water oxygen isotope composition in the Bay of Brest was estimated using the linear relationship between δ 18 Owater and salinity (S) (measured at SOMLIT) as reported by [START_REF] Chauvaud | Shell of the Great Scallop Pecten maximus as a high-frequency archive of paleoenvironmental changes[END_REF]:

(2) 18 = . ± . × -. 8 ± . .

The salinity term used in equation 2 represents the average from May-October between 1998 and 2011, and ranges of 34.69 to 35.24 (1σ = 0.16).

Reconstruction of growth rates

A long-term SST reconstruction was developed based on δ 18 Oshell taken from increments formed between 1966 and 2011. The isotope data was aligned to the SOMLIT SST curve by assigning the SST derived using the δ 18 Oshell to the instrumental temperature curve, assuming average δ 18 O water, so the best fit was obtained. It was then realigned based on the actual δ 18 Owater calculated using [START_REF] Chauvaud | Shell of the Great Scallop Pecten maximus as a high-frequency archive of paleoenvironmental changes[END_REF] until the r values no longer increased. This was undertaken using sinusoidal temperature variation, a model developed by [START_REF] Judd | The life and time of clams: Derivation of intra-annual growth rates from high-resolution oxygen isotope profiles[END_REF].

Data Analysis

The average reconstructed SST was calculated for the growth intervals of all annual increments from 1966 to 2010 and linearly regressed against the North Atlantic Oscillation (NAO), the East Atlantic Pattern (EAP) and the Atlantic Subpolar Gyre (SPG) indices as reconstructed with Miami Isopycnic Coordinate Ocean Model (MICOM) by [START_REF] Hátún | Influence of the Atlantic subpolar gyre on the thermohaline circulation[END_REF].

The NAO index is used to describe fluctuations in atmospheric pressure at sea level between the subpolar and subtropical regions [START_REF] Hurrell | The North Atlantic Oscillation[END_REF]. It is an indicator of weather patterns (wind, temperature, moisture, etc.) in the North Atlantic, especially the strength and direction of westerly winds and storm tracks during the winter months [START_REF] Dawson | Complex North Atlantic Oscillation (NAO) Index signal of historic North Atlantic storm-track changes[END_REF]. The NAO index used here is defined as the normalized pressure level difference between the Azores (high-pressure) and Iceland (low-pressure) [START_REF] Hurrell | The North Atlantic Oscillation[END_REF]. The EAP has a strong impact in Western Europe by influencing SST or modulating hydrological processes and mean precipitation rates [START_REF] Tréguer | Large and local-scale influences on physical and chemical characteristics of coastal waters of Western Europe during winter[END_REF]. The SPG in the North Atlantic is formed by the North Atlantic Current in the south and the east and part of it propagates into the Norwegian Current in the north [START_REF] Herbaut | Response of the eastern North Atlantic subpolar gyre to the North Atlantic Oscillation[END_REF]. The heat released from the [START_REF] Bonan | Forests and climate change: forcings, feedbacks, and the climate benefits of forests[END_REF]. More details on how these climate events affect the Bay of Brest can be found in Table 4.1. between May and October (Fig. 4.6B) show a significant linear warming trend of 0.07 °C/decade (95% CI).

Relationship with climate indices

SSTMay-Oct were compared to the SPG. A significant negative correlation was found between the reconstructed SSTMay-Oct and the SPG index (r = -0.500, p = 0.001). As the subpolar gyre circulation increases in 1981, temperature decreases and the opposite occurred in 1995 (Fig 4 .7A). Overall the two plots trend in opposite directions, with a change in 1995.

Before then, the SPG has a weak increasing trend (while the reconstructed temperature is slightly decreasing). After 1996, the SPG weakens rapidly and temperatures in the Bay of Brest increase.

A positive correlation was found between the SSTMay-Oct and the EAP index when lagged by one year (r = 0.460, p = 0.002; 

Discussion

The data presented in this study demonstrate that δ 18 O in the shell of G. glycymeris is a good proxy for SST variability and reliable paleoclimate reconstructions can be carried out using this archive. By comparing and relating G. glycymeris temperature reconstructions with similarly sensitive climate indices, it is possible to reconstruct palaeoceanographic and atmospheric variability over the late Holocene or even as far back as the early Oligocene

where Glycymeris species have been found in the fossil record [START_REF] Walliser | The bivalve Glycymeris planicostalis as a high-resolution paleoclimate archive for the Rupelian (Early Oligocene) of central Europe[END_REF]. These temperature reconstructions could be invaluable for the calibration of predictive numerical climate models [START_REF] Mann | The value of multiple proxies[END_REF].

Our study showed a negative correlation between the SPG index and the reconstructed SSTMay-Oct in the Bay of Brest ( [START_REF] Tréguer | Large and local-scale influences on physical and chemical characteristics of coastal waters of Western Europe during winter[END_REF] admitted in their study that the time studied was not enough to provide a complete picture of the climate processes influencing the Bay of Brest, as such we EAP is usually associated with high SST throughout Europe in all months of the year and was suggested by [START_REF] Cannaby | The influence of low-frequency variability and longterm trends in North Atlantic sea surface temperature on Irish waters[END_REF] as the cause of a recent warm anomaly in Irish waters. As the EAP appears in this study as a driving factor of SST, we suggest that the effect of the EAP on ocean-atmosphere heat and freshwater fluxes and current structures requires further investigation. [START_REF] Cannaby | The influence of low-frequency variability and longterm trends in North Atlantic sea surface temperature on Irish waters[END_REF] state that within the central North Atlantic basin, including the SPG and Subpolar Front, the Atlantic Multidecadal Oscillation and EAP patterns are out of phase. Due to this, the current warming of the SPG associated with the current positive phase of the Atlantic Multidecadal Oscillation is inhibited by the concurrent positive phase EAP.

Conclusions

Temperatures in the Bay of Brest, between May and October, can be reconstructed using the δ 18 O values of G. glycymeris shells, when the equation provided by [START_REF] Royer | Structural analysis and paleoenvironmental potential of dog cockle shells (Glycymeris glycymeris) in Brittany, northwest France[END_REF] is used. This shows that there is potential to constructing a long-term temperature chronology for this area by determining δ 18 O of longer-lived, or fossil shells.

The climate systems exerting the greatest influence on SST of the Bay of Brest are the East Atlantic Pattern (EAP) and the North Atlantic subpolar gyre (SPG). The SPG has been described as controlling air temperature in Northern Europe and the EAP as controlling water temperature in Southern Europe, leading to the conclusion that the Bay of Brest is an interaction area between these two climate systems. As such, this locality is interesting as the temperatures recorded by the shells can be used a proxy for both the SPG and EAP, and temperature reconstructions can provide a unique insight in how these climate systems interact prior to observations. However, this link between the SPG and EAP will make interpretation difficult as it must be known which pattern was more dominant at the time in question.

Chapter 5: Sr/Ca and Mg/Ca ratios as paleotemperature proxies using Glycymeris glycymeris in the Bay of Brest, North-West France

Abstract

The elemental composition of bivalve shells is regarded by the international scientific community as a promising tool to record environment parameters such as sea surface temperature, salinity and primary productivity. However, some studies have shown that the variation of trace elements within shells may be species dependant and/or change with conspecifics in different locations due to changes in complex networks of environmental interactions. Before now, the elemental composition of G. glycymeris was unstudied.

Five specimens were chosen for analysis; three shells aged less than 10 years and two shells aged 45 years. Data from a ThermoElement2 HR-ICP-MS coupled with a 193-nm laser ablation unit (CompexPro 102 Coherent) (LA-ICP-MS) were calibrated using NIST 612, NIST 614 and BIR-1G. All five shells were analysed with ~120 μm diameter transects, through the axis of growth, the laser firing directly onto the shell as a movement speed of 5 μm per second. Analysis was made in the prismatic layer, from the ventral margin to the umbo.

As this was the first time the trace element composition of G. glycymeris species was studied, a wide arrange of elements were first analysed to test which would be viable for study. This was later narrowed to 25 Mg and 86 Sr. Magnesium (Mg) and strontium (Sr) showed the same signal in all samples (p < 0.0001, r = 0.527), implying that their incorporation into the shell is being driven by the same environmental or biological factor. One shell was removed from further analysis with regards to Mg/Ca ratios as it was found to be statistically different from other samples. When the Sr/Ca and Mg/Ca ratios are averaged over the years 2007-2012, they correlated negatively with temperature (Sr/Ca: p = 0.0130, r = -0.605;

Mg/Ca: p = 0.0176, r = -0.584), and chlorophyll α (Sr/Ca: p = 0.0013, r = -0.732; Mg/Ca: p = 0.0267, r = -0.551) and positively with phosphate present in the water column (Sr/Ca: p = Geochemical analysis of biogenic minerals has become one of the most powerful tools available for paleoecological reconstructions, especially with regards to sclerochemistry [START_REF] Warter | Daily growth and tidal rhythms in Miocene and modern giant clams revealed via ultra-high resolution LA-ICPMS analysis -A novel methodological approach towards improved sclerochemistry[END_REF]). An increasing number of approaches and organisms are being utilized for the estimation of such variables as marine paleotemperatures, pH, productivity, and salinity. Biogenic carbonates with recognizable growth banding, such as, coral skeletons [START_REF] Lewis | A multi-trace element coral record of land-use changes in the Burdekin River catchment, NE Australia[END_REF][START_REF] Montagna | The non-tropical coral Cladocora caespitosa as the new climate archive for the Mediterranean: high-resolution (∼weekly) trace element systematics[END_REF]), fish otoliths [START_REF] Ruttenberg | Elevated levels of trace elements in cores of otoliths and their potential for use as natural tags[END_REF][START_REF] Schaffler | Temporal and Spatial Variability in Otolith Trace-Element Signatures of Juvenile Striped Bass from Spawning Locations in Lake Texoma, Oklahoma-Texas[END_REF] and mollusc shells [START_REF] Carré | Calcification rate influence on trace element concentrations in aragonitic bivalve shells: Evidences and mechanisms[END_REF][START_REF] Thébault | Li/Ca enrichments in great scallop shells (Pecten maximus) and their relationship with phytoplankton blooms[END_REF]) are of special interest for paleoecologically researchers as these bands can present a record of environmental conditions [START_REF] Schöne | Climate records from a bivalved Methuselah (Arctica islandica, Mollusca; Iceland)[END_REF]. Due to these growth bands, spatially-resolved geochemical analysis of secreted carbonate via: laser-ablation inductively-coupled-plasma mass spectrometry (LA-ICPMS), secondary ion mass spectrometry ((nano)SIMS) or electron micro probe analyser (EMPA), enables retrieval of the trace elemental and isotopic inventory in chronological order, resulting in time-series records [START_REF] Warter | Daily growth and tidal rhythms in Miocene and modern giant clams revealed via ultra-high resolution LA-ICPMS analysis -A novel methodological approach towards improved sclerochemistry[END_REF].

As LA-ICP MS has a potential for rapid and accurate high-resolution trace element analysis at relatively low costs, as well as minimal sample preparation requirements, it has become a routine analytical tool in a wide area of research applications [START_REF] Kamber | Geochemical fingerprinting: 40 years of analytical development and real world applications[END_REF].

Except from the common analysis by independent adjacent spots, compositional trace elemental variability can be measured using two other methodologies: lateral profiling, i.e.

laser ablation along a defined transect on the sample's surface (as is the case in this study) and depth profiling, which involves static removal of layers of material at low laser repetition rates (1)[START_REF] Wanamaker | Experimentally determined Mg/Ca and Sr/Ca ratios in juvenile bivalve calcite for Mytilus edulis: implications for paleotemperature reconstructions[END_REF] to establish a depth-composition relationship [START_REF] Warter | Daily growth and tidal rhythms in Miocene and modern giant clams revealed via ultra-high resolution LA-ICPMS analysis -A novel methodological approach towards improved sclerochemistry[END_REF]. It has been shown that it is possible to resolve daily compositional variability in planktonic foraminifera [START_REF] Sadekov | Surface and subsurface seawater temperature reconstruction using Mg/Ca microanalysis of planktonic foraminifera Globigerinoides ruber, Globigerinoides sacculifer, and Pulleniatina obliquiloculata[END_REF]) using LA-ICPMS depth profiling. This indicates that LA-ICPMS compares well with other high-resolution methods, such as (nano)SIMS [START_REF] Warter | Daily growth and tidal rhythms in Miocene and modern giant clams revealed via ultra-high resolution LA-ICPMS analysis -A novel methodological approach towards improved sclerochemistry[END_REF].

The use of Mg/Ca and Sr/Ca ratios in biogenic carbonates as geochemical proxies has grown rapidly in recent times and complements the more traditional δ 18 O and δ 13 C proxies [START_REF] Freitas | Mg/Ca, Sr/Ca, and stable-isotope (δ18O and δ13C) ratio profiles from the fan mussel Pinna nobilis: Seasonal records and temperature relationships[END_REF]. Mg/Ca and Sr/Ca ratios in both calcite and aragonite deposits, have been used as proxies of seawater temperature in many studies (e.g. [START_REF] Elderfield | Past temperature and delta 18 O of surface ocean waters inferred from foraminiferal Mg/Ca ratios[END_REF][START_REF] Marshall | An assessment of the Sr/Ca ratio in shallow water hermatypic corals as a proxy for sea surface temperature[END_REF][START_REF] Wanamaker | Experimentally determined Mg/Ca and Sr/Ca ratios in juvenile bivalve calcite for Mytilus edulis: implications for paleotemperature reconstructions[END_REF]. As these studies have gained ground in the literature, there has been active research into the evaluation of additional factors (both biological and environmental) that may influence non-equilibrium incorporation of magnesium (Mg) and strontium (Sr) into biogenic carbonates [START_REF] Mavromatis | Kinetics of Mg partition and Mg stable isotope fractionation during its incorporation in calcite[END_REF]). These series of works have been undertaken on corals [START_REF] Wei | Mg/Ca, Sr/Ca and U/Ca ratios of a porites coral from Sanya Bay, Hainan Island, South China Sea and their relationships to sea surface temperature[END_REF][START_REF] Reynaud | Light and temperature effects on Sr/Ca and Mg/Ca ratios in the scleractinian coral Acropora sp[END_REF], foraminifera [START_REF] Russell | Effects of seawater carbonate ion concentration and temperature on shell U, Mg, and Sr in cultured planktonic foraminifera[END_REF]Cleroux et al. 2008), brachiopods [START_REF] Brand | Geochemistry of modern brachiopods: applications and implications for oceanography and paleoceanography[END_REF][START_REF] Pérez-Huerta | High resolution distribution of magnesium and strontium and the evaluation of Mg/Ca thermometry in Recent brachiopod shells[END_REF], ostracods [START_REF] Wansard | Variability in ostracod partition coefficients D(Sr) and D(Mg): Implications for lacustrine palaeoenvironmental reconstructions[END_REF][START_REF] Jin | An experimental evaluation of cleaning methods for fossil ostracod Mg/Ca and Sr/Ca determination[END_REF], echinoids [START_REF] Dickson | Echinoderm Skeletal Preservation: Calcite-Aragonite Seas and the Mg/Ca Ratio of Phanerozoic Oceans[END_REF][START_REF] Ries | Effect of ambient Mg/Ca ratio on Mg fractionation in calcareous marine invertebrates: A record of the oceanic Mg/Ca ratio over the Phanerozoic[END_REF]), belemnites (McArthur et al. 2007;[START_REF] Bodin | Early Cretaceous (late Berriasian to early Aptian) palaeoceanographic change along the northwestern Tethyan margin (Vocontian Trough, southeastern France): δ13C, δ18O and Sr-isotope belemnite and whole-rock records[END_REF], bivalves [START_REF] Freitas | Environmental and biological controls on elemental (Mg/Ca, Sr/Ca and Mn/Ca) ratios in shells of the king scallop Pecten maximus[END_REF][START_REF] Freitas | Ion microprobe assessment of the heterogeneity of Mg/Ca, Sr/Ca and Mn/Ca ratios in Pecten maximus and Mytilus edulis (bivalvia) shell calcite precipitated at constant temperature[END_REF], gastropods [START_REF] Ingram | Stable isotopes, Sr/Ca, and Mg/Ca in biogenic carbonates from Petaluma Marsh, northern California, USA[END_REF], and otoliths [START_REF] Arai | Correlation between Ambient Seawater Temperature and Strontium-calcium Concentration Ratios in Otoliths of Red Sea Bream Pagrus Major[END_REF][START_REF] Martin | Temperature and salinity effects on magnesium, manganese, and barium incorporation in otoliths of larval and early juvenile spot Leiostomus xanthurus[END_REF]. One very important outcome of all these studies is that they have highlighted species specific differences in how elements are incorporated into calcium carbonate deposits.

Shell Mg/Ca and Sr/Ca ratios vary significantly between different bivalve species and even among conspecific and contemporaneous specimens from one locality [START_REF] Schöne | Effect of organic matrices on the determination of the trace element chemistry (Mg, Sr, Mg/Ca, Sr/Ca) of aragonitic bivalve shells (Arctica islandica)-Comparison of ICP-OES and LA-ICP-MS data[END_REF]. [START_REF] Dodd | Environmental control of strontium and magnesium in Mytilus[END_REF] reported a large negative correlation between temperature and Sr/Ca ratios in Mytilus edulis and so did [START_REF] Surge | Geochemical variation in microstructural shell layers of the southern quahog (Mercenaria campechiensis): Implications for reconstructing seasonality[END_REF] in Mercenaria campechiensis. Gillikin et al. (2005c) observed the opposite in Saxidomus gigantea and [START_REF] Freitas | Environmental and biological controls on elemental (Mg/Ca, Sr/Ca and Mn/Ca) ratios in shells of the king scallop Pecten maximus[END_REF] found an inverse correlation during autumn to early spring (October to March-April) and a positive correlation from late spring through summer (May-June to September) in Pecten maximus. Lorrain et al. (2005) and Schöne et al. (2011) are two studies of many that have also observed a correlation of the Mg and Sr content and the growth rate or ontogenetic age of bivalves.

The present study is the first to measure skeletal Mg/Ca and Sr/Ca ratios in G.

glycymeris and attempts add G. glycymeris into the literature surrounding Mg and Sr and their relationship to temperature.

Methods

For analysis, three shells aged less than 10 years and two shells aged 45 years were chosen. The younger shells were intended to provide calibration and indicate potential correlations by comparing their element signal intensities with environmental data collected by the SOMLIT monitoring station. The older shells would have expanded upon any relationships found (see chapter 2 for more details on chronology building and shell aging).

Data from a ThermoElement2 HR-ICP-MS coupled with a 193-nm laser ablation unit (CompexPro 102 Coherent) (LA-ICP-MS) were calibrated using NIST 612, NIST 614 and BIR-1G using the preferred values defined by GeoReM (http://georem.mpchmainz.gwdg.de/). The laser was shot (~120 μm spots) directly into the standards to allow alignment of isotopic profiles. The was done with each standard three times before and after each session with the laser to account for drifting during the day, as well as once with each standard between transects. All five shells were analysed with ~120 μm diameter continuous transects, through the axis of growth, the laser firing directly onto the shell at a movement speed of 5 μm per second. Analysis was made in the prismatic layer, from the ventral margin to the umbo. During acquisition, signal intensities were recorded for 43 Ca, 98 Mo, 7 Li, 11 B, 25 Mg, 55 Mn, 86 Sr, 208 Pb, 238 U, 23 Na, 109 Ag, 67 Zn, 68 Zn, 75 As, 31 P, and 138 Ba. 43 Ca was used as an internal standard to correct for laser beam energy drift, focus variation at the sample surface, and ICP-MS drift. For each transect, the mean signal intensity of the argon carrier gas was considered as background. Thus, all data points were corrected before further treatment. 31 P had to be instantly omitted from further analysis as the standards did not provide sufficient data for correction.

The isotope/Ca ratio of the shell underwent manipulation in the form of omitting obvious anomalous peaks. These anomalies were defined at points which were 10x greater than the data points surrounding them (e.g. three points before and after). 7 Li, 109 Ag, 67 Zn, 68 Zn, and 75 As were removed from further analysis after this stage as no obvious patterns were found in the data (Fig 5.1). This could be due to low intake levels by G. glycymeris or the detection limits of the equipment used. A large amount of 98 Mn was found in the ventral margin of the older shells, leading to the high averages in (Fig 5 .2) however levels became too low to detect as the laser ventured towards the hinge (Appendix 10). Due to this it was removed from further study. 208 Pb, 138 Ba, and 238 U also showed great difference between individual samples (Fig 5 .2), and, due to this variation, it is possible that incorporation of these two elements may be controlled by other drivers than environment (such as 208 Pb in M.

edulis [START_REF] Vander Putten | [END_REF]). It is beyond the scope of this study to investigate such things. As there is already a lot of literature surrounding 25 Mg and 86 Sr incorporation, these elements were chosen to be studied in more detail.

Statistical Methods

A linear regression (Pearson coefficient) was undertaken on all collected strontium and magnesium ratios to see if parallels can be made between their shell incorporation.

Because both Sr/Ca and Mg/Ca ratios function as paleotemperature proxies in many organisms collected data from the shells was compared to instrumental sea surface temperature obtained from SOMLIT monitoring station between 2007 and 2012. The ratios were also compared to phosphate levels, salinity, chlorophyll ɑ counts, nitrate levels, and dissolved oxygen, all from SOMLIT, as well as river flow rates of both the Elorn and the Aulne, provided by Hydro Bank.

Mg/Ca and Sr/Ca ratios, averaged between all shells, were also compared with temperature gathered by SOMLIT between May and October of years 2007-2012. This was to determine incorporation levels over the year, and establish any relationships using a

Pearson coefficient. In order to be confident that this average was representative of the samples, a Kruskal-Wallace test was undertaken to look for significant differences in Mg/Ca ratios in all specimens per year. If any were identified, a Mann-Whitney pairwise was used to identify exactly which shells differed from the others.

Shell Mg/Ca ratio profiles

Shell Mg/Ca ratios range from 156.93 to 3709.45 μmol/mol (Fig. 5. A significant positive correlation between strontium and magnesium levels in shells was highlighted during the linear regression (p < 0.0001, r = 0.527).

assume that as temperature in the Bay of Brest decreases annually, the amount of chlorophyll α also decreases and phosphate levels increase. When this happens, G. glycymeris incorporate more magnesium and strontium into their shell. Seasonally, both Sr/Ca and Mg/Ca have a positive relationship with sea surface temperature. This is the first time these elements have been studied in this species.

The results of this study clearly indicate that the local environment (temperature, chlorophyll α, and phosphate availability) exert a major control over the Sr/Ca and Mg/Ca ratios of G. glycymeris shells on an annual scale. The literature surrounding the subject states that temperature is the predominant driving factor in this case and that chlorophyll α and phosphates are also correlating with temperature. It is well known that when temperature increases, there is increased energy for photosynthesis, leading to greater amounts of chlorophyll α in the water column [START_REF] Stal | Photosynthesis and nitrogen fixation in a cyanobacterial bloom in the Baltic Sea[END_REF][START_REF] Ting | Cyanobacterial photosynthesis in the oceans: the origins and significance of divergent light-harvesting strategies[END_REF][START_REF] Fu | Effect of increased temperature and CO2 on photosynthesis, growth, and elemental ratios in the marine Synechococcus and Prochlorococcus[END_REF][START_REF] Fu | Effect of increased temperature and CO2 on photosynthesis, growth, and elemental ratios in the marine Synechococcus and Prochlorococcus[END_REF] found that when temperature increases, cyanobacteria absorb more phosphates, reducing the amount in the marine environment.

There has previously been a relationship found with phosphates and magnesium/strontium through the phosphoproteins [START_REF] Marsh | Distribution and characterization of mineral-binding phosphoprotein particles in Bivalvia[END_REF], which bind materials within the shell of heterodont bivalves [START_REF] Marsh | Immunocytochemical localization of a calcium-binding phosphoprotein in hemocytes of heterodont bivalves[END_REF]). In their native state, phosphoprotein particles contain large amounts of calcium, magnesium, and inorganic phosphate ions [START_REF] Marsh | Distribution and characterization of mineral-binding phosphoprotein particles in Bivalvia[END_REF] as well as trace amounts of transition elements, which bind calcium, forming the shell. It has even been theorised that magnesium represents part of the substrate for the phosphorylation reaction [START_REF] Kolassa | Mechanism of calciumindependent phosphorylation of sarcoplasmic reticulum ATPase by orthophosphate: Evidence of magnesium-phosphoprotein formation[END_REF]). As stated before, G.

glycymeris is a primitive taxodont bivalve and therefore does not contain phosphoproteins to aid in the biding of the shell structure. As far as we are aware it is unknown what process binds the shell of G. glycymeris together, although it is most likely to be chitinase [START_REF] Steinhardt | The application of long-lived bivalve sclerochronology in environmental baseline monitoring[END_REF], and more research is needed.

Other studies have shown that Sr/Cashell is directly related to Sr/Cawater in marine bivalves, [START_REF] Lorens | The impact of solution chemistry on Mytilus edulis calcite and aragonite[END_REF] as well as freshwater bivalves [START_REF] Faure | Some aspects of the geochemistry of strontium and calcium in the Hudson Bay and the Great Lakes[END_REF][START_REF] Bailey | Testing the effect of carbonate saturation on the Sr/Ca of biogenic aragonite: A case study from the River Ehen, Cumbria, UK[END_REF]) and gastropods [START_REF] Buchardt | Strontium Uptake in Shell Aragonite from the Freshwater Gastropod Limnaea stagnalis[END_REF]. If specific pumps were present and Sr 2+

was actively transported to the EPF, one would expect a positive relationship between metabolic rate (growth rate) and Sr/Cashell [START_REF] Mucci | The incorporation of Mg 2+ and Sr 2+ into calcite overgrowths: influences of growth rate and solution composition[END_REF]) such as seen in Fig5.6

(there is more strontium present within the shell, the closer it is to the juvenile years where growth is at its highest). It is assumed that the great majority of Sr 2+ comes from the ambient water and can directly pass through ion channels of the mantle epithelia to reach the EPF [START_REF] Stewart | Permeability and Epidermal Transport[END_REF] or is first absorbed by the gills [START_REF] Simkiss | Cellular discrimination process in metal accumulating cells[END_REF] where it then enters the haemolymph and finally reaches the EPF through ion channels of the inner mantle epithelium [START_REF] Bayne | Measurement of the responses of individuals to environmental stress and pollution: Studies with bivalve molluscs [and discussion[END_REF][START_REF] Simkiss | Transport of metals across membranes. Metal speciation and bioavailability in aquatic systems[END_REF]. As there is a relationship between growth rate and Sr/Ca content, it can be assumed that biological processes are dominant in the regulation of strontium in G. glycymeris shells.

In agreement with this the majority of previous studies on bivalves have concluded that the Sr/Ca and Mg/Ca ratios do not reflect water temperatures, but merely growth rates or other physiological parameters (e.g. [START_REF] Purton | Metabolism controls Sr/Ca ratios in fossil aragonitic mollusks[END_REF]Lorrain et al. 2005;[START_REF] Carré | Calcification rate influence on trace element concentrations in aragonitic bivalve shells: Evidences and mechanisms[END_REF].

Some authors have assumed that there is an indirect correlation between shell Sr/Ca and Mg/Ca values and calcification temperatures because metabolism is influenced by the ambient environment (e.g., Gillikin et al. 2005c;[START_REF] Freitas | Environmental and biological controls on elemental (Mg/Ca, Sr/Ca and Mn/Ca) ratios in shells of the king scallop Pecten maximus[END_REF]). However, no previous approach has tested whether environmental variables can be reconstructed from trace elemental and calcium ratios if the vital effects are mathematically eliminated (Schöne et al. 2011).

In order for elements to be incorporated into a shell, they must first reach the site of calcification. To do this, they must first pass through biological membranes in the extrapallial fluid (EPF) in the extra-pallial space, an enclosed environment situated between the mantle, a thin organ that completely encloses the other soft-parts of the animal, and the inner shell surface [START_REF] Allam | Defense factors in clam extrapallial fluids[END_REF]. Passing through these membranes can alter the original chemistry obtained from the seawater [START_REF] Wedderburn | The Field Application of Cellular and Physiological Biomarkers, in the Mussel Mytilus edulis, in Conjunction with Early Life Stage Bioassays and Adult Histopathology[END_REF]. Ca 2+ -ATPase and carbonic anhydrase (CA) are two enzymes that have been identified as being important to calcification [START_REF] Tanbutté | A compartmental approach to the mechanism of calcification in hermatypic corals[END_REF]. Ca 2+ -ATPase achieves this by pumping Ca 2+ to the EPF, while removing 2H + , and catalyses the reaction of bicarbonate to CO2, which can then easily diffuse through membranes [START_REF] Mcconnaughey | Acid secretion, calcification, and photosynthetic carbon concentrating mechanisms[END_REF]. Due to its smaller size and differing electrochemical characteristics, Mg is excluded from the site of calcification (Schöne et al. 2013). However, Sr 2+ and Ca 2+ are similar in size and atomic properties [START_REF] Jan | Properties of the larval neuromuscular junction in Drosophila melanogaster[END_REF].

Therefore, the Ca 2+ -ATPase allows Sr 2+ to enter the calcification fluid along with Ca 2+ , so that the Sr/Ca ratios of the bivalve shell should be identical to that of the ambient water [START_REF] Gaetani | Element partitioning during precipitation of aragonite from seawater: A framework for understanding paleoproxies[END_REF]. Whether the Mg/Ca and Sr/Ca ratios are due to their effect on biological systems or not is beyond the scope of this study.

The variability between individuals (in particular magnesium (Fig 5 .3) also points to Sr and Mg incorporation being controlled by physiological factors. Individual bivalves may employ differential ion-regulatory mechanisms to maintain homeostasis for calcification [START_REF] Sokolova | Energy homeostasis as an integrative tool for assessing limits of environmental stress tolerance in aquatic invertebrates[END_REF]). This may have profound implications for biomineralisation processes, because shell formation is a complex process requiring considerations from aspects, calcification and mineralisation. It has been stated that the rate of local adaption of an organism to a changing environment depends on the degree of genetic variability in a population [START_REF] Lande | The role of genetic adaptation and population persistence in a changing environment[END_REF] and that differing environmental conditions can stimulate the expression of genetic differences among individuals (Kurihara 2008), although this is mostly observed in harsh environments (unlike the Bay of Brest).

Another reason for variability between individuals could be the energy cost of depositing strontium, magnesium and calcium. The active removal of protons from the EPF is energetically expensive. Under low temperature conditions or reduced food availability, there is decreased metabolism, and energy must be budgeted to more important processes (such as reproduction) [START_REF] Hughes | An energy budget for a tidal-flat population of the bivalve Scrobicularia plana (Da Costa)[END_REF]. Increased rates of ATP synthesis and ion transport require a high energy supply, so that bivalves will inevitably reallocate energy away. Metabolism in bivalves differs due to many factors, including sediment grain size and burrowing (de la Huz et al. 2002), and individuals respond to differently to environmental stress and pollution [START_REF] Bayne | Measurement of the responses of individuals to environmental stress and pollution: Studies with bivalve molluscs [and discussion[END_REF]. This means that energy budgeting differs between individuals, including calcification rate and trace element incorporation.

Conclusions

In this study, the element chemistry in the shells of G. glycymeris in the Bay of Brest,

France, was analysed. It was found that Sr/Ca and Mg/Ca ratios are strongly regulated by the same factors. In this case, on an annual scale, those environmental effects are seawater temperature, chlorophyll α counts and the amount of phosphate present in the marine environment. In agreement with inorganic, coral, and sclerosponge aragonite, Mg/Ca and Sr/Ca ratios of G. glycymeris are inversely proportional to temperature, as well as (in this case) chlorophyll α and are positively correlated with phosphate. Both chlorophyll α and phosphate levels have been shown to have relationships with temperature in the literature.

Seasonally, the temperature of the water positively correlated with Mg/Ca and Sr/Ca ratios.

A large portion of literature around Mg/Ca and Sr/Ca is determining whether they can be used as proxies for paleotemperature recreations. This study has shown that the ratios taken from the prismatic layer of G. glycymeris can be used as a proxy, however we can only specify this is the case with this species. Further studies are required in order to analyse how the amount of trace elements present in the calcite is controlled by physiological processes.

General Conclusions

Sclerochronology is a rapidly growing area of study particularly in the high and low latitudes. The mid-latitudes are starting to become more studied however with the increase in interest in the shells of bivalves, Bivalves (along with other sclero-species such as corals)

have been shown to aid in developing proxies for physical signals sequentially recorded within accretions or deposits of biological or geological structures that reflect the environment in which they were formed. This study highlights the ability of G. glycymeris to provide proxy records by accurately recording environmental variability in both the shell growth and shell geochemical archives.

Given considerable discussion of results within each chapter, only main conclusions are reiterated here along with a brief synopsis of the study limitations and future research perspectives

Chronology

As demonstrated by the findings in chapter 3, Glycymeris glycymeris in the Bay of Brest is highly sensitive to the fresh water inflow from the River Elorn, as well as to food availability mediated by increased suspended particulate matter (SPM) in the late winter. It was concluded that the riverine inflow rates were secondary in importance to growth in the wake of food availability (SPM). This highlights that the growth rates of G. glycymeris in this location are a potential proxy for SPM levels for future studies. As the length of the chronology extends to periods before measured environmental data was available, it will be possible to reconstruct such variables using the chronology SGIs. This study highlights the importance of location as a factor in the degree to which individual growth in a population responds to climatic and environmental change. Localised records such as these have great potential for the calibration of regional climate models as they provide unique sources of annually-resolved and locality-specific paleoclimate information that is often not available from instrumental measurements.

Temperature Reconstruction

Chapter 4 demonstrated that the Bay of Brest is an interesting location with regards to climate. As temperatures reconstructed from δ 18 O obtained from within G. glycymeris shells correlated with high fidelity to observed sea surface temperatures, it solidified the species as a potential proxy for paleoclimate temperature reconstructions. This is particularly exciting because Glycymeris spp. have been found in the fossil record all the way back in time to the Oligocene.

This chapter also revealed that the Bay of Brest is very interesting location with regards to its climate. Reconstructed sea surface temperatures (SST) correlated with the East Atlantic Pattern (EAP) and the North Atlantic subpolar gyre (SPG), which are important climate systems impacting temperature in both southern and northern Europe respectively.

That SSTs correlated with both of these environmental circulations indicates that the Bay of Brest is a point of overlap and interaction area between the two. As such, this location is interesting as the temperatures recorded can be used a proxy for both the SPG and EAP and temperature reconstructions can provide a unique insight in how these climate systems interact prior to observations.

Trace Elements

This study in chapter 5 disclosed for the first time the environmental factors governing magnesium (Mg) and strontium (Sr) incorporation into G. glycymeris. Both elements were controlled by temperature. Mg and Sr were inversely correlated with temperature when annual averages were compared, but were positively correlated during the year (between May and October). It is hard to come to a conclusion about why this is happening as there is no literature on trace element incorporation G. glycymeris and the general consensus is that this process is species specific. As far as we are aware, this has not been observed before.

Study Limitations

1.

As the samples were collected from inside the Bay of Brest, there was little in the way of climate signals observed. This is because, within the semi-enclosed environment of the area, the rivers were the driving force for growth. On the other hand, by only working in a semi-enclosed coastal environment, we have observed important parallels that are interesting to future management of coastal areas. Some climate signals were observed, especially in the case of reconstructing sea surface temperatures.

2.

Multiple species would have also provided interesting insights into the driving forces behind environmental conditions in the Bay of Brest, however due to time constraints this was not possible to achieve. G. glycymeris itself, the differences between semi-enclosed and open water locations, as well as how bivalves in general are affected by the environments they are living in. This would be of particular interest with regards to trace elements because there have been suggestions that species will incorporate elements into their shells differently depending on locations.

Future research perspectives

2.

Expanding the chronology further back in time would also be a potential future project. Not only would this lead to more information about growth rates and how river inflow and SPM have changed since before records began, but it would also provide a platform to create a very long temperature reconstruction using δ 18 O or long running trace element archives. Given the large quantities of fossil material available in the relatively small area sampled for this study, it is almost certain that a robust chronology extending further back in time can be constructed. In addition, with the use of radiocarbon dating, future projects would be able to construct floating chronologies for earlier periods of climatic and environmental interest and eventually anchor them with live collected data from this study.

3.

More information must be gathered on trace element incorporation into G.

glycymeris. Controlled laboratory experiments, such as those undertaken by [START_REF] Zhao | Delineating the role of calcium in shell formation and elemental composition of Corbicula fluminea (Bivalvia)[END_REF]2017), specifically on G. glycymeris could make great leaps in understanding not only how the animal biologically assimilates trace elements into its shell, but also how these biological controls are affected by the environment (if element incorporation is biologically controlled at all). An insight into biomineralisation in G. glycymeris would also be advantageous to start answering questions such as why different paleotemperature equations have been successfully used for the same species in different locations [START_REF] Grossman | Oxygen and carbon isotope fractionation in biogenic aragonite: temperature effects[END_REF] in Scotland by [START_REF] Reynolds | A multiproxy reconstruction of Hebridean (NW Scotland) spring sea surface temperatures between AD 1805 and 2010[END_REF] and [START_REF] Royer | Structural analysis and paleoenvironmental potential of dog cockle shells (Glycymeris glycymeris) in Brittany, northwest France[END_REF] in the Bay of Brest by this study).

4.

The sclero team in the University of Brest is very lucky as it has samples and shell data from a variety of species over a large temporal scale (in particular Pecten maximumus). Another interesting study could be to gather all of these data and samples to try and observe localised biological, chemical or environmental patterns which may influence cross-species. In this way, biological factors could be ruled out as drivers of different parameters. 
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  . Une fois que cette chronologie maîtresse est établie, il devient possible d'étudier les liens statistiques qui existent entre cet enregistrement de type proxy et le climat local, permettant alors de reconstruire la variabilité climatique dans le passé à des périodes où les enregistrements instrumentaux n'existaient pas. Ces reconstructions locales peuvent ensuite être utilisées pour réaliser des reconstructions à plus large échelle spatiale (CFRs, pour Climate Field Reconstructions) en les intégrant dans un réseau spatialement plus étendu d'enregistrements proxy.

  seraient dus à un mécanisme de forçage environnemental encore indéterminé. D'aprèsZhao et al (2017a), le processus d'incorporation de Ba/Ca dans les coquilles de Corbicula fluminea est complexe du fait de la forte influence exercée par la quantité de ressources alimentaires disponibles (et le taux de croissance des coquilles) sur l'enrichissement des coquilles en Ba. Zhao et al. (2017a) déclarent que si cela se vérifie pour toutes les espèces marines, alors la pertinence des études précédemment citées devra être réévaluée de façon critique. Plus récemment, Thébault et al. (2009) ont découvert que le molybdène (Mo) pourrait devenir, grâce à C. radula, un nouvel indicateur de l'assimilation du nitrate par le phytoplancton dans les écosystèmes marins, et ainsi permettre la reconstitution de l'équilibre entre production nouvelle et production régénérée dans un paléoenvironnement. Toutefois, cette théorie se complique avec les travaux de Tabouret et al. (2012) qui montrent que le Mo dissous dans l'eau ne peut être à l'origine des taux élevés de Mo trouvés dans les coquilles de Pecten maximus.

C

  . radula montrent que ces concentrations (Ni, Cr, Cu, Mn, Co) résultent probablement davantage des flux benthiques des métaux dissous que des apports pélagiques[START_REF] Metian | Accumulation of nine metals and one metalloid in the tropical scallop Comptopallium radula from coral reefs in New Caledonia[END_REF]. En effet, aucune relation significative entre les concentrations de métaux dans les coquilles et les métaux dissous dans la colonne d'eau n'a pu être clairement établie. De façon dans les domaines de la biologie, de la modélisation climatique, des indicateurs proxy et du suivi environnemental. Le présent travail de doctorat s'insère à part entière dans ARAMACC et consiste à reconstituer une chronologie pluri-décennale, à résolution annuelle à infra-annuelle, de la variabilité environnementale en rade de Brest (Bretagne, France) à l'aide des données extraites des coquilles de G. glycymeris (Chapitre 3). Le Chapitre 2 présente les méthodes utilisées et communes à tous les autres chapitres de ce manuscrit. Ces méthodes traitent principalement de la préparation des coquilles de G. glycymeris et de la façon dont elles sont mesurées et datées avec précision. Ce chapitre fourni également toutes les informations sur les espèces étudiées et leur situation géographique, ainsi que des renseignements sur la station de mesure SOMLIT située à l'entrée de la rade de Brest. Le Chapitre 3, comme indiqué précédemment, porte sur la croissance des coquilles de G. glycymeris (construction d'une chronologie de référence). Une série d'objectifs ont été définis, notamment celui de déterminer s'il est possible d'effectuer une datation croisée (cross-matching) de coquilles d'individus de G. glycymeris prélevés vivants ou morts en rade de Brest. Il est également nécessaire de déterminer la pertinence de ces échantillons pour la reconstitution d'une chronologie qui soit concordante et fiable sur le plan statistique ainsi que pour l'identification des relations existantes entre les facteurs environnementaux et la croissance des coquilles. Le Chapitre 4 est consacré à la reconstitution des courbes de températures à l'aide des rapports des isotopes stables de l'oxygène de la coquille (δ 18 O) en remontant plus loin dans le temps qu'avec les mesures instrumentales. Ce chapitre présente également une tentative d'identification des relations existantes entre la courbe des températures reconstituées et les oscillations climatiques, dont on pensait jusqu'à présent qu'elles conditionnaient la température de la rade de Brest.

Chapter 3 :

 3 Influence of riverine input on the growth of Glycymeris glycymeris in the Bay of Brest, North-West France 3.1. Abstract A crossdated, replicated, chronology of 114 years (1901-2014) was developed from internal growth increments in the shells of Glycymeris glycymeris samples collected monthly from the Bay of Brest, France. Bivalve sampling was undertaken between 2014 and 2015 using a dredge. In total 401 live specimens and 243 articulated paired valves from dead specimens were collected, of which 38 individuals were used to build the chronology. Chronology strength, assessed as the Expressed Population Signal, was above 0.7 throughout, falling below the generally accepted threshold of 0.85 before 1975 because of reduced sample depth. Significant positive correlations were identified between the shell growth and the annual averages of rainfall (1975-2008; r = 0.34) and inflow from the river Elorn (1989-2009; r = 0.60). A significant negative correlation was identified between shell growth and the annual average salinity (1998-2014; r = -0.62). Analysis of the monthly averages indicates that these correlations are associated with the winter months (November -February)

  whose average age was 27 years (σ = 9 years; range 25 years to 44 years). The dead collected shells had a greater longevity with an average of 44 years (σ =17 years; range 24 years to 70 years). The maximum age of live-collected specimens from all of the 2015, 2014 and 2012 almost all samples. No missing increments were observed in any sample. Non-annual growth lines were present in all sampled individuals, but these were easily distinguished from the annual increments as they were always lighter in colour than the annual banding. The chronology created with only live-collected specimens has a mean sensitivity of 0.189, with an interseries correlation of 0.497. When the dead collected shells are added to extend the chronology further back in time, the mean sensitivity remains almost identical at 0.190, and the interseries correlation rises slightly to 0.502. Using only live-collected individuals, the replicated chronology extends from 1975 to 2015, with five individuals in the chronology at 1975 (Fig 3.1C). When series from the dead collected shells are added, the replicated chronology extends back to 1901 with at least 3 individuals. One specimen reaches back to 1891. The Expressed Population Signal (EPS), a measure of chronology strength, falls below the conventional threshold of 0.85 (Wigley et al. 1984); see Discussion for further explanation) prior to 1975 because of the rapid fall in sample depth as live-collected specimens drop out of the chronology, but remains above 0.7 throughout. The chronology was truncated at 1901 because the running EPS (calculated over a 20-year window with a 7year overlap) could not be calculated before that point (Fig 3.1C).

  sea surface temperature (SST) spanning 45 years (1966-2011) was developed from δ 18 O obtained from the aragonite shells of Glycymeris glycymeris, collected monthly from the Bay of Brest, France. Bivalve sampling was undertaken between 2014 and 2015 using a dredge. In total 401 live specimens and 243 articulated paired valves from dead specimens were collected, of which 24 individuals were used to reconstruct SST. Temperatures computed with the equation by Royer et al. (2013) compared well with observed SST during the growing season between 1998 and 2010 (Pearson Correlation: p = 0.002, r = 0.760). Furthermore, a significant negative correlation existed between SST and the North Atlantic Subpolar Gyre (SPG) index (p = 0.001, r = -0.50) and a positive correlation with the East Atlantic Pattern (EAP) index when lagged by one year (p = 0.002, r = 0.46). This led to the conclusion that EAP and SPG are the possible driving forces behind SST in the Bay of Brest. As the SPG controls air temperature in Northern Europe and the EAP controls water temperature in Southern Europe, this leads us to believe that the Bay of

Fig 4 .

 4 7B). This means that the EAP strength in 2000, for example, would have an effect on temperature in the Bay of Brest in 2001. No correlation was found between reconstructed temperature and the NAO index (r = -0.261, p = 0.114; Fig 4.7C).
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 4 7A), with an increase in strength between the late 1960s and early 1990s, before a sharp decline in 1995 to the early 2000s. Other studies (for example[START_REF] Sgubin | Abrupt cooling over the North Atlantic in modern climate models[END_REF]) demonstrate little change in the overall strength of the SPG since the mid-1960s and others rapid warming (weakening) since the mid-1990s[START_REF] Corbière | Interannual and decadal variability of the oceanic carbon sink in the North Atlantic subpolar gyre[END_REF][START_REF] Metzl | Recent acceleration of the sea surface fCO2 growth rate in the North Atlantic subpolar gyre (1993-2008) revealed by winter observations[END_REF][START_REF] Yang | The Rapid Warming of the North Atlantic Ocean in the Mid-1990s in an Eddy-Permitting Ocean Reanalysis[END_REF].[START_REF] Hermanson | Forecast cooling of the Atlantic subpolar gyre and associated impacts[END_REF] attributed this to the weakening of the AMOC, leading to the amount of heat transported into the SPG being reduced and its strength depleted. As the AMOC is expected to decrease due to climate change[START_REF] Rahmstorf | Exceptional twentieth-century slowdown in Atlantic Ocean overturning circulation[END_REF], climate modellers (e.g[START_REF] Sgubin | Abrupt cooling over the North Atlantic in modern climate models[END_REF]) have stressed the need to consider the potential risks associated with an SPG reduction when developing future strategies of adaptation to climate change as well as when searching for possible early warning signals[START_REF] Lenton | Early warning of climate tipping points from critical slowing down: comparing methods to improve robustness[END_REF].Previous studies suggest that the recent strengthening SPG has increased the likelihood of several climate impacts including more frequent hurricanes[START_REF] Msadek | Predicting a decadal shift in North Atlantic climate variability using the GFDL forecast system[END_REF] as well as a large number of wet and warm summers over much ofEurope (MacLeod et al. 2016). Hermanson et al. (2014) predicted a cooling of the SPG after this warm spike in 2003 (as is shown in our reconstructed temperatures (Fig 4.6B)) but not a complete reversal to previous cold conditions. Due to this, they expect the climate impacts previously mentioned that relate to a strong SPG to persist but become less frequent. Although there are only 7 years present in our reconstruction after 2003, in Fig 4.6B, we can see temperatures fluctuate and peak again in 2006 before somewhat settling for another six years. Between 2006 and 2010 has a higher average temperature than before the warm spike in 2003, just as Hermanson et al. (2014) predicted. The year 2003 (the warmest summer (Fig 4.4B)) is interesting from a meteorological perspective. Reichstein et al. (2007) conclude that the perceived heatwave was rather a drought spell for most of the biosphere, although our data shows that the temperature was also abnormally high in North West France.[START_REF] Schär | The role of increasing temperature variability in European summer heatwaves[END_REF] suggest, from a modelling point of view, that the 2003 heatwave can be regarded as a proxy of future climate that will be warmer and with more extremes. Tréguer et al. (2014) attributed the changes of SST(winter) in the Bay of Brest to fluctuations of the NAO. The paper by Tréguer et al. (2014) used data collected by SOMLIT-Brest and compared temperature anomalies to the NAO index from the period 1998-2015. The dissimilarity in results between our study and Tréguer et al. (2014) is most likely due to the difference in the time intervals of the study. G. glycymeris grow only between May and October, completely missing the winter months studied by Tréguer et al. (2014). Any potential relationship found between reconstructed temperatures and the NAO would have been lagged by a year, which is not the case (Fig 4.7C).

1 .

 1 Future studies should focus on expanding outside the Bay of Brest, into the open ocean such as Île-Molene or Pointe Saint-Mathieu. G. glycymeris from these locations will, most likely, not be as affected by the freshwater input as those within the Bay of Brest. It is possible that the growth, δ 18 O, and trace elements in these 'open water' populations would be influenced by completely different environmental or biological factors. This could lead to increased knowledge about
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Table 4 .1: Influences of the NAO and EAP on Western European climate in both their positive and negative phases.

 4 

		NAO	EAP
	Positive Phase	High air temperature	Above average SST
		Lower precipitation	Increased precipitation
		Strengthening of the subpolar gyre -lower surface salinity	
	Negative Phase	Lower air temperature	Below average SST
		Higher precipitation and more frequent storm events	Lower precipitation.
		Weakening of the subpolar gyre -higher surface salinity	

  3) across all analysed shells. Interanually, Mg/Ca ratios follow a common pattern, with lower values in the Autmn/Winter months and peaks in the summer. Overall, shells A14122011, A14101011 and 14101029 showed a similar trend in that they contained more Mg as the shells got older (increase in the exponential curve (Fig 5.3; A, B & C)). Shells CoA071 and CoA163 showed a negative trend, containing less Mg as they got older (Fig 5.3; D &E). There is a statistical difference in the annual variation of samples from the years 2007 to 2012 (Kruskal-Wallace: p= 0.008, H(chi 2 ) = 13.74). Further investigation with a Mann-Whitney pairwise identified CoA017 as significantly different from most of the other samples (Table5.1). As such, this shell was removed from further Mg/Ca ratio analysis.

Table 5 .1: Mann-Whitney p values of annual averages of Mg/Ca levels between 2007 and 2012.

 5 Blue fields identify statistical significance

		14101011	14101029	10122011	CoA017	CoA163
	14101011		0.095	0.2101	0.012	0.095
	14101029	0.095		1	0.012	0.144
	14122011	0.210	1		0.022	0.531
	CoA017	0.012	0.012	0.022		0.060
	CoA163	0.095	0.143	0.531	0.060

.2. Shell Sr/Ca ratio profiles

  Shell Sr/Ca ratios range from 443.34 to 3024.35 μmol/mol (Fig.5.3) across all analysed shells. Interanually, Sr/Ca ratios follow a common pattern, with lower values in the Autmn/Winter months and peaks in the summer. Overall, all shells showed a similar trend in that they contained more Sr as the shells aged, there is an increase in the exponential curve in Fig 5.3. There is no a statistical difference between the average annual Sr/Ca levels in

	samples between 2007 and 2012 (the years used for further analysis) (Kruskal-Wallace: p=
	0.056, H(chi 2 ) = 9.696).
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the [START_REF] Tréguer | Large and local-scale influences on physical and chemical characteristics of coastal waters of Western Europe during winter[END_REF] study period. Lohmann et al. (2009a) states that the asymmetric SPG-response to the sign of persistent NAO-like forcing as well as the different time scales involved demonstrates a strong non-linearity in the North Atlantic Ocean circulation response to atmospheric forcing. Under persistent NAO + forcing the initial strengthening of the SPG is, after about 10 years, replaced by a weakening of the gyre (Lohmann et al. 2009a), potentially leading to an increase in the salinity of the Bay of Brest. This change in the gyre is caused by a strong AMOC response to the formation of intermediate and deep waters in the SPG region under NAO + forcing (Lohmann et al. 2009b).

Precipitation is thought to be the driving factor of sea surface salinity in areas influenced by the SPG [START_REF] Grist | Extreme air-sea interaction over the North Atlantic subpolar gyre during the winter of 2013-2014 and its sub-surface legacy[END_REF]. As such salinity in the Bay of Brest will be expected to change through these aforementioned NAO phases. In this study, salinity was only recorded from 1998 to present, which means that a change in the NAO + forcing may not have been completely observed. Also, an average salinity from 1998-2011 was used to reconstruct temperatures further back in time, using Equation 1. This means that, although the recreated temperatures found from 1998-2011 matched the recorded temperature, this may not be the case for further in the past. SST from the Bay of Brest is not available from 1966-1997 so we cannot be completely certain of the reconstruction, however the reconstructed temperatures follow the same climate signals both before and after this time (Fig. 4.7A & 4.7B) allowing us to extrapolate that salinity in the Bay of Brest did not change exponentially through the reconstructed time-frame. This may be due to the enclosed nature of the study area.

The EAP index has also been shown to correlate with the reconstructed SSTMay-Oct of the Bay of Brest. The EAP describes climate patterns at lower latitude than the NAO and SPG and contains a strong subtropical link [START_REF] Santana-Casiano | The interannual variability of oceanic CO2 parameters in the northeast Atlantic subtropical gyre at the ESTOC site[END_REF] 
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CONSTRUCTION OF LONG ANNUALLY-RESOLVED SHELL-BASED CHRONOLOGIES USING GLYCYMERIS GLYCYMERIS (BIVALVIA; GLYCYMERIDIDAE) FROM THE BAY OF BREST, FRANCE ABSTRACT

This PhD thesis uses Glycymeris glycymeris, a temperate bivalve in the Glycymerididae family, to reconstruct environmental variability in the Bay of Brest, France. This work comprises of geochemical data archived within shells, compared with several biological and ecological variables. The aims of this study were to assess for potential proxies and expand environmental knowledge prior to local observational records.

Thirty-eight live-and dead-collected specimens were used to create a chronology spanning 1891 to 2014. When the standardised growth index was correlated with local environmental factors, it showed that the predominant drivers of growth were Elorn inflow, salinity and suspended particulate matter.

Isotopic analysis was undertaken on the juvenile increments of 24 shells. Our results highlight that variations in δ 18 Oaragonite accurately record local sea surface temperatures, leading to the creation of a 45-year SST reconstruction for the Bay of Brest. Correlations between this and climate forcings show that SSTs in this area are controlled by the subpolar gyre and the East Atlantic Pattern.

Five shells (three under the age of 10 and two aged 45) were analysed using a LA-ICP-MS to determine the quantity of strontium and magnesium. Mg and Sr intensities are positively correlated with temperature sub-annually, but on an annual scale there is a negative correlation.

This study conveys the potential of G. glycymeris as an archive of climatic and environmental variability in the Bay of Brest. As there are a large number of sub-fossil specimens in the area, this study also provides an anchored base for expansion further back in time.

Keywords: sclerochronology -bivalves -Glycymeris -shell growth -stable isotopes -trace elements

CONSTRUCTION DE CHRONOLOGIES PLURI-DECENNALES A RESOLUTION ANNUELLE A PARTIR DE COQUILLES DE GLYCYMERIS GLYCYMERIS (BIVALVIA; GLYCYMERIDIDAE) DE LA RADE DE BREST

RESUME

Ce doctorat repose sur l'utilisation de Glycymeris glycymeris, un bivalve de la famille des Glycymerididae, pour reconstruire la variabilité environnementale en rade de Brest (France). Il vise à comparer des données géochimiques archivées dans ces coquilles avec diverses variables biologiques et écologiques. Les objectifs sont d'identifier de potentiels proxys et d'étendre notre connaissance de la variabilité environnementale avant les premières mesures instrumentales. Au total, 38 spécimens (vivants ou morts) ont été utilisés pour construire une chronologie s'étendant de 1891 à 2014. Les indices de croissance standardisés suggèrent que la croissance coquillière est principalement influencée par le débit de l'Elorn, la salinité et la matière particulaire en suspension.

Des analyses isotopiques, réalisées sur les portions juvéniles de 24 spécimens, mettent en évidence que les variations de δ 18 Oaragonite enregistrent fidèlement la température de surface, permettant sa reconstruction sur 45 ans en rade de Brest. En terme de forçage climatique, ces variations de température en rade semblent controllées par le gyre subpolaire et l'East Atlantic Pattern.

Cinq coquilles (3 d'âge inférieur à 10 ans et 2 agées de 45 ans) ont ensuite été analysées pour leurs concentrations en strontium et magnésium par LA-ICP-MSLes concentrations en Mg et Sr, quant à elles, sont positivement corrélées à la température de l'eau à une échelle sub-annuelle, mais négativement à l'échelle annuelle.

Cette étude met en lumière le potentiel de G. glycymeris comme archive de la variabilité climatique et environnementale en rade de Brest. Du fait du nombre important de spécimens sub-fossiles en rade, cette thèse fournit une base de travail pour l'extension de ces reconstructions dans un passé encore plus lointain.

Mots-clés : sclérochronologie -bivalves -Glycymeris -croissance coquillière -isotopes stables -éléments traces