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Modélisation des aires de répartition futures d'espèces marines d'intérêt commercial en

Méditerranée dans un contexte de changement climatique.

Les conditions environnementales définissent la distribution des espèces marines à l'échelle globale. Celles-ci seront potentiellement altérées par le changement climatique, impactant l'exploitation des ressources halieutiques et l'équilibre des écosystèmes. Dans ce contexte, cette thèse identifie les espèces et les zones géographiques qui seront potentiellement impactées par le changement climatique, en se focalisant sur certaines espèces, indigènes ou non-indigènes, d'intérêt commercial en Méditerranée.

Basée sur le concept de niche écologique, qui définit la distribution potentielle d'une espèce en fonction des conditions environnementales dans lesquelles elle a été observée, nous avons développé une procédure de modélisation de la distribution actuelle et future des espèces marines. Cette procédure s'appuie sur un ensemble d'algorithmes statistiques, de modèles climatiques et de scénarios futurs. Elle permet de projeter un ensemble de distributions futures, à large échelle spatiale et temporelle, tout en proposant des réponses aux principales limitations des modèles de niche écologique. Successivement appliquée aux petits poissons pélagiques et aux céphalopodes, nous avons identifié des impacts majeurs du changement climatique en Méditerranée à l'horizon 2100, notamment des extinctions locales de plusieurs espèces de petits poissons pélagiques dans son bassin Sud-Est. Au contraire, la mer du Nord, les côtes norvégiennes et la mer Baltique pourraient bénéficier d'une expansion de l'aire de distribution de ces espèces. A l'échelle du golfe du Lion, les conséquences théoriques d'un changement de distribution des petits poissons pélagiques impacteraient indirectement leur exploitation ainsi que la productivité des bas niveaux trophiques.

Les effets conjugués du réchauffement de la Méditerranée et de l'agrandissement du canal de Suez sont à l'origine d'invasions biologiques, notamment dans son bassin Sud-Est. Parmi ces espèces non-indigènes de Méditerranée, certaines présentent un intérêt commercial ou pourraient faire l'objet d'une exploitation future. Nous avons quantifié le potentiel invasif de plusieurs espèces non-indigènes, en fonction de leurs traits fonctionnels et écologiques, puis estimé leur expansion future à l'aide de notre procédure de modélisation de niche écologique. L'ensemble de la Méditerranée pourrait voir l'arrivée de ces espèces à l'horizon 2100, en particulier pour un réchauffement supérieur à 2°C.

Cette thèse révèle la sensibilité particulière de la Méditerranée au réchauffement climatique tout en proposant des perspectives d'adaptation ou de conservation des espèces et des écosystèmes face aux tendances climatiques du 21 ème siècle.
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L'importance des milieux marins pour nos sociétés

Les océans n'ont pas seulement un rôle prépondérant pour la biodiversité, mais également pour nos sociétés en termes de dépendance alimentaire ou de soutien à l'économie.

Ces dépendances concernent majoritairement l'alimentation (e.g. pêche, aquaculture; FAO 2018) mais également le tourisme, le transport et les énergies [START_REF] Halpern | An index to assess the health and benefits of the global ocean[END_REF][START_REF] Papageorgiou | Coastal and marine tourism: A challenging factor in Marine Spatial Planning[END_REF] Au niveau mondial, l'urbanisation croissante durant la deuxième partie du 20 ème siècle a entrainé une perte des habitats naturels côtiers, notamment en Europe ou elle est estimée entre 50 et 80 % de leur surface relativement à 1950 [START_REF] Beck | Loss, Status and Trends for Coastal Marine Habitats of Europe[END_REF]. Les milieux côtiers sont également soumis à l'introduction de polluants, notamment d'origine agricole (e.g. fertilisants, pesticides et intrants) qui représentent environ 50 % de la pollution des eaux de surfaces côtières et estuariennes [START_REF] Islam | Impacts of pollution on coastal and marine ecosystems including coastal and marine fisheries and approach for management: a review and synthesis[END_REF]. Les rejets urbains, d'origine domestique (e.g. matière organique) ou industrielle (e.g. métaux lourds), représentent la deuxième source de pollution côtière [START_REF] Islam | Impacts of pollution on coastal and marine ecosystems including coastal and marine fisheries and approach for management: a review and synthesis[END_REF]). L'ensemble de ces polluants exerce une pression importante sur les milieux côtiers en altérant la production primaire ou en entrainant des efflorescences algales, particulièrement impactantes dans les milieux oligotrophes comme la Méditerranée [START_REF] Kletou | Threats to Ultraoligotrophic Marine Ecosystems[END_REF]. La perte ou la dégradation de ces habitats côtiers est importante dans les milieux estuariens qui abritent la majeure partie des nourriceries côtières (i.e. habitats nécessaires au développement des juvéniles de nombreuses espèces) et dont la qualité affecte largement des services écosystémiques essentiels tel que le renouvellement des ressources halieutiques exploitées [START_REF] Thrush | The Effects of Habitat Loss, Fragmentation, and Community Homogenization on Resilience in Estuaries[END_REF]. Le transport maritime est également à l'origine de pressions importantes sur les milieux et les espèces marines, tel que l'introduction d'espèces non-indigènes (i.e. eaux de ballasts) ou la pollution sonore [START_REF] Frisk | Noiseonomics: The relationship between ambient noise levels in the sea and global economic trends[END_REF][START_REF] Katsanevakis | Invading European Seas: Assessing pathways of introduction of marine aliens[END_REF], en particulier en Méditerranée [START_REF] Micheli | Cumulative Human Impacts on Mediterranean and Black Sea Marine Ecosystems: Assessing Current Pressures and Opportunities[END_REF]. Ces facteurs fragilisant les milieux marins s'additionnant, ils amplifient les impacts de la surexploitation des ressources [START_REF] Pauly | Fishing Down Marine Food Webs[END_REF][START_REF] Worm | Rebuilding Global Fisheries[END_REF][START_REF] Hilborn | Future directions in ecosystem based fisheries management: A personal perspective[END_REF]) et du changement climatique [START_REF] Cheung | Projecting global marine biodiversity impacts under climate change scenarios[END_REF][START_REF] Doney | Climate Change Impacts on Marine Ecosystems[END_REF][START_REF] Beaugrand | Future vulnerability of marine biodiversity compared with contemporary and past changes[END_REF][START_REF] Jorda | Ocean warming compresses the three-dimensional habitat of marine life[END_REF], qui sont aujourd'hui les principales menaces pesant sur les écosystèmes et la biodiversité marine [START_REF] Halpern | A Global Map of Human Impact on Marine Ecosystems[END_REF][START_REF] Micheli | Cumulative Human Impacts on Mediterranean and Black Sea Marine Ecosystems: Assessing Current Pressures and Opportunities[END_REF]). [START_REF] Halpern | A Global Map of Human Impact on Marine Ecosystems[END_REF][START_REF] Doney | Climate Change Impacts on Marine Ecosystems[END_REF][START_REF] Poloczanska | Global imprint of climate change on marine life[END_REF][START_REF] Jorda | Ocean warming compresses the three-dimensional habitat of marine life[END_REF]. Le système climatique terrestre (Figure I-5) résulte de l'équilibre entre le rayonnement incident (i.e. visible et infrarouge) et le rayonnement absorbé par la surface, puis réfléchi vers ou hors de l'atmosphère [START_REF] Cubasch | Introduction[END_REF]. Cet équilibre permet une température stable sur Terre, dont les variations naturelles dépendent de la position astronomique et de l'activité du soleil, ce qui entraine des fluctuations de l'intensité du rayonnement incident [START_REF] Cubasch | Introduction[END_REF]. Seul 50 % du rayonnement incident atteint la surface terrestre, puis est en partie réfléchi (i.e. essentiellement des infrarouges) vers l'atmosphère, qui en renvoie à nouveau une partie vers la surface, et ainsi de suite (i.e. l'effet de serre ; très impactées par un réchauffement au-delà de 2°C en 2100 (RCP4.5, 6.0 ou 8.5) avec une évolution de la température 2 à 3 fois plus élevée que la moyenne globale [START_REF] Seneviratne | Allowable CO 2 emissions based on regional and impact-related climate targets[END_REF][START_REF] Bindoff | Changing Ocean, Marine Ecosystems, and Dependent Communities[END_REF][START_REF] Hoegh-Guldberg | The human imperative of stabilizing global climate change at 1.5°C[END_REF] [START_REF] Nykjaer | Mediterranean Sea surface warming 1985-2006[END_REF][START_REF] Pörtner | Ocean systems[END_REF], Adloff et al. 2015).

L'état de la pêche dans le monde

Cette évolution des conditions thermiques s'accompagnera indirectement de variations (i) de la stratification, (ii) de l'intensité des courants, (iii) de la salinité et (iv) de la production primaire [START_REF] Adloff | Mediterranean Sea response to climate change in an ensemble of twenty first century scenarios[END_REF]. Les anomalies temporelles de salinité et de production primaire resteront cependant négligeables devant leur variabilité spatiale (Macias et al. 2015, Adloff et al. 2015). L'ensemble de ces réponses physiologiques d'une espèce soumise à un stress climatique peut entrainer des modifications importantes dans sa croissance et sa reproduction (Cheung et al. 2013a, Payne et al. 2016b) (i) les changements de l'aire de répartition et (ii) l'évolution de l'adéquation des conditions environnementales nécessaire au bon déroulement du cycle de vie des espèces considérées.

Les réponses du vivant face au changement climatique

L'effet du changement climatique sur l'arrivée d'espèces non-indigènes en

Méditerranée

En parallèle des changements induits sur les espèces natives exploitées, un intérêt croissant se porte sur l'anticipation de l'arrivée d'espèces non-indigènes [START_REF] Zenetos | Alien species in the Mediterranean Sea by 2010. A contribution to the application of European Union's Marine Strategy Framework Directive (MSFD). Part I. Spatial distribution[END_REF][START_REF] Galil | Mare Nostrum, Mare Quod Invaditur-The History of Bioinvasions in the Mediterranean Sea[END_REF][START_REF] Geburzi | How Do They Do It? -Understanding the Success of Marine Invasive Species[END_REF], potentiellement invasives et pouvant entrainer des impacts écologiques ou socio-économiques [START_REF] Katsanevakis | Mapping the impact of alien species on marine ecosystems: the Mediterranean Sea case study (M Bode, Ed.)[END_REF], Azzurro and Bariche 2017, Galanidi et al. 2018). En utilisant la même méthode que pour l'axe [START_REF] Hutchinson | Concluding Remarks[END_REF][START_REF] Hutchinson | An introduction to population ecology[END_REF]. Celle-ci se distingue de la niche réalisée, qui correspond à la partie de la niche fondamentale effectivement occupée par l'espèce, à la suite de processus de compétition inter-et intraespèces, d'une dispersion limitée ou de disponibilité des proies [START_REF] Peterson | Species Distribution Modeling and Ecological Niche Modeling: Getting the Concepts Right[END_REF].

Appliqué en biogéographie, les n conditions environnementales caractérisant chaque point du globe sont les mêmes conditions que celles nécessaires pour définir la niche d'une espèce [START_REF] Colwell | Hutchinson's duality: The once and future niche[END_REF] temperature, but also temperature variability appears as major factors driving small pelagic fish distribution, and areas of highest environmental suitability were found along the northwestern Mediterranean coasts, the Bay of Biscay and the North Sea. We demonstrate in this study that the use of appropriate data pre-processing techniques, an often-overlooked step in modelling, increase model predictive performance, strengthening our confidence in the reliability of predictions.

Keywords: species distribution models, pseudo-absence, sampling bias, convex hull, uncertainty, small pelagic fish

Introduction

Fish species distribution and assemblages are strongly influenced by both climatic and physical gradients (Ben Rais [START_REF] Rais Lasram | The Mediterranean Sea as a 'cul-de-sac' for endemic fishes facing climate change: A marine endemic hotspot under threat[END_REF], Beaugrand et al. 2011[START_REF] Raybaud | Forecasting climate-driven changes in the geographical range of the European anchovy (Engraulis encrasicolus)[END_REF].

Temperature is known as a master parameter driving fish distribution at a macroecological level [START_REF] Lenoir | Modelled spatial distribution of marine fish and projected modifications in the North Atlantic Ocean[END_REF], Beaugrand et al. 2018). This parameter influences a large range of biological processes such as growth, reproduction, larval development, recruitment, and act as a major stressing factor depending on species thermal tolerance (psychrophile or thermophile species; Angilletta 2011, Beaugrand and[START_REF] Beaugrand | How Do Marine Pelagic Species Respond to Climate Change? Theories and Observations[END_REF]. Salinity, oxygen concentration, primary production (that are indirectly influenced by changes in temperature; e.g. [START_REF] Kirby | Trophic amplification of climate warming[END_REF] or the physical habitat (e.g. sediment type; [START_REF] Poloczanska | Global imprint of climate change on marine life[END_REF]) may also highly influence marine fish species at different spatial scales. [START_REF] Hutchinson | Concluding Remarks[END_REF] conceptualised the ecological niche as the "n-dimensional ensemble of environmental conditions that enable a species to live and reproduce" and subsequently made a distinction between the fundamental and the realised niche [START_REF] Hutchinson | An introduction to population ecology[END_REF]. Due to biotic interactions, dispersal limitation and/or historical factors [START_REF] Soberon | Interpretation of Models of Fundamental Ecological Niches and Species' Distributional Areas[END_REF], species generally occupy only their realised niche, i.e. the subset of their fundamental niche that represents the response of all physiological processes of a species to the synergistic effects of environmental conditions [START_REF] Helaouet | Physiology, Ecological Niches and Species Distribution[END_REF]Beaugrand 2009, Beaugrand et al. 2013).

By defining the niche as an attribute of species instead of a portion of the environment, the Hutchinson's concept enables duality between niche and distribution (Pulliam 2000, Colwell and[START_REF] Colwell | Hutchinson's duality: The once and future niche[END_REF]. Such a relationship is of major interest in biogeography as each georeferenced species occurrence, i.e. where a given species has been observed, can be related to several environmental parameters such as temperature, salinity and primary production.

When species are in equilibrium with their environment, associating environmental conditions and observed distributions permits climate change biologists to estimate species' potential niche [START_REF] Jiménez-Valverde | Not as good as they seem: the importance of concepts in species distribution modelling[END_REF]).

The relationship between species occurrences, environmental conditions and species' potential niche has become intensively studied over the last two decades, using a wide range of modelling techniques -hereafter referred to as Species Distribution Models (SDMs) to assess past, contemporary and future species distribution in both marine and terrestrial ecosystems (e.g. [START_REF] Cheung | Projecting global marine biodiversity impacts under climate change scenarios[END_REF][START_REF] Bellard | Major drivers of invasion risks throughout the world[END_REF][START_REF] Cristofari | Climate-driven range shifts of the king penguin in a fragmented ecosystem[END_REF]. SDMs rely on several ecological assumptions, such as species distribution in equilibrium or habitat saturation [START_REF] Soberon | Interpretation of Models of Fundamental Ecological Niches and Species' Distributional Areas[END_REF], niche conservatism [START_REF] Crisp | Phylogenetic biome conservatism on a global scale[END_REF], unlimited dispersal abilities [START_REF] Wiens | Niches, models, and climate change: Assessing the assumptions and uncertainties[END_REF] or the non-influential role of biotic interactions in shaping large-scale distributions (i.e. the Gleasonian vision of biotic communities; [START_REF] Gleason | The Individualistic Concept of the Plant Association[END_REF][START_REF] Guisan | Predicting species distribution: offering more than simple habitat models[END_REF][START_REF] Wiens | Niches, models, and climate change: Assessing the assumptions and uncertainties[END_REF]). Superimposed to these assumptions, several sources of errors and uncertainties may lead to variationsometimes conflictingin the outputs of SDMs for a given species [START_REF] Beaumont | Why is the choice of future climate scenarios for species distribution modelling important?[END_REF]): (i) accuracy of observation data and (ii) lack of true absences [START_REF] Proosdij | Minimum required number of specimen records to develop accurate species distribution models[END_REF]), (iii) identification of ecologically meaningful environmental predictors with high explanatory power [START_REF] Guisan | Predicting species distribution: offering more than simple habitat models[END_REF], (iv) choice of the modelling algorithm [START_REF] Buisson | Uncertainty in ensemble forecasting of species distribution[END_REF]) and (v) SDMs' evaluation processes [START_REF] Leroy | Without quality presence-absence data, discrimination metrics such as TSS can be misleading measures of model performance[END_REF]. While tremendous progresses have been made on both the building and evaluation of SDMs in recent years with a plethora of new methods for modelling species' distribution [START_REF] Araújo | Five (or so) challenges for species distribution modelling[END_REF], Leroy et al. 2018[START_REF] Støa | Sampling bias in presence-only data used for species distribution modelling: theory and methods for detecting sample bias and its effects on models[END_REF], the development of further procedures is still required for improving the quality of SDMs.

Species distribution models are known to be very sensitive to different sources of uncertainties and sustained attention should be devoted to each step of the modelling procedure, from the pre-processing of species occurrences data to model evaluation. Such an approach is essential to increase confidence in model outputs [START_REF] Porfirio | Improving the Use of Species Distribution Models in Conservation Planning and Management under Climate Change (L Kumar[END_REF]): for most areas of the world and species, survey effort often exhibits strong spatial and temporal bias, occurrence records being frequently too scarce, constrained to presence-only data or both.

Working with biased observation datasets may result in under-or over-estimated species distributional ranges [START_REF] Araújo | Standards for distribution models in biodiversity assessments[END_REF]Guisan 2006, Dormann et al. 2007), leading therefore to inaccurate modelled contemporary distributions, which are inadequate for assessing potential future range shifts or for defining conservation measures. Similarly, biased pseudo-absence datasets (e.g. multiple pseudo-absences selected in the same environmental conditions or coinciding with environmental conditions where the species is observed) may lead to a distorted estimation of species distributional ranges (e.g. [START_REF] Wisz | The role of biotic interactions in shaping distributions and realised assemblages of species: implications for species distribution modelling[END_REF]Guisan 2009, Lobo and[START_REF] Lobo | Exploring the effects of quantity and location of pseudo-absences and sampling biases on the performance of distribution models with limited point occurrence data[END_REF]. A modelling framework that includes a preliminary stage devoted to the construction of a representative calibration datasetas well as its associated level of uncertainty assessmentis therefore essential (e.g. [START_REF] Varela | Environmental filters reduce the effects of sampling bias and improve predictions of ecological niche models[END_REF]).

Here, we developed a framework that encompasses recent advances on the building, calibration and evaluation of SDMs with the aim of (i) selecting the most relevant environmental parameters, (ii) generating consistent pseudo-absence data and (iii) validating representative model outputs [START_REF] Cornwell | A Trait-Based Test for Habitat Filtering: Convex Hull Volume[END_REF][START_REF] Varela | Environmental filters reduce the effects of sampling bias and improve predictions of ecological niche models[END_REF], Leroy et al. 2018).

We applied this framework on seven economically important European Small Pelagic FAO 2016). However, while SPFs are ideal candidates for SDMs because of their sensitivity to environmental factors [START_REF] Perry | Climate change and distribution shifts in marine fishes[END_REF], their European distribution is far from being exhaustively documented and available records originated from diverse and/or nonstandardised monitoring surveys (FAO 2016).

Material and Methods

Biological and environmental data

Small pelagic fish occurrence data

Occurrence records (e.g. fisheries independent trawl surveys, discrete research samplings) for the seven SPF species (Mediterranean horse mackerel, Atlantic horse mackerel, European pilchard, round sardinella, European sprat, European Anchovy and Bogue) were compiled from three available public databases: the Ocean Biogeographic

Information System Mapper (OBIS, http://www.iobis.org/mapper/), the Global Biodiversity Information Facility (GBIF, https://www.gbif.org/) and Fishbase (http://www.fishbase.org/).

When possible, we included observations retrieved from the literature to construct the most up-to-date datasets encompassing their entire distribution range (see Supplementary material II-1). Biological data retrieved for our study ranged from 1950 to 2017, recent records (since 1990) prevailing (83.2±6.7 %) over both past (1950-1990; 12.2±8.7 %) and undated observations (4.6±3.6 %). Past or undated records were only considered along the distribution edge when the species presence was confirmed by recent records. This precautionary approach avoided over-or under-predictions of the model due to low quality presence data [START_REF] Kramer-Schadt | The importance of correcting for sampling bias in MaxEnt species distribution models[END_REF]). The observation records pre-processing consisted in a data cleaning procedure applied on each species dataset to (i) remove unreliable observations (e.g.

preserved specimen; Newbold 2010) and false identifications (e.g. taxonomic confusion), (ii) discard duplicate occurrences and (iii) ensure the temporal and locational reliability at the edge of the observed distribution (e.g. data on land, longitudinal and/or latitudinal inversion, historical or undated data). According to the ecology of SPFsspecies cannot be observed below 300 m depth [START_REF] Checkley | Climate change and small pelagic fish[END_REF])while remaining permissive, a precautionary bathymetry threshold (-1000 m) was applied to remove inconsistent occurrences. Following this pre-processing, we obtained seven clean datasets, with a number of observations ranging from 1314 (for Mediterranean horse mackerel) to 24806 (for European sprat). For the seven SPFs, occurrences were aggregated on a 0.1° x 0.1° spatial grid (from 70°N to 70°S and 180°E to 180°W) that corresponds to that of environmental parameters.

Environmental data

To calculate the ecological niche (sensu [START_REF] Hutchinson | Concluding Remarks[END_REF] of each SPF, we collected environmental parameters from different databases (see Table II-1 for details).

Environmental parameters values for each spatial grid cell were first calculated for each year and then averaged on the 1990-2017 period. The environmental parameters presented in Table II-1 were retrieved in different spatial resolutions ranging from 0.1° to 0.5°. For modelling purpose, all variables were therefore interpolated to a 0.1° × 0.1° grid using a bilinear interpolation in the geographical domain available for all environmental parameters, ranging from 70°N to 70°S and 180°E to 180°W. Sea Surface Primary Production (mol.m -2 .s -1 ). Averaged from five general circulation models (IPSL, MPI, CNRM, HadGEM and GISS).

IPSL [START_REF] Dufresne | Climate change projections using the IPSL-CM5 Earth System Model: from CMIP3 to CMIP5[END_REF][START_REF] Hourdin | Impact of the LMDZ atmospheric grid configuration on the climate and sensitivity of the IPSL-CM5A coupled model[END_REF], MPI [START_REF] Stevens | Atmospheric component of the MPI-M Earth System Model: ECHAM6[END_REF][START_REF] Giorgetta | Climate and carbon cycle changes from 1850 to 2100 in MPI-ESM simulations for the Coupled Model Intercomparison Project phase 5: Climate Changes in MPI-ESM[END_REF], CNRM [START_REF] Voldoire | The CNRM-CM5.1 global climate model: description and basic evaluation[END_REF], HadGEM [START_REF] Jones | The HadGEM2-ES implementation of CMIP5 centennial simulations[END_REF] and GISS [START_REF] Schmidt | Configuration and assessment of the GISS ModelE2 contributions to the CMIP5 archive: GISS MODEL-E2 CMIP5 SIMULATIONS[END_REF] Mean annual sea surface temperature range (°C). Difference between SSTmax and SSTmin. Mean monthly sea surface temperature variance (°C). Calculated using monthly SST data.

SSTvar

Description of the models

We used two approaches to model the potential environmental suitability (i.e. spatialised index between 0 and 1, defined as a probability of presence based on environmental parameters) of each SPF species over the 1990-2017 period: (i) the Non-Parametric Probabilistic Ecological Niche (NPPEN; Beaugrand et al. 2011) model and (ii) seven modelling algorithms available within the BIOMOD2 package (Thuiller et al. 2016b).

The NPPEN model is a presence only model based on the Mahalanobis generalised distance (Mahalanobis 1936) and on a modified version of the Multiple Response Permutation Procedure (MRPP; [START_REF] Mielke | Application of Multi-Response Permutation Procedures for Examining Seasonal Changes in Monthly Mean Sea-Level Pressure Patterns[END_REF]). The BIOMOD2 framework allows ensemble modelling of species distribution (i.e. an average model of a wide range of algorithms; [START_REF] Thuiller | BIOMOD -a platform for ensemble forecasting of species distributions[END_REF]). Here, seven algorithms were considered: (i) Generalised Linear Model (GLM), (ii) Generalised Additive Model (GAM), (iii) Generalised Boosting Model (GBM), (iv) Artificial Neural Network (ANN), (v) Flexible Discriminant Analysis (FDA), (vi) Multiple Adaptive Regression Splines (MARS) and (vii) Random Forest (RF). Because the models used in this study have been already described and discussed in several publications (e.g. [START_REF] Beaugrand | A New Model to Assess the Probability of Occurrence of a Species, Based on Presence-Only Data[END_REF], Lenoir et al. 2011[START_REF] Raybaud | Climate-induced range shifts of the American jackknife clam Ensis directus in Europe[END_REF]for NPPEN, e.g. Thuiller et al. 2009[START_REF] Albouy | Combining projected changes in species richness and composition reveals climate change impacts on coastal Mediterranean fish assemblages[END_REF][START_REF] Bellard | Will climate change promote future invasions?[END_REF] for BIOMOD2), we refer the reader to this literature for further information. The algorithms were calibrated using the default parameters in BIOMOD2, optimised for species distribution modelling (details in Thuiller et al. 2016b).

By including this large range of algorithms within an ensemble model approach, we quantified the uncertainty related to the selection of SDMs [START_REF] Pearson | Model-based uncertainty in species range prediction[END_REF][START_REF] Buisson | Uncertainty in ensemble forecasting of species distribution[END_REF]) by calculating the standard deviation (SD) and the coefficient of variation (CV) among SDM outputs.

Data preparation and ensemble model selection

Pre-selection of the environmental parameters and assessment of multicollinearity

To model the ecological niche of the seven SPFs, we first constructed the full dataset of environmental parameters based on our knowledge of the ecology of SPFs. A variable selection process (Figure II-1, step 1) was then applied to identify, at the species level, the most parsimonious dataset that explained each species distribution. This process follows the procedure described in [START_REF] Leroy | Forecasted climate and land use changes, and protected areas: the contrasting case of spiders[END_REF] and [START_REF] Bellard | Major drivers of invasion risks throughout the world[END_REF]. Because most of the algorithms (especially regression-based models such as GLM) are sensitive to multicollinearitythat may distort model estimation [START_REF] Dormann | Collinearity: a review of methods to deal with it and a simulation study evaluating their performance[END_REF])relations among environmental parameters were assessed by means of the Pearson correlation coefficient, using a threshold r > 0.7 to reduce the initial environmental matrix. When two or more environmental parameters showed correlation values above this threshold, only one variable was retained (details in Supplementary material 2). We subsequently assessed the relative importance of each environmental parameter by sequentially randomising each variable and by calculating the resulting current distribution [START_REF] Leroy | Forecasted climate and land use changes, and protected areas: the contrasting case of spiders[END_REF]). The variables that best predicted SPF distribution were sea surface temperature annual mean (SST), temperature variability (sea surface temperature annual range or monthly variance, depending on the targeted species), bathymetry and distance to coast (see Supplementary material II-2). In order to avoid model over-parameterisation (that affects model performance, model transferability and assessment of variable importance), we chose not to include bathymetry and distance to coast directly in the models, but in a hierarchical filtering approach [START_REF] Hattab | Towards a better understanding of potential impacts of climate change on marine species distribution: a multiscale modelling approach[END_REF]): for a given geographical cell, environmental conditions were considered as suitable for a marine species only if a probability of occurrence coincided with a distance to coast less than 50km or up to a 300m depth for oceanic cells, i.e. outside the 50km wide coastal area. Concerning environmental predictors, we systematically considered temperature (mean and variability) in our models. Finally, we tested the relevance of including sea surface salinity (SSS) and/or primary production (log_PP) as a potential third explanatory environmental parameter in the models. Each run is detailed in Supplementary material II-3.

Environmental filtration and pseudo-absence selection

Because sampling effort is neither homogeneous and nor standardised over marine regions, occurrence data may not be representative of the whole populations, a requirement to increase the reliability of SDMs [START_REF] Lobo | Exploring the effects of quantity and location of pseudo-absences and sampling biases on the performance of distribution models with limited point occurrence data[END_REF]. While under-sampling is commonly observed at the edge of species range [START_REF] Varela | Environmental filters reduce the effects of sampling bias and improve predictions of ecological niche models[END_REF], observation datasets can also be biased toward regions more comprehensively investigated due to an easy access or a long tradition of monitoring [START_REF] Fithian | Bias correction in species distribution models: pooling survey and collection data for multiple species[END_REF]. To consider the risk of over-sampling, and the ensuing over-representation of environmental features [START_REF] Kramer-Schadt | The importance of correcting for sampling bias in MaxEnt species distribution models[END_REF], we first homogenised species datasets to assign the same weight to over-and under-sampled regions (Figure II-1, step 2). A multidimensional matrix was designed for each species and each combination of environmental parameters, a dimension reflecting an environmental factor. Each cell of the homogenised matrix was considered as an environmental stratum, i.e. a combination of a set of parameters, with the following resolution: 0.5°C for temperaturerelated parameters, 0.5 for SSS and 0.5 mol.m -2 .s -1 (in log) for primary production. In case an environmental stratum contained multiple occurrences, only one occurrence (i.e. one 0.1° x 0.1° geographical cell with the corresponding environmental conditions) was kept in the homogenised dataset. We also considered the lack of absence data. To assess this gap, we generated pseudo-absences using the convex hull method (Cornwell et al. 2004, Getz and[START_REF] Getz | A local nearest-neighbor convex-hull construction of home ranges and utilization distributions[END_REF]). The convex hull was defined here as the smallest convex hyper-volume in the environmental space containing all species observation records. A restricted convex hull (see Figure II-2) has been defined as a convex hull excluding occurrence points within the 2.5 % and 97.5 % percentiles for each environmental parameter (i.e. excluding observations in the most extreme environmental conditions). This restricted convex hull is considered as a proxy of the suitable environmental conditions outside which, pseudo-absences were randomly generated in equal number to the filtered occurrences as recommended by the "D-designs" theory [START_REF] Montgomery | Design and analysis of experiments[END_REF]: the optimal design to minimise prediction variance is when an equal number of observations are at opposite value extremes [START_REF] Montgomery | Design and analysis of experiments[END_REF][START_REF] Hengl | Spatial prediction of species' distributions from occurrence-only records: combining point pattern analysis, ENFA and regression-kriging[END_REF]) and when there is a high spreading in the feature space. Finally, for each species, 

Validation and selection of the best models

We then quantified the performance of our models using five commonly used evaluation metrics: (i) the Continuous Boyce Index (CBI; [START_REF] Hirzel | Evaluating the ability of habitat suitability models to predict species presences[END_REF]), a metric specifically designed for presence-only models and insensitive to pseudo-absences, (ii) the Area Under the Curve (AUC; Swets 1988, Fielding and[START_REF] Fielding | A review of methods for the assessment of prediction errors in conservation presence/absence models[END_REF], (iii) the True Skill Statistic (TSS; [START_REF] Allouche | Assessing the accuracy of species distribution models: prevalence, kappa and the true skill statistic (TSS): Assessing the accuracy of distribution models[END_REF]), (iv) the Jaccard and (v) the Sørensen similarity indices [START_REF] Jaccard | Nouvelles Recherches Sur la Distribution Florale[END_REF][START_REF] Sørensen | {A method of establishing groups of equal amplitude in plant sociology based on similarity of species and its application to analyses of the vegetation on Danish commons}. -Biologiske Skrifter[END_REF]. However, because all evaluation metricsexcept the CBIrequire both presence and absence data (see discussion in [START_REF] Leroy | Without quality presence-absence data, discrimination metrics such as TSS can be misleading measures of model performance[END_REF] about the use of pseudo-absence to evaluate the performance of models) and because some may be affected by prevalence (i.e. the ratio between the number of observed presence and generated pseudoabsence; [START_REF] Leroy | Without quality presence-absence data, discrimination metrics such as TSS can be misleading measures of model performance[END_REF] we based our selection process of the best models on CBI values only. We considered models to be wrong when CBI values were below -0.5, "average to random" for values ranging from -0.5 to 0.5, and good for values above 0.5 [START_REF] Faillettaz | Atlantic Multidecadal Oscillations drive the basin-scale distribution of Atlantic bluefin tuna[END_REF]).

For each model, we computed evaluation metrics by performing a cross-validation procedure with 10 repetitions. We randomly sampled 70% of the occurrence data to calibrate the model and kept the remaining 30% for model validation [START_REF] Merow | A practical guide to MaxEnt for modeling species' distributions: what it does, and why inputs and settings matter[END_REF]. Following the "evaluation strip method" detailed by [START_REF] Elith | The evaluation strip: A new and robust method for plotting predicted responses from species distribution models[END_REF], the adequacy between observed and modelled spatial distributions was also assessed by means of response curves. For a given environmental parameter, the corresponding response curve was calculated, while keeping the other parameters constant (i.e. at the mean value corresponding to their occurrence points). By doing this, we identified spurious results (e.g. we do not expect bimodal responses to temperature) and/or unexpected distribution ranges (e.g. large portions of predicted range in regions where the species has never been observed, and vice-versa; Supplementary material II-4).

Results

SDMs and parameters selected in the ensemble models

Based on the calculation of the CBI values and the examination of species response curves (Supplementary material II-3 and II-4), we identified the best models for each SPF species. Our results showed that both GLM and NPPEN models were almost always selected in the ensemble model, except for the European anchovy.

Ensemble models showed that temperature-related variables were essential to assess the spatial distribution of SPFs'. For virtually all species, the models that considered mean temperature and variability showed high ability to reproduce the overall SPFs distributions (Table II-2, Supplementary material II-3) with CBI values always above 0.5 [START_REF] Faillettaz | Atlantic Multidecadal Oscillations drive the basin-scale distribution of Atlantic bluefin tuna[END_REF]). However, some discrepancies were observed among species. While Mediterranean horse mackerel, Atlantic horse mackerel and European anchovy distributions were more related to mean monthly temperature variance (SSTvar), European pilchard, round sardinella, European Sprat and bogue distributions were better reproduced when mean annual temperature range (SSTr) was considered. Despite the high correlation between SSTr and SSTvar (r=0.80, Supplementary material II-2), both variables have dissimilar ecological influences (seasonality versus short-term climatic variability respectively). Primary production also emerged as important to model species' spatial distribution. Finally, we highlighted the important role of sea surface salinity (SSS) for both European pilchard and European anchovy, by discriminating both the Baltic and the Black seas from other regions (Table II-2).

Table II-2 

Contemporary (1990-2017) environmental suitability of small pelagic fishes

We then represented the contemporary available. These discrepancies may result from an absence of sampling in these regions or external factors hindering species establishment despite suitable environmental conditions.

Model uncertainties

Two main sources of uncertainties in projected species distributions were considered in our study: (i) biological uncertainties, related to the quality of occurrence datasets and (ii) numerical uncertainties, inherent to the selection of different modelling algorithms [START_REF] Pearson | Model-based uncertainty in species range prediction[END_REF][START_REF] Buisson | Uncertainty in ensemble forecasting of species distribution[END_REF]. Standard deviations (SD)computed, for each species, from outputs that originated from both selected algorithms and cross-validation runsranged from 0.1 to 0. 

Discussion

By combining several numerical techniques such as the convex hull method, the ensemble models approach and an examination of species response curves in a comprehensive modelling framework, we modelled the contemporary (1990-2017) environmental suitability of seven of the most commercially and ecologically important European small pelagic fish.

By relying on both an understanding of the ecological requirements of species and on the use of innovative statistical tools, our framework allowed us to focus only on the best models, to improve the way species distribution modelling is carried out, and therefore to produce more robust ecological scenarios.

At a macroecological level, thermal-induced effects have been frequently related to latitudinal mean temperature gradients [START_REF] Angilletta | Thermal adaptation: a theoretical and empirical synthesis[END_REF]. While our analysis showed that mean temperature (SST) had a major influence on species distributions, we also revealed the key role of temperature seasonality (SSTr) and short-term temperature variations (SSTvar) in shaping distributional ranges (Table II-2). Small pelagic fishes are marine ectotherms, that mainly depend on external heat sources, their body temperature being directly controlled by environmental conditions directly [START_REF] Checkley | Climate change and small pelagic fish[END_REF] SDMs (e.g. the monthly SST variance) may therefore help to better define species environmental suitability and to minimise the risk of over-prediction at the leading and the trailing edges of their distributions [START_REF] Lenoir | Modelled spatial distribution of marine fish and projected modifications in the North Atlantic Ocean[END_REF].

When used in distribution modelling, regression-based algorithms such as GLM, are known to be rather sensitive to environmental sampling bias, which may induce type I errors (i.e. false positive), with consequences on projected species environmental suitability [START_REF] Araújo | Standards for distribution models in biodiversity assessments[END_REF]Guisan 2006, Dormann et al. 2007). However, as for many other species (e.g. independent of the observation bias).

Applying environmental filtering and the restricted convexhull pseudo-absence selection method resulted in ensemble models characterised by a reduced ESI in over-sampled areas and an increased ESI in undersampled areas. Our results are consistent with our expectations and in line with previous studies that suggested that random generation of pseudo-absences and/or a selection process based on geographical criterion may lead to lower predictability (e.g. [START_REF] Wisz | The role of biotic interactions in shaping distributions and realised assemblages of species: implications for species distribution modelling[END_REF]Guisan 2009, Hattab et al. 2014). Although real absences lead to higher model accuracy [START_REF] Wisz | Do pseudo-absence selection strategies influence species distribution models and their predictions? An information-theoretic approach based on simulated data[END_REF], they are rarely available [START_REF] Boakes | Distorted Views of Biodiversity: Spatial and Temporal Bias in Species Occurrence Data[END_REF] and determining the location of pseudo-absences on the basis of a statistical analysis such as the convex hull is a reliable alternative (Hattab et al. 2013a). Finally, our approach limits spurious species response curves (i.e. overfitted or bimodal curves; Supplementary material II-4) and decreases the risk of over-predictions towards the edge of the species range. We acknowledge that we may have slightly underpredicted the European pilchard distribution in Kattegat (i.e. strait between Denmark and Sweden); the high amount of occurrence records slightly outside the modelled distribution in this region may have biased the calculation of the CBI. Despite the well-known robustness of this index [START_REF] Breiner | Overcoming limitations of modelling rare species by using ensembles of small models (B Anderson[END_REF][START_REF] Faillettaz | Atlantic Multidecadal Oscillations drive the basin-scale distribution of Atlantic bluefin tuna[END_REF], our result highlight that no evaluation metric is optimal and that both comparison between observed and modelled distributions and examination of species responses curves are essential for assessing the reliability of model outputs.

While the assessment of the environmental suitability for a given species may differslightly or markedlyfrom one SDM to another [START_REF] Pearson | Model-based uncertainty in species range prediction[END_REF][START_REF] Buisson | Uncertainty in ensemble forecasting of species distribution[END_REF] In this work, we have estimated species' potential niche and not the realised niche [START_REF] Soberón | Niches and distributional areas: Concepts, methods, and assumptions[END_REF]. We caution that additional environmental parameters, biological interactions and species life traits (e.g. dispersal abilities) may explain why we detected environmentally suitable conditions in regions where SPFs were not observed (e.g.

the Norwegian Sea; [START_REF] Pulliam | On the relationship between niche and distribution[END_REF][START_REF] Pearman | Niche dynamics in space and time[END_REF]. Considering the role of biotic interactions in shaping species distributions (Chaalali et al. 2016) would improve the reliability of SDMs outputs by better estimating and simulating the realised niche of species [START_REF] Wisz | The role of biotic interactions in shaping distributions and realised assemblages of species: implications for species distribution modelling[END_REF][START_REF] Louthan | Where and When do Species Interactions Set Range Limits?[END_REF]. Including dispersal mechanisms while accounting for oceanic currents and physical barriers after the potential distribution modelling step may help to refine the distributional range of species [START_REF] Engler | MigClim: Predicting plant distribution and dispersal in a changing climate[END_REF]. These approaches require an exhaustive ecological understanding of the interaction process at a macroecological scale and a deep knowledge of species life traits to implement metrics that simulate the ability of species to disperse (e.g. transferring organic matter from the base of the food web to upper trophic levels [START_REF] Cury | Small pelagics in upwelling systems: patterns of interaction and structural changes in "wasp-waist" ecosystems[END_REF].

Abundantly found in upwelling ecosystems [START_REF] Cury | Small pelagics in upwelling systems: patterns of interaction and structural changes in "wasp-waist" ecosystems[END_REF], SPFs cover a wide range of regions, therefore overlapping with a large range of environmental conditions [START_REF] Checkley | Climate change and small pelagic fish[END_REF] 

2015

) in order to thoroughly evaluate the status of fish stocks [START_REF] Forrest | Do marine ecosystem models give consistent policy evaluations? A comparison of Atlantis and Ecosim[END_REF]. One caveat is that robust stock assessment or EBFM requires data intensive models [START_REF] Pauly | Ecopath, Ecosim, and Ecospace as tools for evaluating ecosystem impact of fisheries[END_REF][START_REF] Hilborn | Future directions in ecosystem based fisheries management: A personal perspective[END_REF][START_REF] Wetzel | Performance of a fisheries catch-at-age model (Stock Synthesis) in data-limited situations[END_REF] approach not yet applicable to routine use at large-scale and long-term [START_REF] Edgar | Weaknesses in stock assessment modelling and management practices affect fisheries sustainability[END_REF]. There is therefore an urgent need for basin-scale long-term management plans that include the combined effects of fishing pressure and climate change, for effective conservation of SPFs and sustainable fisheries management [START_REF] Faillettaz | Atlantic Multidecadal Oscillations drive the basin-scale distribution of Atlantic bluefin tuna[END_REF].

Over the last decades, species distribution modelling has been intensively used to project the effects of past and future climate change on the distribution of suitable habitat for species of conservation concern. [START_REF] Cheung | Projecting global marine biodiversity impacts under climate change scenarios[END_REF][START_REF] Bellard | Will climate change promote future invasions?[END_REF][START_REF] Beaugrand | Prediction of unprecedented biological shifts in the global ocean[END_REF]. Species Distribution Models (SDMs), statistical tools based on the niche-biotope duality (sensu Hutchinson 1978, Colwell and[START_REF] Colwell | Hutchinson's duality: The once and future niche[END_REF] to conceptualise and investigate biogeographical patterns in relation to environmental conditions, are a popular way to assess which species will be under most threat in a near future and/or which regions will be the most impacted by a reorganisation of communities [START_REF] Sinclair | How Useful Are Species Distribution Models for Managing Biodiversity under Future Climates?[END_REF]. While stock assessments are based on parameters related to stock dynamics (e.g. spawning biomass, recruitment, growth, mortality), these techniques model the ecological niches of species using (a set of)

environmental conditions where the species has been observed. The modelled niche can then be used to project potential distribution of species under different environmental conditions on a broad temporal and spatial scale [START_REF] Colwell | Hutchinson's duality: The once and future niche[END_REF], allowing the investigation of potential future range shifts. The capacity of SDMs to produce long-term, large-scale and comparable (i.e. between species, regions or management zones and periods) future projections is of major importance for species conservation and management [START_REF] Hollowed | Projected impacts of climate change on marine fish and fisheries[END_REF]). The main objective of SDM-based approaches is the production of robust scenarios of future species distribution for reliable management and conservation perspectives (Stock et 

Material and methods

Description of the modelling framework

We used the future Environmental Suitability Index (ESI; i.e. spatialised index ranging from 0 to 1, based on suitability estimated from contemporary 1990-2017 conditions) of the seven SPFs, retrieved from Schickele et al (2020). This recently developed modelling framework includes (i) a spatial and environmental sampling bias reduction, (ii) the use of the convex hull method to generate pseudo-absence, (iii) a numerical and ecological evaluation of model outputs and (iv) the quantification of uncertainties associated to the selection of SDMs.

Environmental parameters used to assess contemporary species distribution (Table III-1), the calibration procedure and how we selected the most accurate models (Table III-2) are therefore only briefly discussed in this section. Contemporary (1990Contemporary ( -2017) ) distributions of SPFs were obtained using an ensemble forecasting framework that selectamong eight different statistical algorithmsthe models that best reproduce the observed spatial distribution of each species [START_REF] Pearson | Model-based uncertainty in species range prediction[END_REF][START_REF] Araújo | Ensemble forecasting of species distributions[END_REF][START_REF] Buisson | Uncertainty in ensemble forecasting of species distribution[END_REF]. To account for the source of uncertainty related to the choice of a given species distribution model, we considered seven algorithms computed from the Biomod2 package [START_REF] Thuiller | BIOMOD -a platform for ensemble forecasting of species distributions[END_REF](Thuiller et al. , 2016b)) To model each of the seven contemporary distribution, we first constructed an ecologically and statistically meaningful set of environmental parameters by calculating their respective explicative power using a bootstrap method [START_REF] Leroy | Forecasted climate and land use changes, and protected areas: the contrasting case of spiders[END_REF]). The following environmental parameters were tested: (i) mean annual Sea Surface Temperature (SST), (ii)

annual SST range, (iii) monthly SST variance, (iv) Primary Production (PP), (v) mean annual Sea Surface Salinity (SSS), (vi) bathymetry and (vii) distance to coast. To reduce model overparametrisation, bathymetry and distance to coast were included by means of a hierarchical filtering approach [START_REF] Hattab | Towards a better understanding of potential impacts of climate change on marine species distribution: a multiscale modelling approach[END_REF]. Because SPFs are strictly planktonophagous species and depend on coastal ecosystems for their early lifestages, they are distributed in the epipelagic zone (i.e. bathymetrical area where photosynthesis takes place) and neritic areas only [START_REF] Checkley | Climate change and small pelagic fish[END_REF]). Geographical cells were therefore considered as suitable for SPF only if suitable environmental conditions were found in neritic areas (i.e. less than 50 km from the coast, independently of depth) or in low-bathymetric (i.e. between 0 and 300 m depth) oceanic regions (Schickele et al. 2020). To prevent from multicollinearity and unnecessary model complexity [START_REF] Dormann | Methods to account for spatial autocorrelation in the analysis of species distributional data: a review[END_REF], only one parameter from clusters of correlated parameters (Pearson's r correlation > 0.7) was retained [START_REF] Leroy | virtualspecies, an R package to generate virtual species distributions[END_REF]).

For each species and combination of environmental parameters, the calibration dataset was then filtered in an environmental space to reduce sampling bias as much as possible [START_REF] Varela | Environmental filters reduce the effects of sampling bias and improve predictions of ecological niche models[END_REF]. Pseudo-absences were then generated in the same filtered environmental space outside the corresponding convex hull of observation (i.e. considered as a proxy of environmental suitable conditions; Cornwell et al. 2004, Getz and[START_REF] Getz | A local nearest-neighbor convex-hull construction of home ranges and utilization distributions[END_REF], excluding the 2.5 and 97.5 percentiles. Finally, we used the Continuous Boyce Index (CBI; [START_REF] Hirzel | Evaluating the ability of habitat suitability models to predict species presences[END_REF])the appropriate evaluation metric for a presence/pseudo-absence calibration datasetto evaluate the robustness of model outputs (see discussion in [START_REF] Leroy | Without quality presence-absence data, discrimination metrics such as TSS can be misleading measures of model performance[END_REF]): each model with a CBI value over 0.5 was retained (e.g. [START_REF] Faillettaz | Atlantic Multidecadal Oscillations drive the basin-scale distribution of Atlantic bluefin tuna[END_REF]. Finally, we calculated the response curve of each environmental parameters by keeping other parameters at their mean values for modelled species, using the evaluation strip method [START_REF] Elith | The evaluation strip: A new and robust method for plotting predicted responses from species distribution models[END_REF]). The ecological realism and relevance of the models was then corroborated by an expert-based inspection/validation of each response curve in order to discard spurious responses to environmental factors (e.g. bimodal response to temperature).

Future scenarios and General Circulation Models (GCMs)

To project the future ESI of each species, we considered five GCMs retrieved from the 5 th phase of the Coupled Model Intercomparison Project (CMIP5; Table III- we used three RCPs scenarios: (i) the optimistic peak and decline (RCP2.6), the intermediate "stabilisation" (RCP4.5) and the "business as usual" (RCP8.5) scenarios [START_REF] Meinshausen | The RCP greenhouse gas concentrations and their extensions from 1765 to 2300[END_REF][START_REF] Van Vuuren | The representative concentration pathways: an overview[END_REF]). We considered SSS as constant over time because its temporal variance is negligible in comparison to its spatial variance [START_REF] Dickson | The "great salinity anomaly" in the Northern North Atlantic 1968-1982[END_REF][START_REF] Faillettaz | Atlantic Multidecadal Oscillations drive the basin-scale distribution of Atlantic bluefin tuna[END_REF][START_REF] Marchand | Climate change in the Bay of Biscay: Changes in spatial biodiversity patterns could be driven by the arrivals of southern species[END_REF]. While the spatial variance of SSS allowed us to discriminate marine from brackish waters (e.g. from 35 to 15 between the west and the east of the Danish strait), its temporal variance is negligible: for the period 2016-2065, Lavoie et al.

(2019) report expected salinity trends of +0.063 per decade at the maximum, a value comparable to the rise of SSS observed since 1950 [START_REF] Durack | Ocean Salinities Reveal Strong Global Water Cycle Intensification During 1950 to 2000[END_REF]).

Pre-treatment of future temperature data

Because temperature-related parameters (Table III-1) were retrieved from both observation-based (i.e. for the contemporary period) and GCM-based data (i.e. for the three future periods), our projections may be altered. To assess possible bias, we performed Taylor diagrams [START_REF] Taylor | Summarizing multiple aspects of model performance in a single diagram[END_REF]) using a common time period (i.e. 2006-2017) to estimate the consistency between current and future climate data (Supplementary Material III-2): the correlation coefficient, the root-mean-square difference (RMSD) and the standard deviation (SD) difference were calculated for each temperature-related parameter (Table III-1). For each GCMs, RCPs, and geographical cell we therefore estimated the difference between the two datasets and corrected the model-based temperature data accordingly. This process, already applied by [START_REF] Péron | Projected poleward shift of king penguins' (Aptenodytes patagonicus) foraging range at the Crozet Islands, southern Indian Ocean. -Proceedings[END_REF] and [START_REF] Cristofari | Climate-driven range shifts of the king penguin in a fragmented ecosystem[END_REF], ensured (i) a perfect correlation (Pearson coefficient r=1), (ii) no RMSD and (iii) the same SD between the two datasets for a common period. Results from the correction procedure and corresponding anomalies are shown in Supplementary Material III-3.

Projection of future environmental suitability

Projections of ESI values were carried out at spatial resolutions suitable for either ecological analyses, i.e. on a 0.1° x 0.1° spatial grid obtained from a linear spatial interpolation [START_REF] Goberville | Uncertainties in the projection of species distributions related to general circulation models[END_REF], or policy application, i.e. in each Exclusive Economic Zone [START_REF] Zeller | Still catching attention: Sea Around Us reconstructed global catch data, their spatial expression and public accessibility[END_REF]). Among the existing fishery zones, we chose to focus on EEZsarea stretching from the coastline out to 200 nautical miles over which a country has special rights regarding the use of marine resourcesas they are (i) basic units for fisheries management (e.g. attribution of maximum allowed catches by EEZs) and conservation perspectives Supplementary Material III-4), indicating the importance of international fishing agreements within the European Union (i.e. the latest available data; SAUP 2020). Here, the mean ESI value was calculated by aggregating, within each EEZ, the 0.1° x 0.1° geographical cells retained after application of the hierarchical filtering approach (see 2.1. Description of the modelling framework).

Uncertainties related to future projections

The selection of a GCM may greatly influence the projected distributions of a species [START_REF] Goberville | Uncertainties in the projection of species distributions related to general circulation models[END_REF]: GCMs may diverge for technical or parameterisation reasons, may simulate ocean-atmosphere processes in different ways, or may vary due to their initial spatial resolution [START_REF] Beaumont | Why is the choice of future climate scenarios for species distribution modelling important?[END_REF][START_REF] Wiens | Niches, models, and climate change: Assessing the assumptions and uncertainties[END_REF][START_REF] Goberville | Uncertainties in the projection of species distributions related to general circulation models[END_REF]. Because of their wide variety and complexity, and because we cannot identify a model that performs better than another (Martinez-Meyer 2005), it is essential to consider a full range of GCMs to examine the full range of potential future species distributions (e.g. [START_REF] Friedlingstein | Uncertainties in CMIP5 Climate Projections due to Carbon Cycle Feedbacks[END_REF][START_REF] Shepherd | Atmospheric circulation as a source of uncertainty in climate change projections[END_REF]). In our study, we adapted the ensemble modelling for future projections: for each set of environmental parameters and each statistical algorithm, five GCMs and three RCP scenarios were considered to project future environmental suitability. For a given period and for each RCP, we performed 10 cross-validation runs, leading to the production of 50 simulations (5 GCM x 10 cross-validation runs) per statistical algorithm. We then computed the corresponding SD among SDMs (i.e. the variability related to the calculation of the ecological niche) and GCMs (i.e. the intrinsic variability linked to the climate system and expected climate conditions) to fully explore the uncertainty related to future environmental suitability projections [START_REF] Goberville | Uncertainties in the projection of species distributions related to general circulation models[END_REF]).

Results

Future environmental suitability

Here, we present for each of the seven SPFs, the projected ESIs in the spatial domain 

Climatic range shifts between Exclusive Economic Zones

Here we explored the consequences of potential distribution shifts at the scale of EEZs 

Temperate-cold water species

The four temperate-cold water species are of major importance in European fisheries At the European scale, the absolute variation of ESI values (i.e. relative to 1990-2017) was expected to range from 22 % (RCP2.6) to 33 % (RCP8.5), suggesting a potential reallocation of temperate-cold water species population in fisheries management zones.

Temperate-warm species

In European seas, the three temperate-warm water species are less harvested than to 51% (RCP8.5). Our simulations therefore suggest a possible major reallocation of the suitable environment for temperate-warm species along European EEZs. effects on egg quality [START_REF] Dahlke | Thermal bottlenecks in the life cycle define climate vulnerability of fish[END_REF]. While sea water salinity may influence the specific gravity of marine pelagic fish eggs, i.e. their vertical distribution in the water column, egg size of SPFs -that has a fundamental impact on the capacity of young larvae to be active, grow, and survive -is under direct influence of SST [START_REF] Peck | Life cycle ecophysiology of small pelagic fish and climate-driven changes in populations[END_REF][START_REF] Huret | Size, permeability and buoyancy of anchovy (Engraulis Encrasicolus) and sardine (Sardina Pilchardus) eggs in relation to their physical environment in the Bay of Biscay[END_REF][START_REF] Torri | Planktonic stages of small pelagic fishes (Sardinella aurita and Engraulis encrasicolus) in the central Mediterranean Sea: The key role of physical forcings and implications for fisheries management[END_REF]. SPFs are planktonic feeders [START_REF] Bachiller | Trophodynamics and diet overlap of small pelagic fish species in the Bay of Biscay[END_REF] which depend on high productive areas such as the gulf of Gabès or the eastern North Sea during early development [START_REF] Rijnsdorp | Resolving the effect of climate change on fish populations[END_REF]. Despite the projected warming in the Mediterranean Sea, temporal changes in primary production may remain negligible in comparison with its spatial variance:

Discussion

using a multi-model approach, Macias et al. (2015) report a slight increase in primary production of about 9.5 mmol N m -2 over the period 2015-2095. This supports why primary production did not greatly influence our projections. At an ecosystem scale, SPFs have a pivotal role (Chaalali et al. 2016) in marine food webs, contributing to carbon fluxes from lower trophic level to top predators [START_REF] Cury | Small pelagics in upwelling systems: patterns of interaction and structural changes in "wasp-waist" ecosystems[END_REF]. Projected distributional range shiftsand potential ensuing changes in abundance patterns [START_REF] Vanderwal | Selecting pseudo-absence data for presence-only distribution modeling: How far should you stray from what you know?[END_REF][START_REF] Helaouet | Physiology, Ecological Niches and Species Distribution[END_REF][START_REF] Kulhanek | Using ecological niche models to predict the abundance and impact of invasive species: application to the common carp[END_REF]) -may deeply modify the Mediterranean or Baltic seas ecosystems through trophic cascading effects on the upper trophic levels which feed on these species, including negative effects on their fisheries [START_REF] Maynou | Clues from the recent past to assess recruitment of Mediterranean small pelagic fishes under sea warming scenarios[END_REF]. This climatic resilience related issue may be assessed through the development and adaptation of ecosystem 

Management and economic implications

While fishing has expanded into the high seas over the last decades as a result of an increasing demand for fish and the overexploitation of coastal waters [START_REF] Sumaila | Winners and losers in a world where the high seas is closed to fishing[END_REF], quantifying changes in the allocation of fisheries catches by maritime country and within EEZ waters allows to focus on a spatial scale that is politically and economically viable (Cheung et al. 2016a[START_REF] Zeller | Still catching attention: Sea Around Us reconstructed global catch data, their spatial expression and public accessibility[END_REF]. Depending on the EEZ, SPFs may experience high fishing mortalities, especially in the Mediterranean Sea (i.e. twice the maximum sustainable yield;

FAO 2016), with putative negative impacts on species growth, reproduction and stock production [START_REF] Fréon | Sustainable exploitation of small pelagic fish stocks challenged by environmental and ecosystem changes: A review[END_REF][START_REF] Lehodey | Climate Variability, Fish, and Fisheries[END_REF][START_REF] Brander | Global fish production and climate change[END_REF]). In our study area, 65% of the SPFs were captured in 2014 by fishing fleets originating from the same EEZ (Supplementary Material III-4), mostly low to medium size and coastal fishing vessels (FAO 2016, SAUP 2020). In comparison, European EEZs may experience a variation of suitable environmental conditions for SPFs up to 51% (Figure III-2). These potential upcoming changes in fishing ground location and the magnitude of impacted vessels may lead to (i) a redefinition of the European distribution of SPF stocks, (ii) allocate fishing effort (i.e.

licenses, number of boats) in a way that explicitly incorporate the influence of climate change on SPF stocks and (iii) design new international fishing agreements in order to allow fishing fleets to operate in areas outside their EEZs (e.g. based on historical fisheries; [START_REF] Perry | Sensitivity of marine systems to climate and fishing: Concepts, issues and management responses[END_REF][START_REF] Link | Guidelines for incorporating fish distribution shifts into a fisheries management context[END_REF][START_REF] Gaines | Improved fisheries management could offset many negative effects of climate change[END_REF]. We argue that basing fisheries management strategies -such as a progressive and precautious adaptation of fishing fleet (e.g. gear, target or quotas; Grafton 2010) -on an ensemble of long-term ecological scenarios that take into account projections of climate change effects at the scale of manageable units (i.e. EEZ), is a valuable information to mitigate the unsustainability of marine fisheries [START_REF] Lotze | Global ensemble projections reveal trophic amplification of ocean biomass declines with climate change[END_REF]).

The vulnerability of marine countries depends on the state of their fishery [START_REF] Sumaila | Climate change impacts on the biophysics and economics of world fisheries[END_REF][START_REF] Barange | Impacts of climate change on marine ecosystem production in societies dependent on fisheries[END_REF]): local fisheries (e.g. Morocco, Turkey) may be less resilient than long-range fisheries (e.g. Denmark; Supplementary Material III-4) to a climate-induced range shift on their primary target (i.e. SPFs). Our projections at the scale of EEZs may therefore serve as a support for future socio-economic research (e.g. [START_REF] Allison | Vulnerability of national economies to the impacts of climate change on fisheries[END_REF][START_REF] Badjeck | The vulnerability of fishing-dependent economies to disasters[END_REF]).

Perspectives on modelling small pelagic fisheries

Despite their popularity, SDMs have inherent limitationsdepending on their application contextsuch as the assumption of niche conservatism [START_REF] Peterson | Species Distribution Modeling and Ecological Niche Modeling: Getting the Concepts Right[END_REF]) and the failure to integrate species interactions or dispersal processes [START_REF] Araújo | Five (or so) challenges for species distribution modelling[END_REF]. While recent advances in species distribution modelling proposed to overcome such shortcomings (e.g. dispersal constrained SDM; [START_REF] Boulangeat | Accounting for dispersal and biotic interactions to disentangle the drivers of species distributions and their abundances[END_REF], e.g. joint-SDMs;

Harris 2015), most of these ecological processes are mainly associated with local changes [START_REF] Beaugrand | How Do Marine Pelagic Species Respond to Climate Change? Theories and Observations[END_REF]. These perspectives are at the cost of the amount of data needed to calibrate the models which can impede their broad scale-applicability, one of the main strength of SDM [START_REF] Marmion | Evaluation of consensus methods in predictive species distribution modelling[END_REF]). Based on our multi-GCM, multi-SDM and multi-RCP approach that integrated climate uncertainty [START_REF] Friedlingstein | Uncertainties in CMIP5 Climate Projections due to Carbon Cycle Feedbacks[END_REF][START_REF] Shepherd | Atmospheric circulation as a source of uncertainty in climate change projections[END_REF][START_REF] Goberville | Uncertainties in the projection of species distributions related to general circulation models[END_REF] and to contribute to increase the probability of success in fishery management strategies [START_REF] Jones | Harnessing nature to help people adapt to climate change[END_REF], we encourage further research in the regions that we have identified as the most vulnerable, such as the Mediterranean Sea. The whole Mediterranean Sea ecosystem, including highly impacted regions [START_REF] Bănaru | Trophic structure in the Gulf of Lions marine ecosystem (northwestern Mediterranean Sea) and fishing impacts[END_REF], Hattab et al. 2013b[START_REF] Piroddi | Modelling the Mediterranean marine ecosystem as a whole: addressing the challenge of complexity[END_REF], has been extensively studied over the last decades and it is now well documented that changes in small pelagic populationsdue to fishing or natural driverswill strongly alter ecosystem structure and functioning [START_REF] Palomera | Small pelagic fish in the NW Mediterranean Sea: An ecological review[END_REF]).

Considering results from SDMs in combination with ecosystem models for fisheries management will help to better anticipate the consequences of climate-induced distributional shifts in small pelagic fish on the whole ecosystem (Chaalali et al. 2016). The need is urgent as many countries in the Mediterranean Sea are directly or indirectly dependant on activities that involve exploitation of marine fish resources [START_REF] Selig | Mapping global human dependence on marine ecosystems[END_REF]. [START_REF] Sims | Timing of squid migration reflects North Atlantic climate variability[END_REF][START_REF] Pierce | A review of cephalopod-environment interactions in European Seas[END_REF][START_REF] André | Modelling climate-change-induced nonlinear thresholds in cephalopod population dynamics[END_REF][START_REF] Dorey | Ocean acidification and temperature rise: effects on calcification during early development of the cuttlefish Sepia officinalis[END_REF]. By affecting these critical lifestages, environmental conditions are also defining the recruitment, abundance and distribution of cephalopod species [START_REF] Pierce | A review of cephalopod-environment interactions in European Seas[END_REF], which may influence their sustainable exploitation and economic importance [START_REF] Rodhouse | Environmental Effects on Cephalopod Population Dynamics[END_REF]).

IV. CHAPITRE 3 :

Since the mid-nineteenth-century, Earth has faced global and unprecedented anthropogenic changes, leading to an average temperature increase of 0.93°C [START_REF] Millar | Emission budgets and pathways consistent with limiting warming to 1.5 °C[END_REF]. Temperature is currently increasing at a rate of +0.2°C per decade [START_REF] Otto | Embracing uncertainty in climate change policy[END_REF], leading to a +1.5 to +4.5°C average temperature increase by the end of the century, depending on global political, societal and demographical pathways [START_REF] Meinshausen | The RCP greenhouse gas concentrations and their extensions from 1765 to 2300[END_REF][START_REF] Van Vuuren | The representative concentration pathways: an overview[END_REF]. Global climate change is therefore directly altering the living environment of marine species [START_REF] Doney | Climate Change Impacts on Marine Ecosystems[END_REF]). In the context of climate change, cephalopods may change their behaviour (e.g. spawning season) or more importantly their distribution, to match with suitable environmental conditions (i.e. towards the pole or in a lesser extent towards deeper water; [START_REF] Poloczanska | Global imprint of climate change on marine life[END_REF], as observed for other several small bodied marine species in Europe [START_REF] Sims | Timing of squid migration reflects North Atlantic climate variability[END_REF][START_REF] Sabatés | Sea warming and fish distribution: the case of the small pelagic fish, Sardinella aurita, in the western Mediterranean[END_REF][START_REF] Dulvy | Climate change and deepening of the North Sea fish assemblage: a biotic indicator of warming seas[END_REF][START_REF] Tsikliras | Climate-related geographic shift and sudden population increase of a small pelagic fish ( Sardinella aurita ) in the eastern Mediterranean Sea[END_REF]. In this context of climate change and in a sustainable resource management perspective, it is therefore of major importance to project robust scenarios of cephalopod responses to changing environmental conditions.

Species Distribution Models (SDMs; also called Ecological Niche Models) have been intensively used to study the past, present and future distributional range of species (e.g. [START_REF] Cheung | Projecting global marine biodiversity impacts under climate change scenarios[END_REF][START_REF] Bellard | Will climate change promote future invasions?[END_REF][START_REF] Beaugrand | Future vulnerability of marine biodiversity compared with contemporary and past changes[END_REF]. These techniques, based on the concept of ecological niche (sensu [START_REF] Hutchinson | Concluding Remarks[END_REF][START_REF] Hutchinson | An introduction to population ecology[END_REF], define the potential distribution of a species according to the ensemble of environmental conditions in which the species is observed [START_REF] Peterson | Species Distribution Modeling and Ecological Niche Modeling: Getting the Concepts Right[END_REF]. This duality between fundamental niche and biogeography [START_REF] Colwell | Hutchinson's duality: The once and future niche[END_REF] allows climate modellers to project an ensemble of future potential distributions to anticipate potential range shifts in the context of changing environmental conditions. However, despite the major importance of cephalopods in worldwide fisheries and the popularity of SDMs, their entire and spatially explicit contemporary and potential future distributional range are still poorly documented [START_REF] Oesterwind | Biology and meso-scale distribution patterns of North Sea cephalopods[END_REF][START_REF] Hermosilla | Assessing Octopus vulgaris distribution using presence-only model methods[END_REF][START_REF] Puerta | Spatially Explicit Modeling Reveals Cephalopod Distributions Match Contrasting Trophic Pathways in the Western Mediterranean Sea (BR MacKenzie[END_REF][START_REF] Xavier | Climate change and polar range expansions: Could cuttlefish cross the Arctic?[END_REF].

Producing robust projections of their contemporary distribution and an ensemble of future distributional range scenarios is a valuable information towards the better understanding and anticipation of climate induced effects on these largely harvested species.

In this study, we projected the contemporary distribution and an ensemble of potential future distributions of three cephalopod species common to European waters [START_REF] Hastie | Cephalopods In The North-eastern Atlantic: Species, Biogeography, Ecology, Exploitation And Conservation[END_REF][START_REF] Jereb | Cephalopod biology and fisheries in Europe: II. Species Accounts[END_REF]: the common octopus (Octopus vulgaris; Cuvier, 1797), the common cuttlefish (Sepia officinalis; Linnaeus, 1758) and the common squid (Loligo vulgaris;

Lamarck, 1798). These species are the most represented species of their respective families (i.e. Octopodidae, Sepiidae, Loliginidae) and are broadly distributed in the European seas, overlapping with a large diversity of environmental conditions. For the three cephalopod species, we projected (i) their contemporary [START_REF] Goberville | Uncertainties in the projection of species distributions related to general circulation models[END_REF]) that provides relevant information for a sustainable resource management and species conservation perspective.

Material and methods

Data collection

Cephalopod occurrence records

We collected occurrence records for all studied species within their entire distributional range from three available public databases: the Ocean Biogeographic

Information System (OBIS, http://www.iobis.org/), the Global Biodiversity Information Facility (GBIF, https://www.gbif.org/) and SeaLifeBase (https://www.sealifebase.org/). To create the most up-to-date observation datasets, we completed the dataset with observations retrieved from peer-reviewed articles (see Supplementary material IV-1). We then performed a data cleaning procedure on each cephalopod dataset to (i) remove unreliable occurrences (e.g. preserved specimen or taxonomic confusion), (ii) discard duplicated records and (iii)

ensure their temporal and locational reliability (e.g. data on land, longitudinal and/or latitudinal inversion). Finally, because the studied cephalopod species are not observed below 300m depth [START_REF] Hastie | Cephalopods In The North-eastern Atlantic: Species, Biogeography, Ecology, Exploitation And Conservation[END_REF][START_REF] Jereb | Cephalopod biology and fisheries in Europe: II. Species Accounts[END_REF], a precautionary bathymetry threshold (-1000m; due to important bathymetrical variation in the Mediterranean) was applied to remove inconsistent occurrences.

Environmental data

We collected environmental parameters (Table IV-1) to calibrate the ecological niche (sensu [START_REF] Hutchinson | Concluding Remarks[END_REF][START_REF] Hutchinson | An introduction to population ecology[END_REF] of each cephalopod species. Environmental parameters values were first calculated on a yearly basis and then averaged on the 1990-2017 contemporary period. All parameters were bilinearly interpolated from a native resolution ranging between 0.1° to 0.5° to a 0.1° x 0.1° resolution spatial grid ranging from 70°N to 70°S and 180°E to 180°W, corresponding to their common geographical domain. 

Description of the modelling framework

The Environmental Suitability Index (ESI; index between 0 and 1 based on suitability retrieved from current conditions) of the three cephalopod species was modelled using our First, we constructed a parsimonious set of environmental parameters to be tested in the SDMs. Because most algorithms are sensitive to multicollinearity among predictors [START_REF] Dormann | Collinearity: a review of methods to deal with it and a simulation study evaluating their performance[END_REF], we only considered the most important parameter among each set of intercorrelated parameter (Pearson's r > 0.7). The relative importance of environmental parameter to be tested in the models were assessed by sequentially randomising each environmental parameter and calculating the resulting contemporary distribution (i.e.

bootstrap procedure; [START_REF] Leroy | Forecasted climate and land use changes, and protected areas: the contrasting case of spiders[END_REF]. According to this procedure, we considered the mean Sea Bottom Temperature (SBT) followed by the SBT range, the SBT var or the Sea Surface Salinity (SSS) to be tested in the models. To avoid model over-parametrisation, we considered bathymetry and distance to coast as threshold parameters in a hierarchical filtering procedure [START_REF] Hattab | Towards a better understanding of potential impacts of climate change on marine species distribution: a multiscale modelling approach[END_REF]): the ESI value was only considered if the corresponding geographical cell was included within (i) the distance to coast threshold (i.e. if tested in the models) or (ii) the bathymetry threshold for cells outside the distance to coast threshold. When tested in the models, the distance to coast and bathymetry thresholds were set at 50 km and 300 m respectively [START_REF] Pierce | A review of cephalopod-environment interactions in European Seas[END_REF][START_REF] André | Modelling climate-change-induced nonlinear thresholds in cephalopod population dynamics[END_REF][START_REF] Jereb | Cephalopod biology and fisheries in Europe: II. Species Accounts[END_REF].

Second, we selected the pseudo-absences (i.e. necessary for the calibration of all algorithms but NPPEN) for each combination of environmental parameters following a twostep procedure. In order to alleviate biases related to an heterogeneous sampling, we proceeded to an environmental filtration [START_REF] Varela | Environmental filters reduce the effects of sampling bias and improve predictions of ecological niche models[END_REF]): for each combination of environmental parameters values, we randomly considered a single occurrence records. This filtration has been performed in an environmental domain of 0.5°C resolution for SBT-related parameters and 0.5 resolution for SSS. Pseudo-absences were then randomly selected outside the corresponding restricted convex hull in equal number of occurrences. A restricted convex hull is defined as a convex hull [START_REF] Getz | A local nearest-neighbor convex-hull construction of home ranges and utilization distributions[END_REF] constructed by excluding outer quantiles (e.g. 2.5 and 97.5; Schickele et al. 2020), therefore controlling the roughness of the ecological niche edge. Because cephalopods are widely distributed [START_REF] Hastie | Cephalopods In The North-eastern Atlantic: Species, Biogeography, Ecology, Exploitation And Conservation[END_REF][START_REF] Jereb | Cephalopod biology and fisheries in Europe: II. Species Accounts[END_REF], the generated convex hull occupies most of the available range of environmental conditions on Earth, only leaving a few combinations to be selected for pseudo-absences. To avoid selecting multiple pseudo-absences characterised by identical environmental conditions (i.e. contradictory with the environmental filtration procedure), we tested three restricted convex hulls (i.e. excluding the 2.5 -97.5, 5 -95 and 10 -90 outer quantile), therefore enlarging the environmental pseudo-absence selection range and avoiding a rough ecological niche edge.

Results

Model selection

Our modelling procedure selected the best ensemble models (Table IV-2) to estimate the potential contemporary (1990-2017) distribution of three European cephalopod species and therefore the corresponding future projections. For all three species, mean SBT and annual SBT range were the environmental parameters best explaining their observed contemporary distribution. SSS was selected as a third parameter for both common cuttlefish and common squid. The NPPEN model was selected in the ensemble model for all three species. The restricted convex hull excluding the 10 th and 90 th outer quantile resulted in overall higher CBI values and a smoother distribution edge for these widely spread species.

Finally, all three cephalopod species showed CBI values above 0.85, indicating a high level of confidence in our ensemble model projections. 

Species

Common octopus

Octopus vulgaris

Common cuttlefish

Sepia officinalis

Common squid

Loligo vulgaris

Environmental

Future environmental suitability

By coupling the potential environmental niche resulting from our ensemble models with RCP scenarios, we were able to project a range of potential future distribution for the three cephalopod species. Here we detail the late century projections under RCP2.6, 4.5 and For all species, we projected that the intensity of the projected distributional range shifts (Figure IV-2 and Supplementary material IV-5) is emphasised by severe warming (i.e.

RCP8.5 conditions) and limited in case of a peak and decline scenario (RCP2.6). We therefore highlighted the necessity of limiting global warmingand its impact on species distributionat the lowest possible level (i.e. RCP2.6) by the end of the century.

Future distributional centroid evolution

The ensemble of potential future environmental suitability projections (i.e. 

Discussion

Our results highlighted an opposite response to climate change between northern and southern Europe (respectively north and south of the English Channel) for all species and suggested a larger thermal tolerance of the common octopus in comparison to the common cuttlefish and the common squid. In a context of severe warming (i.e. +4°C in the North Sea, +2°C in the Bay of Biscay and +4°C in the Mediterranean Sea by 2100 under RCP8.5 conditions; Supplementary material IV-3), the range of SBT that are the most suitable for these cephalopods (i.e. 10 to 13°C; [START_REF] Pierce | A review of cephalopod-environment interactions in European Seas[END_REF] were projected to shift from the Bay of Biscay and the Celtic Sea to the Norwegian coasts. Moreover, regions characterised by an important temperature range (i.e. seasonality; e.g. eastern North Sea, Kattegat and the Gulf of Gabès) may be less suitable as temperature may vary outside the suitability range of the studied species, directly impacting their growth, reproduction [START_REF] Pierce | A review of cephalopod-environment interactions in European Seas[END_REF][START_REF] André | Modelling climate-change-induced nonlinear thresholds in cephalopod population dynamics[END_REF][START_REF] Jereb | Cephalopod biology and fisheries in Europe: II. Species Accounts[END_REF], and therefore their distributional range and centroid. Cephalopods, including the three studied taxa, have a central role in ecosystems [START_REF] Clarke | The role of cephalopods in the world's oceans: general conclusions and the future[END_REF], especially in the Mediterranean Sea and northern Atlantic ocean [START_REF] Coll | Assessing the trophic position and ecological role of squids in marine ecosystems by means of food-web models. -Deep Sea Research Part II[END_REF]). The projected distribution and ESI changes on these three species may therefore induce important ecosystem modifications. Because cephalopods are generalist and voracious intermediate trophic levels predators, a northward distributional range extension may induce an important predatory pressure on benthic communities (e.g. [START_REF] Xavier | Climate change and polar range expansions: Could cuttlefish cross the Arctic?[END_REF]). On the contrary, southern areas (e.g. the Mediterranean Sea) may see a decrease in the top-down control on benthic communities, leading to their development. Species distribution shift may have multiple cascading consequences on ecosystems and food-webs, further studies are therefore needed to understand the sensitivity of ecosystems to these changes.

In addition to the methodological improvements retrieved from Schickele et al. (2020), it appeared that for cephalopod species, a larger permeability (i.e. excluding outer quantile) of the convex hull generally improved model quality (see Supplementary material IV-6). We assumed that for wide distributed species, a larger permeability may induce less constrained pseudo-absences (i.e. a low diversity of environmental conditions compared to the number of pseudo-absences necessary for model calibration; [START_REF] Montgomery | Design and analysis of experiments[END_REF][START_REF] Hengl | Spatial prediction of species' distributions from occurrence-only records: combining point pattern analysis, ENFA and regression-kriging[END_REF], avoiding an artificial threshold type response along the distributional edge. We encourage further testing of this pseudo-absence selection hypothesis on other species (e.g. effect of the number of parameters, rare species, wider range of restricted convex hulls to be tested).

Despite an improved modelling framework, limitations inherent to species distribution models (SDMs) are present such as the absence of biological predictors (e.g. habitat type or trophic interactions; [START_REF] Araújo | Five (or so) challenges for species distribution modelling[END_REF]. While the latter is subject to recent development [START_REF] Clark | More than the sum of the parts: forest climate response from joint species distribution models[END_REF][START_REF] Harris | Generating realistic assemblages with a joint species distribution model (D Warton, Ed.)[END_REF], including habitat parameters such as the availability of rocky bottom or seagrass cover may complement our SDM projections on local scale (i.e. high resolution habitat parameter for local hierarchical filtering; [START_REF] Hattab | Towards a better understanding of potential impacts of climate change on marine species distribution: a multiscale modelling approach[END_REF] to estimate the realised distribution of demersal or benthic species. Cephalopod speciesand common octopus in particularmay be affected by the availability of solid substrates (e.g. rocks, shells, anthropogenic litter) for their settlement and reproduction [START_REF] Jereb | Cephalopod biology and fisheries in Europe: II. Species Accounts[END_REF]. We acknowledge that these limitations may influence the realised niche at local scale [START_REF] Beaugrand | How Do Marine Pelagic Species Respond to Climate Change? Theories and Observations[END_REF]), a perspective constrained by oceanographic surveys and data availability [START_REF] Marmion | Evaluation of consensus methods in predictive species distribution modelling[END_REF]. Our multi-SDM, multi-GCM and multi-RCP approach produced a range of robust future projections [START_REF] Goberville | Uncertainties in the projection of species distributions related to general circulation models[END_REF], providing valuable information for ecosystem managers and fisheries stakeholders to further investigate the effects of climate change on these important species.

Cephalopods are supporting important fisheries, especially in the Mediterranean Sea and the North Sea (FAO 2011, 2016[START_REF] Pierce | Status and trends of European cephalopod stocks[END_REF]). In the context of climate change, an increase in temperature and in the frequency of extreme climatic events may greatly influence cephalopod recruitment, that is already known for its inter-annual variability [START_REF] Bloor | Chapter One -A Review of the Factors Influencing Spawning, Early Life Stage Survival and Recruitment Variability in the Common Cuttlefish (Sepia officinalis)[END_REF]. Extreme climatic events are known to be of major importance for good stock status [START_REF] Rodhouse | Environmental Effects on Cephalopod Population Dynamics[END_REF]). The perspective of sustainable and precautious fisheries management (Cheung et al. 2016a[START_REF] Gaines | Improved fisheries management could offset many negative effects of climate change[END_REF] has driven the development of recent stock assessment procedure including temperature-induced variability (e.g. for recruitment estimation; [START_REF] Rodhouse | Environmental Effects on Cephalopod Population Dynamics[END_REF]. Our future projections and centroid evolution provide valuable mid-and long-term information to complement classical stock assessment by identifying geographical areas and species that may experience (i) future variation in environmental suitability (i.e. affecting species abundance) or (ii) a distributional range shift (i.e. affecting the stock extent). In a pluri-specific and integrated assessment of the impacts of climate change on fisheries and ecosystems, projecting future range shift of cephalopods may improve the understanding of cascading effects on other harvested or key species. Because the socio-economy of several countries and coastal regions directly depend on the yield of their fisheries [START_REF] Sumaila | Climate change impacts on the biophysics and economics of world fisheries[END_REF][START_REF] Barange | Impacts of climate change on marine ecosystem production in societies dependent on fisheries[END_REF])that emphasises their vulnerability to climate change [START_REF] Allison | Vulnerability of national economies to the impacts of climate change on fisheries[END_REF][START_REF] Badjeck | The vulnerability of fishing-dependent economies to disasters[END_REF])our results provide a first assessment of the local cephalopod fisheries that may be vulnerable to climate change. We provided spatially explicit projections of both contemporary and climate induced distribution throughout the 21 st centurythat we encourage to complement with ecosystem and socioeconomic modelsto propose innovative management and conservation solutions (e.g. geographical redefinition of the stocks, adaptation of fishing grounds and targets; [START_REF] Gaines | Improved fisheries management could offset many negative effects of climate change[END_REF][START_REF] Ojea | Adaptation of Fishing Communities to Climate-Driven Shifts in Target Species[END_REF]. 

V. CHAPITRE 4 : Sensitivity of the

Introduction:

Anthropogenic climate change led to a global temperature increase of 0.93°C since the mid-nineteen century [START_REF] Millar | Emission budgets and pathways consistent with limiting warming to 1.5 °C[END_REF], IPCC 2019), consequently reshaping species distribution worldwide [START_REF] Beaugrand | Prediction of unprecedented biological shifts in the global ocean[END_REF]. Based on future greenhouse gases emissions [START_REF] Meinshausen | The RCP greenhouse gas concentrations and their extensions from 1765 to 2300[END_REF][START_REF] Van Vuuren | The representative concentration pathways: an overview[END_REF], global warming is forecasted to intensify by the end of century, reaching an average temperature increase ranging from 1.5 to 4.5°C relative to 1850. Marine species, especially small bodied, largely dispersing and short lifespan fishes are among the most sensitive to global warming [START_REF] Perry | Climate change and distribution shifts in marine fishes[END_REF]. Their physiology (e.g. growth, reproduction), the survival of their critical lifestages and potentially their abundance and biomass are largely influenced by environmental conditions (e.g. [START_REF] Peck | Life cycle ecophysiology of small pelagic fish and climate-driven changes in populations[END_REF][START_REF] Poloczanska | Global imprint of climate change on marine life[END_REF]. To adapt to climate change, marine species are projected to shift their distributional range towards geographical areas where environmental conditions are more suitable, therefore leading to local extinction and intensified biological invasions worldwide [START_REF] Cheung | Projecting global marine biodiversity impacts under climate change scenarios[END_REF][START_REF] Beaugrand | Future vulnerability of marine biodiversity compared with contemporary and past changes[END_REF]. These important changes in the composition and biomass of species are likely to influence whole ecosystems [START_REF] Scheffer | Catastrophic shifts in ecosystems[END_REF][START_REF] Hoegh-Guldberg | The Impact of Climate Change on the World's Marine Ecosystems[END_REF][START_REF] Doney | Climate Change Impacts on Marine Ecosystems[END_REF]). The alteration of ecosystem structure and functioning is indirectly influencing lower trophic levels, especially planktivorous organisms through top-down trophic propagation (e.g. [START_REF] Beaugrand | Rapid biogeographical plankton shifts in the North Atlantic Ocean[END_REF][START_REF] Chust | Biomass changes and trophic amplification of plankton in a warmer ocean[END_REF]). However, ecosystem consequences of climate change remains poorly understood (Payne et al. 2016a), with only few studies concerning marine systems (e.g. [START_REF] Albouy | Projected climate change and the changing biogeography of coastal Mediterranean fishes (P Pearman, Ed.)[END_REF][START_REF] Woodworth-Jefcoats | Climate change is projected to reduce carrying capacity and redistribute species richness in North Pacific pelagic marine ecosystems[END_REF][START_REF] Lotze | Global ensemble projections reveal trophic amplification of ocean biomass declines with climate change[END_REF]). In addition, marine ecosystems provide major human and socio-economic goods and services [START_REF] Halpern | A Global Map of Human Impact on Marine Ecosystems[END_REF][START_REF] Bennett | Towards a sustainable and equitable blue economy[END_REF], including those related to fisheries. The latter is partially dependent of environmental conditions [START_REF] Lehodey | Climate Variability, Fish, and Fisheries[END_REF]) and may therefore be altered by climate change (e.g. Cheung et al. 2013aCheung et al. , 2016c)).

Species distribution models (SDMs) are intensively used to study species distributional range shifts under past, present and future climatic conditions (e.g. [START_REF] Albouy | Projected climate change and the changing biogeography of coastal Mediterranean fishes (P Pearman, Ed.)[END_REF][START_REF] Bellard | Will climate change promote future invasions?[END_REF]. Based on the ecological niche theory [START_REF] Hutchinson | Concluding Remarks[END_REF][START_REF] Hutchinson | An introduction to population ecology[END_REF], they define the potential distribution of a species according to the ensemble of environmental conditions in which the species is observed [START_REF] Peterson | Species Distribution Modeling and Ecological Niche Modeling: Getting the Concepts Right[END_REF]. In biogeography, the duality between environmental conditions and observed distributional range is used to forecast an ensemble of future potential species range shifts [START_REF] Colwell | Hutchinson's duality: The once and future niche[END_REF] Only a single study focused on this coupling perspective (Chaalali et al. 2016). Here we coupled the advantages of climatic range predictions of SDMs, based on five general circulation models retrieved from the 5 th IPCC model intercomparison project (IPCC 2014), with the quantitative food-web representation of an ecosystem model. The Gulf of Lion ecosystem, or food-web [START_REF] Bănaru | Trophic structure in the Gulf of Lions marine ecosystem (northwestern Mediterranean Sea) and fishing impacts[END_REF], is used as a case study. We define an ecosystem as the ensemble of interacting species within a geographical area, where trophic flows with the outside of the ecosystem are negligible compared to the trophic flows inside the ecosystem [START_REF] Christensen | ECOPATH IIa software for balancing steady-state ecosystem models and calculating network characteristics[END_REF]).

The complex synergistic effects between functional group of species may alter our capacity to project climate induced changes on ecosystems. Therefore, we focused on the ecosystem consequences related to seven Small Pelagic Fish (SPF) species: Atlantic horse and Black Sea commercial captures between 2000and 2013(FAO 2016).

SPFs occupy a central role in marine ecosystems by transferring the carbon flows from the primary producers (e.g. phytoplankton, zooplankton) to the high trophic level predators (e.g. seabirds, cetaceans; [START_REF] Cury | Small pelagics in upwelling systems: patterns of interaction and structural changes in "wasp-waist" ecosystems[END_REF][START_REF] Cury | Global Seabird Response to Forage Fish Depletion--One-Third for the Birds[END_REF]). These species are largely sensitive to climate change [START_REF] Checkley | Climate change and small pelagic fish[END_REF][START_REF] Peck | Life cycle ecophysiology of small pelagic fish and climate-driven changes in populations[END_REF] and their potential future distribution has been recently projected for European seas [START_REF] Lenoir | Modelled spatial distribution of marine fish and projected modifications in the North Atlantic Ocean[END_REF][START_REF] Raybaud | Forecasting climate-driven changes in the geographical range of the European anchovy (Engraulis encrasicolus)[END_REF][START_REF] Schickele | European small pelagic fish distribution under global change scenarios[END_REF]. Their central role, high biomass and climatic sensitivity [START_REF] Checkley | Climate change and small pelagic fish[END_REF]) may therefore induce important structural and functional changes in ecosystems as well as major consequences on related fishing activities [START_REF] Lehodey | Climate Variability, Fish, and Fisheries[END_REF]). The seven SPFs species are abundant in the Gulf of Lion food-web model [START_REF] Bănaru | Trophic structure in the Gulf of Lions marine ecosystem (northwestern Mediterranean Sea) and fishing impacts[END_REF] along with associated fisheries. The Gulf of Lion is located in the coldest part of the Mediterranean Sea and is projected as one of the least impacted areas by climate change (Ben Rais [START_REF] Rais Lasram | The Mediterranean Sea as a 'cul-de-sac' for endemic fishes facing climate change: A marine endemic hotspot under threat[END_REF].

Based on (i) the recently projected climatic suitability of SPF (Schickele et al. 2020[START_REF] Schickele | European small pelagic fish distribution under global change scenarios[END_REF], (ii) the Gulf of Lion food-web model [START_REF] Bănaru | Trophic structure in the Gulf of Lions marine ecosystem (northwestern Mediterranean Sea) and fishing impacts[END_REF]) and (iii) the first SDM and food-web model coupling methodological perspective (Chaalali et al. 2016), we explored the consequences of climate induced changes in SPFs distribution on the food-web functioning of Gulf of Lion. In such a theoretical approach, the direct impact of climate change is only considered for SPFs, assuming that other species are not directly impacted. Therefore, we analyse the propagation the perturbation introduced for SPFs within the whole food web of the Gulf of Lion. Our work aims to study the theoretical sensitivity of the Gulf of Lion food web and fisheries to a climate induced change in SPFs by (i) forcing the SPFs biomass with SDMs outputs and (ii) implement cascading effects towards lower trophic levels. We calculated a spatial averaged ESI value corresponding to the study area for the contemporary and future periods, respectively. Geographical cells outside the suitable physical habitat (i.e. either outside a 50 km coastal area or deeper than 300 m for non-coastal cells; Schickele et al. 2020) were not considered in the calculations.

Material and methods

Future SPF projections

Climate induced changes in seven

Adaptation of the Ecopath model

Ecopath (Christensen and[START_REF] Christensen | ECOPATH IIa software for balancing steady-state ecosystem models and calculating network characteristics[END_REF][START_REF] Christensen | Ecopath with Ecosim: methods, capabilities and limitations[END_REF]) is a steady state, mass-balanced, mechanistic, food web modelling approach. The model is structured in functional groups, defined as single species or group of similar species (i.e. in size, diet preferences, habitats and life cycles). The mass-balance hypothesis is ensured by two equations, respectively defining the production of each functional group by the sum of the mortalities (eq. 1) and the energy balance (eq. 2). 𝑄 𝑖 = 𝑃 𝑖 + 𝑅 𝑖 + 𝑈 𝑖 (eq. 2)

𝐵 (

Where the i th functional group is defined by its biomass (Bi; t.km -2 ), production rate ((P/B)i; year -1 ), catch (Yi; t.km -2 .year -1 ), net emigration (Ei, t.km -2 ), biomass accumulation (BAi, t.km -2 .year -1 ), ecotrophic efficiency (EEi; i.e. the fraction of production used in the system), consumption (Qi, t.km -2 .year -1 ), respiration (Ri, t.km -2 .year -1 ) and excretion (Ui, t t.km - 2 .year -1 ). The j th predator functional group is defined by its consumption rate ((Q/B)i; year -1 ) and its diet on the i th prey functional group (DCij). The model is manually calibrated using a "trial and error" procedure primarily focusing on the least documented parameters. It is considered balanced when all EEi are inferior to 1.

The Gulf of Lion Ecopath model [START_REF] Bănaru | Trophic structure in the Gulf of Lions marine ecosystem (northwestern Mediterranean Sea) and fishing impacts[END_REF]) was originally composed of 40 functional groups among which the seven SPF species were either defined as single species groups or within a group of similar species. Based on the input data provided in Bănaru et al.

(2013), we isolated the seven SPF species in single species functional groups. During this process, new functional groups were parametrized according to literature data when available or proportionally to their respective biomass in the initial group (see Supplementary material Table 1.

Forcing the small pelagic fish groups

Because species growth, reproduction and recruitment are affected by environmental conditions such as temperature [START_REF] Mackenzie | Incorporating environmental variability in stock assessment: predicting recruitment, spawner biomass, and landings of sprat (Sprattus sprattus) in the Baltic Sea[END_REF][START_REF] Tommasi | Improved management of small pelagic fisheries through seasonal climate prediction[END_REF][START_REF] Lee | The benefits and risks of incorporating climate-driven growth variation into stock assessment models, with application to Splitnose Rockfish (Sebastes diploproa)[END_REF]), these physiological traits may be influenced by environmental suitability (i.e. the fundamental niche). This relationship between environmental suitability, species physiology and biomass .

𝐵 𝑓𝑢𝑡𝑢𝑟𝑒 = 𝐵 𝑟𝑒𝑓 × (1 - 𝐸𝑆𝐼 𝑟𝑒𝑓 -𝐸𝑆𝐼 𝑓𝑢𝑡𝑢𝑟𝑒 𝐸𝑆𝐼 𝑟𝑒𝑓 ) (eq. 3)
In addition, and to clarify the modelling outputs, we assumed a constant fishing mortality rate through time for all functional groups. Based on these modelling hypotheses, we constructed Scenario 01 compensates the induced predation mortality variations on SPF that may unbalance the model. We re-assigned the diet of the predators proportionally to the SPF biomass change and following a constant prey preference hypothesis (i.e. adaptation of the predator's diet to the new relative biomass of their preys). In addition, we defined the biomasses of functional groups with a trophic level lower than SPFs (e.g. primary producers, benthic invertebrates) as constant, to avoid an artificial biomass increase in the system induced by mortality variations [START_REF] Colléter | Modelling trophic flows in ecosystems to assess the efficiency of marine protected area (MPA), a case study on the coast of Sénégal[END_REF].

Scenario 02 adds top-down cascading effects towards lower trophic levels. We considered a change in the production rate (P/B) value according to the Allen assumption [START_REF] Allen | Relation Between Production and Biomass[END_REF].

𝑃 𝐵 = 𝑍 = 𝑀2 + 𝑀0 + 𝐹 (eq. 4)

In our case, the natural mortality (M0; independent of predation) and the fishing mortality (F) are set constant between the contemporary and future periods. Therefore, the production rate (P/B) compensates the natural mortality variations (M2) induced by the SPF biomass changes.

In addition, we defined the EE of functional groups with a trophic level lower than SPFs according to their values of scenario 01 (i.e. re-estimating biomasses by adding the top-down effect on scenario 01).

Scenario 03 adds a more complete forcing of SPF functional groups. We force SPF consumption rate (Q/B) according to the relation proposed by [START_REF] Palomares | Predicting food consumption of fish populations as functions of mortality, food type, morphometrics, temperature and salinity[END_REF].

𝑙𝑜𝑔 (

𝑄 𝐵 ) = 7.964 -0.204𝑙𝑜𝑔(𝑊 ∞ ) -1.965𝑇 ′ + 0.083𝐴 + 0.532ℎ + 0.398𝑑 (eq. 5)

In our case, only the temperature (T'; in 1000/K°) is changing in time. By considering both the reference and the future period, this equation can therefore be re-expressed as:

( 𝑄 𝐵 ) 𝑓𝑢𝑡𝑢𝑟𝑒 = ( 𝑄 𝐵 ) 𝑟𝑒𝑓 × 10 ^[1.965 × (𝑇′ 𝑟𝑒𝑓 -𝑇′ 𝑓𝑢𝑡𝑢𝑟𝑒 )] (eq. 6)

Food-web sensitivity indicators

The sensitivity of the Gulf of Lion food-web to climate induced changes in SPF functional groups was assessed based on several metrics describing its state. The Ecopath parameters values (e.g. biomass, production rate; Table V-1) show important variations between higher and lower trophic levels. Therefore, for each parameter and functional group, we both assessed the absolute and relative differences across periods as one may not be efficient at reflecting the structural changes induced by our climate forcing. The following parameters were used to describe the sensitivity of the functional groups and the food-web: (i) the biomass, (ii) the predation mortality (M2), (iii) the production rate over biomass (P/B), (iv) the total flow throughput (Ulanowicz 1997), (v) the keystoneness index (sensu [START_REF] Libralato | A method for identifying keystone species in food web models[END_REF]), (vi) the fishing mortality equivalent (Feq) to compensate the predation mortality variations and (vii) the corresponding capures (Yeq).

Results

Here 

Structural temporal trends of the Gulf of Lion

Relative parameter temporal trends

Based on SDM projections [START_REF] Schickele | European small pelagic fish distribution under global change scenarios[END_REF], we forecasted a decrease in the biomass of most SPFs (-32 % in average, Figure V-4) except for round sardinella (+32 %)

and European anchovy (+15 %). Moreover, we projected the local extinction of European sprat. These SPFs biomasses temporal trends induced an important increase of biomass (between 8 and 12%) for several planktonic functional groups (i.e. mesozooplankton, microzooplankton, microphytoplankton and pico-nanophypoplankton). Following the decrease in the biomass of SPFs, in particular Mediterranean horse mackerel and Atlantic horse mackerel, we projected a decrease in the predation mortality and productivity ratio (up to -14.5 %; Figure V-4) for most SPFs. However, we forecasted an increase of these parameters (up to +20%) for trophic level 2.5 and 3 (except for macrozooplankton) explained by predation report from SPFs. On the contrary, we projected a decrease of the predation mortality and productivity ratio for mesozooplankton (-19% and -10% respectively) and, to a lesser extent, for microphytoplankton. In general, we highlighted a propagation of the SPF biomass induced changes across trophic levels, with cascading effects between SPFs, zooplankton and phytoplankton. However, note that scenario 1 is unable to reflect eventual trophic propagation. 

Absolute parameter temporal trends

We projected similar temporal trends between absolute and relative biomass (Figure V-4). However, we highlighted the importance of the biomass decrease of European pilchard (-1.5 t.km -2 .year -1 ) in comparison with other SPFs (e.g. +0.3 t.km -2 .year -1 for European anchovy), therefore potentially explaining an important part of the changes induced on lower trophic levels. In addition, we projected an intensification of the absolute predation mortality and productivity ratio variation towards lower trophic levels (Figure V-4). Indeed, we projected a decrease in predation mortality and productivity ratio of -6.2 year -1 and -3.2 t.km -2 .year -1 respectively for mesozooplankton, compared to -0.8 year -1 and -0.8 t.km -2 .year -1 respectively for the potentially collapsed European sprat. While scenario 1 is unable to reflect trophic propagation, scenario 3 showed lower variation in comparison to scenario 2, due to the increased consumption rate of SPF that compensates their future biomass decrease.

Functional and fishery related dynamics of the Gulf of Lion

Functional indices

For all functional groups, we projected similar temporal trends between the relative throughput (Figure V-5) and biomass (Figure V-4), with a higher amplitude for SPFs however (e.g. +57 % for round sardinella, -30 % for European pilchard). While we forecasted a decrease of 12.7 t.km -2 .year -1 for European pilchard, we forecasted an increase above 50 t.km -2 .year -1 for all primary producers, highlighting a major propagation of the perturbation induced on SPFs (Figure V-5). Note that we projected no effect for trophic level 3 groups.

We forecasted similar temporal trends between the throughput and the biomass for all SPF groups, suggesting a biomass driven dynamic for these species. We projected an important heterogeneity in the keystoneness index temporal dynamic for all impacted groups, depending on their biomass and productivity ratio changes.

Fisheries related indices

In addition, we calculated the fishing mortality and capture necessary to maintain the system in steady state (i.e. compensating the predation mortality changes; Figure V-5).

Following the biomass decrease in Atlantic horse mackerel and Mediterranean horse mackerel, we projected an increase of the equivalent fishing mortality (up to +30 %) while we forecasted a decrease of 30 % for trophic level 3 groups and, to a lesser extent for the bivalvegasteropod group. However, we projected the need to decrease the captures by 30 % in average for all SPF and trophic level 3 groups except European anchovy (Figure V-5) to maintain the system in steady. We therefore identified a greater sensitivity of the fishing mortality and equivalent capture (2-to 3-fold) necessary to compensate predation changes driven by SPFs on several functional groups. This result suggested the potential risk of coupled effect between climate induced changes and fisheries on these largely harvested groups. 

Discussion

Methodological shortcomings

First, we based our approach on a linear relationship through time between the climatic suitability of SPFs and their biomass (Chaalali et al. 2016), applied to the Gulf of Lion foodweb. This relationship reflects the effect of environmental conditions on species growth, reproduction and critical lifestage success, and therefore their potential biomass [START_REF] Peck | Life cycle ecophysiology of small pelagic fish and climate-driven changes in populations[END_REF][START_REF] Poloczanska | Global imprint of climate change on marine life[END_REF]). However, the modelled ESI is not including dispersal capacity or species interactions, two factors that may spatially differentiate the realised distribution (i.e. biomass) from the fundamental distribution (i.e. climatic suitability; [START_REF] Peterson | Species Distribution Modeling and Ecological Niche Modeling: Getting the Concepts Right[END_REF]. In other words, a spatial interpolation of this relationship may be biased by the heterogeneity of the dispersal capacity or the species interactions between distinct geographical areas. Our relationship between ESI and biomass is therefore strictly limited to temporal interpolation within a geographical area and its food-web, considered as steady in time. Although this relationship has been demonstrated for planktonic organisms [START_REF] Helaouet | Physiology, Ecological Niches and Species Distribution[END_REF], SPFs are characterised by a more complex lifecycle [START_REF] Peck | Life cycle ecophysiology of small pelagic fish and climate-driven changes in populations[END_REF].

Alternative relationships between ESI and biomass may integrate density dependence effects [START_REF] Allen | Relation Between Production and Biomass[END_REF] The structure of Ecopath is top-down oriented (i.e. a predator biomass is not influenced by its prey biomass) according to its main equations. Integrating both (i) a bottom-up effect of SPF on top predators and (ii) a bottom-up retroaction of impacted lower trophic levels is a challenging perspective to further understand the impacts of climate change on food-webs.

Food-web consequences

Small pelagic fishes are impacting the entire food-web, interacting with all trophic levels, from primary producers to high trophic level predators [START_REF] Cury | Small pelagics in upwelling systems: patterns of interaction and structural changes in "wasp-waist" ecosystems[END_REF]. Therefore, we highlighted important trophic propagation induced by the changes in the biomass of SPFs (Figure V-4 and V-5). This first affected planktonic organisms, especially mesozooplankton, increasing their biomass while decreasing their production rate. Therefore, we projected a shift of the planktonic productivity towards primary producers (e.g. microzooplankton and pico-nanophytoplankton instead of mesozooplankton). Moreover, it is admitted that climate change alters the nutritive quality of these organisms [START_REF] Hays | Climate change and marine plankton[END_REF],potentially impacting intermediate trophic levels such as SPFs [START_REF] Diaz | Implementation of an end-to-end model of the Gulf of Lions ecosystem (NW Mediterranean Sea). II. Investigating the effects of high trophic levels on nutrients and plankton dynamics and associated feedbacks[END_REF]). In addition, we projected a high sensitivity of gelatinous organisms to changes in the biomass of SPFs. These organisms are known for their high sensitivity to climate variability [START_REF] Molinero | The influence of the Atlantic and regional climate variability on the long-term changes in gelatinous carnivore populations in the northwestern Mediterranean[END_REF], potentially impacting the early lifestages of high trophic level organisms. A complementary investigation of the bottom-up effects in the Gulf of Lion is therefore needed to fully understand the underlying ecosystem consequences and synergies induced by climate change (see discussion in [START_REF] Diaz | Implementation of an end-to-end model of the Gulf of Lions ecosystem (NW Mediterranean Sea). II. Investigating the effects of high trophic levels on nutrients and plankton dynamics and associated feedbacks[END_REF].

Second, the keystoneness and productivity decrease of most SPFs were compensated by functional groups of similar trophic level, based on our hypothesis of opportunistic prey foraging (i.e. predation report according to the biomass changes). The importance of this compensation may result from the important redundancy of the system (> 70%; [START_REF] Bănaru | Trophic structure in the Gulf of Lions marine ecosystem (northwestern Mediterranean Sea) and fishing impacts[END_REF]). These impacted functional groups (e.g. cephalopods) are potentially affecting other trophic levels, emphasising already existing cascading effects. Our approach isolated the perturbation induced by SPFs on the Gulf of Lion food-web, highlighting the most constrained trophic groups. However, further investigations are needed to fully understand the effects of climate change in a complex food-web such as the Gulf of Lion [START_REF] Bănaru | Trophic structure in the Gulf of Lions marine ecosystem (northwestern Mediterranean Sea) and fishing impacts[END_REF][START_REF] Bănaru | Implementation of an end-to-end model of the Gulf of Lions ecosystem (NW Mediterranean Sea). I. Parameterization, calibration and evaluation[END_REF].

Fisheries management implications

In a sustainable fisheries management perspective, fishing pressure and climate change are strongly interacting, as both factors may affect the mortality rate of marine species [START_REF] Brander | Global fish production and climate change[END_REF]. Here, the important sensitivity of the captures necessary to maintain the Gulf of Lion in a steady state highlighted the major socio-economic risks (direct and indirect) of a climate induced change in the biomass of SPFs. To maintain the food-web in steady state, a decrease in capture is needed for both SPFs and other trophic level 3 functional groups,

highlighting the complexity of a potential change in fisheries target species. It is therefore of crucial importance to anticipate synergies between climate change and fisheries in a sustainable ecosystem-based fisheries management perspective [START_REF] Gaines | Improved fisheries management could offset many negative effects of climate change[END_REF]. As environmental conditions are modifying species physiology [START_REF] Checkley | Climate change and small pelagic fish[END_REF][START_REF] Peck | Life cycle ecophysiology of small pelagic fish and climate-driven changes in populations[END_REF], we also encourage further development of stock assessment models integrating changing environmental conditions to avoid abrupt shifts in stock biomass (e.g. Tanaka 2019).

Here, we proposed a first perspective of coupling two intensively used modelling approaches to successfully identify functional groups with a higher risk of negative synergy between fisheries and climate change, a valuable information necessary to integrate the climatic dimension in future marine species and ecosystem-based fisheries management strategies.

VI. CHAPITRE 5 :

Estimation of the invasive potential of non-native fish species: the Mediterranean case study 

Abstract

Biological invasions, accentuated by the enlargement of the Suez Canal, represent one of the main threats to Mediterranean biodiversity, considered as the most invaded sea worldwide. In the last two decades, important Non-Indigenous Species (NIS) initiatives were applied throughout the Mediterranean Sea to understand the spreading, the ecological and economic consequences of these new coming species. In a context of increasing warming and a conservation perspective, it is of major importance to anticipate the arrival of NIS species and their risk of becoming invasive. To this extent, we developed an empirical index, based on functional and ecological traits only, that estimates the Invasive Potential (IP; i.e. its potential success in transport, introduction and establishment outside its native range) for a set of 14 Mediterranean fish NIS. For the most invasive species, we coupled the IP index with contemporary and future projections of their Environmental Suitability Index (ESI), using an ensemble modelling approach, to estimate geographical areas that were most impacted by their spreading. Our results highlighted the importance of functional traits related to reproduction in the IP index. While we projected high contemporary ESI values for most NIS in the southern and eastern Mediterranean, the Adriatic and north-western Mediterranean seas showed low to intermediate ESI values. However, we projected a major potential future expansion of high ESI values towards the northern Mediterranean, especially in the northern Adriatic Sea. Therefore, we showed that it is crucial to consider NIS species in future ecosystem conservation and fish stock management procedures.

Keywords: Functional and ecological traits, Invasive potential, Species distribution modelling, Non-Indigenous species, Mediterranean Sea

The invasion process can be divided in four different stages, (i) transport, (ii) introduction, (iii) establishment and (iv) spreading, with respective physical, biological or environmental barriers relative to each stage [START_REF] Blackburn | A proposed unified framework for biological invasions[END_REF]. Once transported in the Mediterranean (i.e. aquarium trade, marine transport; [START_REF] Katsanevakis | Invading European Seas: Assessing pathways of introduction of marine aliens[END_REF], the introduction, establishment and spreading success of NIS depend on the ability of the species to overcome the successive barriers (e.g. survival, reproduction) according to their functional and ecological characteristics (e.g. habitat specificity, age of sexual maturity).

In the Mediterranean, NIS monitoring are coordinated by international researchers and stakeholders (e.g. in Marine Protected Areas; [START_REF] Otero | Monitoring marine invasive species in the Mediterranean marine protected areas (MPAs): a strategy and practical guide for managers[END_REF] to encourage adaptative management strategies. Because of the absence of physical barriers in marine environment and favourable climatic conditions in the context of global warming [START_REF] Lenoir | Species better track climate warming in the oceans than on land[END_REF], it is unlikely to prevent the arrival of marine NIS in the Mediterranean Sea. However, early detection of NIS has been recognised as one of the first priorities in minimising the impact of invasive species [START_REF] Mannino | The Marine Biodiversity of the Mediterranean Sea in a Changing Climate: The Impact of Biological Invasions[END_REF]. Directly identifying potential invasive species on the introduction stage is crucial to anticipate future resilience of ecosystems [START_REF] Katsanevakis | Mapping the impact of alien species on marine ecosystems: the Mediterranean Sea case study (M Bode, Ed.)[END_REF], habitat or possible eradication procedures. To this extent, we developed an empirical index, estimating the risk of a marine fish NIS to become invasive, based on their functional and ecological traits necessary to overcome the invasion barriers [START_REF] Blackburn | A proposed unified framework for biological invasions[END_REF].

Following the establishment success of a NIS, environmental factors may accelerate its spreading and therefore the risk of becoming invasive [START_REF] Puth | Studying invasion: have we missed the boat?[END_REF][START_REF] Herborg | Predicting Invasion Risk Using Measures of Introduction Effort and Environmental Niche Models[END_REF][START_REF] Blackburn | A proposed unified framework for biological invasions[END_REF]. Species Distribution Models (SDMs) are one popular way to produce long-term, large-scale and spatially explicit estimations of invasion risks according to present and future environmental conditions [START_REF] Broennimann | Evidence of climatic niche shift during biological invasion[END_REF][START_REF] Albouy | Projected climate change and the changing biogeography of coastal Mediterranean fishes (P Pearman, Ed.)[END_REF][START_REF] Bellard | Will climate change promote future invasions?[END_REF]. Following a niche-biotope duality [START_REF] Colwell | Hutchinson's duality: The once and future niche[END_REF] and a niche conservatism hypothesis [START_REF] Hutchinson | An introduction to population ecology[END_REF][START_REF] Crisp | Phylogenetic biome conservatism on a global scale[END_REF], SDMs only require the environmental conditions corresponding to occurrences to highlight areas or species with important invasion risks. To produce reliable scenarios for management and conservation perspectives [START_REF] Goberville | Uncertainties in the projection of species distributions related to general circulation models[END_REF], we considered an ensemble of SDMs [START_REF] Breiner | Overcoming limitations of modelling rare species by using ensembles of small models (B Anderson[END_REF] and climate models (General Circulation Model, GCM; Wilby and Dessai 2010), thus providing a large range of projections depending on future climate change intensity (Representative Concentration Pathways, RCP; [START_REF] Meinshausen | The RCP greenhouse gas concentrations and their extensions from 1765 to 2300[END_REF][START_REF] Van Vuuren | The representative concentration pathways: an overview[END_REF].

Here, we propose the first study integrating (i) an innovative evaluation procedure of the functional and ecological predisposition of fish NIS to become invasive coupled with (ii) a multi-SDM, GCM and RCP modelling procedure. This procedure estimates the potential including information on their invasion vectors) and (ii) the geographical areas that are the most vulnerable to the arrival of these NIS.

Material and methods

Estimating the invasive potential of non-indigenous species

Recent literature highlighted that invasive species are characterised by common functional and ecological traits that may facilitate their invasion success compared to another non-invasive NIS (e.g. [START_REF] Whitney | Rapid evolution in introduced species, 'invasive traits' and recipient communities: challenges for predicting invasive potential[END_REF][START_REF] Kleunen | A meta-analysis of trait differences between invasive and noninvasive plant species[END_REF][START_REF] Geburzi | How Do They Do It? -Understanding the Success of Marine Invasive Species[END_REF]. Following these works, we defined a functional and ecological Invasive Potential (IP; index between 0 and 100). This index characterises, a priori, the invasive potential of a fish species based on a restricted set of functional and ecological traits influencing its invasive character (e.g. introduction, establishment and spreading success; [START_REF] Blackburn | A proposed unified framework for biological invasions[END_REF].

Based on a literature review, we retrieved a synthetic list of 13 functional and ecological traits related to the different stages of invasion ( 

Morphology

Good swimmer

The species has no cylindric body nor V-shaped caudal fin The species has cylindric body and V-shaped caudal fin 0 1 [START_REF] Bruslé | Les poissons et leur environnement : écophysiologie et comportements adaptatifs[END_REF] Defence against predators

The species has no self-defence mechanisms The species has defence mechanisms (e.g. spines)

The species is venomous 0 0.5 1 [START_REF] Bruslé | Les poissons et leur environnement : écophysiologie et comportements adaptatifs[END_REF])

Environment

Large depth range

Depth < 50 m Depth < 100 m Depth > 100 m 0 0.5 1 [START_REF] Popper | Some ecological and behavioural aspects of siganid populations in the Red Sea and Mediterranean coasts of Israel in relation to their suitability for aquaculture[END_REF][START_REF] Bruslé | Les poissons et leur environnement : écophysiologie et comportements adaptatifs[END_REF], Azzurro et al. 2013, Bariche et al. 2013) No specific habitat Specific habitat is needed for one or more lifestages No specific habitat in the lifecycle 0 1 [START_REF] Popper | Some ecological and behavioural aspects of siganid populations in the Red Sea and Mediterranean coasts of Israel in relation to their suitability for aquaculture[END_REF][START_REF] Bruslé | Les poissons et leur environnement : écophysiologie et comportements adaptatifs[END_REF], Azzurro et al. 2013, Bariche et al. 2013

) Introduction

Low confamily resistance

There is taxonomically close species in the Mediterranean There is no taxonomically close species in the Mediterranean 0 1 [START_REF] Bruslé | Les poissons et leur environnement : écophysiologie et comportements adaptatifs[END_REF] Aquarium fish The species is not subject to commercial aquarium trading The species is subject to commercial aquarium trading 0 1 [START_REF] Katsanevakis | Invading European Seas: Assessing pathways of introduction of marine aliens[END_REF] To quantify the invasive power of each NIS, we attributed a value of 1, 0.5 or 0 to each selected trait, according to its level of presence or development (i.e. largely, partially or not increasing its introduction, establishment or reproduction success, Table VI-1). Despite the monitoring of NIS (e.g. [START_REF] Otero | Monitoring marine invasive species in the Mediterranean marine protected areas (MPAs): a strategy and practical guide for managers[END_REF], the value attributed to functional and ecological traits were not available from Mediterranean studies for most species and characteristics.

Because these traits (e.g. age and size at maturity; Berrigan and Charnov 1994) may slightly vary depending local conditions (e.g. temperature), we chose to consider the value that most impacted the IP (i.e. conservative approach). Our semi-quantitative IP index is calculated as the normalised (i.e. between 0 and 100), equal weighted (i.e. coefficient of 1) sum of the values attributed to all functional and ecological trait of a species. Species with an IP value exceeding 50 were considered for a complementary estimation of their climatic invasive potential. For each species, the values of each functional or ecological traits were attributed according to the references provided in Supplementary material VI-2. Note that 37 % of the functional and ecological traits values were retrieved from Fishbase (Froese and Pauly 2018) and 16 % from [START_REF] Otero | Monitoring marine invasive species in the Mediterranean marine protected areas (MPAs): a strategy and practical guide for managers[END_REF], two multi-species monitoring databases.

Biological and environmental data used in model calibration

Non-indigenous fish species occurrence data

During an invasion process, the non-native distributional range of a species is highly dynamic in time and the corresponding environmental conditions in which the species is observed are not representative of its environmental tolerance [START_REF] Jiménez-Valverde | Use of niche models in invasive species risk assessments[END_REF][START_REF] Raybaud | Climate-induced range shifts of the American jackknife clam Ensis directus in Europe[END_REF]. Therefore, we considered NIS occurrence records both from the native and non-native Mediterranean distributional range, taking (i) the whole native environmental tolerance of the species and (ii) any potential climatic range shift during this introduction process into account (e.g. [START_REF] Broennimann | Evidence of climatic niche shift during biological invasion[END_REF]. Occurrence records for the considered fish NIS were retrieved from three available public databases: Ocean Biogeographic Information System (OBIS, http://www.iobis.org/), the Global Biodiversity Information Facility (GBIF, https://www.gbif.org/) and Fishbase (Froese and Pauly 2018).To ensure the most up-to-date datasets, especially in their non-native distributional range, we completed these preliminary datasets with the latest available literature records and NIS databases (Supplementary Material VI-1). The observation datasets were pre-processed in a data cleaning procedure (Schickele et al. 2020) by (i) removing false identifications (e.g. taxonomic confusion), (ii) discarding duplicate occurrences and (iii) ensuring the temporal and locational reliability at the edge of the observed distribution (e.g. data on land, longitudinal and/or latitudinal inversion, historical or undated data). Finally, the occurrences datasets were then aggregated on a 0.1° x 0.1° spatial grid (from 70°N to 70°S and from 180°E to 180°W) that corresponds to that of environmental parameters.

Environmental parameters

The environmental variables tested in our procedure (Table VI- Coastal cells with important bathymetrical slope (i.e. frequent in the Mediterranean Sea) are characterised by their average depth and SBT, that may not reflect the environmental values corresponding to a shallow observation. To reduce resolution biases, we considered the surface temperature, corresponding to the 30m surface layer, as SBT in the geographical cells adjacent to the coast. We considered bathymetry and distance to coast in a hierarchical filtering approach [START_REF] Hattab | Towards a better understanding of potential impacts of climate change on marine species distribution: a multiscale modelling approach[END_REF] to reduce model over-parametrisation: (i) cells were considered within 20km off the coast (consistency with the SBT pre-treatment) or (ii) above a species-specific bathymetrical threshold for oceanic cells (i.e. according to the depth range parameter in Table VI-1). For each species and model, we considered only one variable among inter-correlated (Pearson's r > 0.7) groups of environmental parameters [START_REF] Dormann | Methods to account for spatial autocorrelation in the analysis of species distributional data: a review[END_REF]).

Modelling the current geographical range of the considered non-indigenous species

We modelled the contemporary geographical range of all considered NIS using a recently developed species distribution modelling framework (Schickele et al. 2020). This procedure is based on the calculation of the Environmental Suitability Index (ESI; index between 0 and 1 based on suitability estimated from current conditions). To reduce sampling bias, we filtered the occurrence data in an environmental space (i.e. resolution of 1°C or 1 salinity unit) for each species and environmental variable combination. We then selected pseudo-absences, in equal amounts of filtered observations, by means of the convex hull method (i.e. in the environmental space outside the convex hull of observations; Cornwell et al. 2004, Getz and[START_REF] Getz | A local nearest-neighbor convex-hull construction of home ranges and utilization distributions[END_REF], excluding the 10 and 90 percentiles (i.e. to lower the weight of potentially non-established records in our models; Schickele et al. 2020). Following an ensemble modelling procedure, we selected the models that best reproduce the observed spatial distribution among (i) the Non-Parametric Probabilistic Ecological Niche (NPPEN) model [START_REF] Beaugrand | A New Model to Assess the Probability of Occurrence of a Species, Based on Presence-Only Data[END_REF]), (ii) Generalized Linear Model (GLM), (iii) Generalized

Additive Model (GAM), (iv) Generalized Boosting Model (GBM), (v) Artificial Neural Network (ANN), (vi) Flexible Discriminant Analysis (FDA), (vii) Multiple Adaptive Regression Splines (MARS) and (viii) Random Forest (RF), algorithms retrieved from the Biomod2 package [START_REF] Thuiller | BIOMOD -a platform for ensemble forecasting of species distributions[END_REF](Thuiller et al. , 2016b)). A model was considered robust and conserved in the corresponding ensemble model when the Continuous Boyce Index (CBI; [START_REF] Hirzel | Evaluating the ability of habitat suitability models to predict species presences[END_REF], the only evaluation metric for presence/pseudo-absence based SDMs (see discussion in [START_REF] Leroy | Without quality presence-absence data, discrimination metrics such as TSS can be misleading measures of model performance[END_REF], had a value over 0.5 (e.g. [START_REF] Faillettaz | Atlantic Multidecadal Oscillations drive the basin-scale distribution of Atlantic bluefin tuna[END_REF]). To evaluate models from an ecological perspective, we calculated the response curve of each environmental variables (i.e. by keeping other parameters at their mean values; [START_REF] Elith | The evaluation strip: A new and robust method for plotting predicted responses from species distribution models[END_REF]) and eliminated spurious environmental responses (e.g. bimodal curve for temperature).

Environmental parameters and corresponding pre-treatments used for future projections

To project future ESI, we considered five General Circulation Models (GCM) developed for the 5th phase of the Coupled Model Intercomparison Project (CMIP5; Table VI-2). We averaged future temperature projections in a (i) short-to-medium (2030-2039), (ii) mid-century (2050-2059) and (iii) late-century (2090-2099) period. To cover an ensemble of climatic trajectories for our invasive risk assessment, we considered (i) the optimistic peak and decline (RCP2.6), the intermediate "stabilisation" (RCP4.5) and the "business as usual" (RCP8.5) scenarios [START_REF] Meinshausen | The RCP greenhouse gas concentrations and their extensions from 1765 to 2300[END_REF][START_REF] Van Vuuren | The representative concentration pathways: an overview[END_REF]. Because its temporal variance is negligible compared to its spatial variance, we considered SSS as constant over time [START_REF] Dickson | The "great salinity anomaly" in the Northern North Atlantic 1968-1982[END_REF][START_REF] Faillettaz | Atlantic Multidecadal Oscillations drive the basin-scale distribution of Atlantic bluefin tuna[END_REF].

We identified biases between observation-based (i.e. contemporary period) and GCMbased (i.e. future projections) temperature data (Table VI-2 

Results

Identification of species with important invasive potential

Here we present, the IP index of 14 Mediterranean NIS (Table VI-3) according to the present ecological knowledge. Species with an IP value over 50 % were considered for further environmental suitability assessment.

We estimated an IP value over 50 for six NIS: F. commersonii, L. sceleratus, P. miles, S. luridus, S. rivulatus and K. sectatrix. These species are all lessepsian species (i.e.

Mediterranean NIS originating from the Red Sea) except K. sectatrix. We highlighted the important potential of F. commersonii (73%, Table VI-3) that is coherent with the current observation of the species spreading across the Mediterranean (e.g. [START_REF] Azzurro | Fistularia commersonii in the Mediterranean Sea: invasion history and distribution modeling based on presence-only records[END_REF].

However, L. sceleratus (65%), P. miles (65%), S. luridus (62%) and S. rivulatus (62%) were also estimated to have advantageous functional and ecological traits (Table VI-3), explaining the major impacts and spreading of these NIS [START_REF] Giakoumi | Distribution patterns of the invasive herbivore Siganus luridus (Rüppell, 1829) and its relation to native benthic communities in the central Aegean Sea, Northeastern Mediterranean[END_REF][START_REF] Akyol | Long journey of Lagocephalus sceleratus (Gmelin, 1789) throughout the Mediterranean Sea[END_REF][START_REF] Dimitriadis | Updating the occurrences of Pterois miles in the Mediterranean Sea, with considerations on thermal boundaries and future range expansion[END_REF]. They are all characterised by advantageous functional traits related to reproduction such as a medium to long reproduction period, an early sexual maturity (except L. sceleratus), planktonic eggs and gonochorism (Supplementary material VI-2). However, these species distinguish from other NIS by their important swimming aptitudes or efficient defence mechanisms (e.g. poison; [START_REF] Morris | Biology and Ecology of the Invasive Lionfishes, Pterois miles and Pterois volitans[END_REF]) characterising a low predation mortality (Supplementary material VI-2). In addition, their adaptation capacities to various habitats participate to their establishment success, as observed in the eastern Mediterranean Sea. Conversely, we estimated an IP index value under 50 % for eight NIS:

L. surinamensis, Z. xanthurum, P. incisus, S. rubrum, H. intermedius, A. pharaonis, S. verrucosa and P. pilicornis. All species were characterised by the absence of fast swimming capabilities, due to their body and caudal fin shape (Supplementary material VI-2).

Moreover, seven species (execpting L. surinamensis) presented a low egg production due to their small adult size or internal fecundation (Supplementary material VI-2). Finally, six species (excepting Z. xanthurum and P. pilicornis) had an exclusive carnivorous diet, limiting the range of potential preys in their introduction area (Supplementary material VI-2).

However, despite an IP index of 50 %, L. surinamensis, Z. xanthurum and P. incisus share several functional and ecological traits (e.g. planktonic eggs, gonochorism) that may drive contemporary or future invasive behaviours (e.g. [START_REF] Bodilis | The spread of an Atlantic fish species, Pomadasys incisus (Bowdich, 1825) (Osteichthyes: Haemulidae), within the Mediterranean Sea with new additional records from the French Mediterranean coast[END_REF], Guidetti et al. 2016).

Estimating the ecological niche of the most invasive NIS

Here we present the ecological niche estimated through our SDM-based ensemble modelling procedure for the six NIS identified with an IP value over 50 (Figure VI-1).

Details on the environmental parameters and CBI value to evaluate modelling outputs are provided in Supplementary material VI-3. Our ensemble models showed high confidence in reproducing the observed distribution of NIS with CBI values high above the 0.5 validation threshold [START_REF] Faillettaz | Atlantic Multidecadal Oscillations drive the basin-scale distribution of Atlantic bluefin tuna[END_REF]between 0.92 and 0.74;Supplementary material VI-3). Temperature related variables were predominant in the niche modelling process, highlighting the importance of both mean temperature and variability in identifying suitable environment. 

Climatic invasion risk projections

Environmental suitability projections

Here we present, for each NIS identified with a high IP value, the expected ESI in the 

Discussion

Identification of functional and ecological traits

We identified species with an important invasive potential according to a reduced set of functional and ecological traits that may accentuate their transport, introduction and establishment success outside their native area [START_REF] Blackburn | A proposed unified framework for biological invasions[END_REF]. This index is a synthetic estimation of the invasive potential of a species in a conservation perspective.

However, the functional and ecological traits and corresponding scores may also inform on the vectors of invasion for each species (e.g. r-or K-reproductive strategy), an understanding that is crucial to propose invasion limitation or adaptation measures [START_REF] Geburzi | How Do They Do It? -Understanding the Success of Marine Invasive Species[END_REF]. The scores corresponding to each trait were attributed assuming that the non-native population was representative of the native population, leading to a conservative estimation of the invasive potential (i.e. maximum potential). Because post-introduction evolution is common for invasive species (e.g. 

Producing robust climatic invasive risk scenarios

The establishment and spreading of NIS depend on local environmental conditions [START_REF] Geburzi | How Do They Do It? -Understanding the Success of Marine Invasive Species[END_REF], directly affecting the species metabolism and physiology (e.g.

growth and therefore number of gametes; [START_REF] Chambers | Early Life History and Recruitment in Fish Populations[END_REF]. To be relevant in a conservation and risk assessment perspective, we developed robust scenarios of future ESI, based on a multi-GCM, RCP and SDM approach [START_REF] Goberville | Uncertainties in the projection of species distributions related to general circulation models[END_REF] to estimate an ensemble of climatic invasive potential along the 21 st century. Because the common concern in SDM adapted to invasive species is the niche conservatism hypothesis [START_REF] Parravicini | Niche shift can impair the ability to predict invasion risk in the marine realm: an illustration using Mediterranean fish invaders[END_REF], we based our models on both non-native Mediterranean and native range observations (D'Amen and Azzurro, 2019;[START_REF] Poursanidis | Habitat suitability, niche unfilling and the potential spread of Pterois miles in the Mediterranean Sea[END_REF]. Therefore, we considered potential climatic range shifts (i.e. non-native observations outside the native climatic niche), commonly responsible for omission errors in non-native ESI projections calibrated on the native observed range only (e.g. [START_REF] Broennimann | Evidence of climatic niche shift during biological invasion[END_REF]. Furthermore, the non-native observations are representative of the lower thermal limits of the fundamental niche (Figure

VI-1), avoiding an important number of commission errors concerning medium to large ESI

values (> 0.5, i.e. significant climatic invasive potential). However, we encourage further initiatives to monitor the NIS spreading in the Mediterranean Sea [START_REF] Zenetos | The role played by citizen scientists in monitoring marine alien species in Greece[END_REF][START_REF] Marchini | Recommendations on standardizing lists of marine alien species: Lessons from the Mediterranean Sea[END_REF], therefore providing updated data to perform local scale risk assessments (Zenetos and Galanidi 2020).

Ecological and ecosystemic consequences

By coupling our functional and ecological IP index with future ESI projections, we identified both NIS and geographical areas with important invasion risk, providing a comprehensive, stepwise, up-to-date, multi-SDM, RCP and period invasive risk assessment for the Mediterranean Sea. The NIS monitoring in the eastern and southern Mediterranean Sea highlighted their impact on non-native ecosystem balance and habitat [START_REF] Sala | Alien Marine Fishes Deplete Algal Biomass in the Eastern Mediterranean[END_REF], Otero et al. 2013[START_REF] Saygu | The importance of alien species to the food web and bottom trawl fisheries of the Northeastern Mediterranean, a modelling approach[END_REF], valuable information to anticipate the consequence of the future spreading that we projected. First, we highlighted an important invasive potential (i.e.

functional, ecological and climatic) for S. luridus and S. rivulatus. These two species are known for their important grazing on algal forests [START_REF] Sala | Alien Marine Fishes Deplete Algal Biomass in the Eastern Mediterranean[END_REF], that may indirectly impact the food web by competing against native herbivores (e.g. Sarpa salpa [START_REF] Azzurro | Resource partitioning among early colonizing Siganus luridus and native herbivorous fish in the Mediterranean: an integrated study based on gut-content analysis and stable isotope signatures[END_REF]) and alter shallow habitats, that are crucial for fish juveniles and invertebrates [START_REF] Giakoumi | Distribution patterns of the invasive herbivore Siganus luridus (Rüppell, 1829) and its relation to native benthic communities in the central Aegean Sea, Northeastern Mediterranean[END_REF]. Then, we projected the spreading of several high trophic level species such as F. commersonnii, L. sceleratus and P. miles across the Mediterranean, leading to either increased predation mortality on lower trophic levels or competition against native predators [START_REF] Geburzi | How Do They Do It? -Understanding the Success of Marine Invasive Species[END_REF]. Because these species are new to their non-native ecosystems, no population regulation by predationa process that may limit their spreading or abundance has been observed (e.g. [START_REF] Bariche | Reproduction of the invasive bluespotted cornetfish Fistularia commersonii (Teleostei, Fistulariidae) in the Mediterranean Sea[END_REF]). In addition, several fish NIS that we identified as potentially invasive (e.g. P. miles, S. luridus, S. rivulatus, L. sceleratus, S. rubrum and S. verrucosa; Supplementary Material VI-2) are characterised by toxicity-based defence mechanisms, reducing the range of potential predators, a major natural invasion regulation process [START_REF] Francour | Mediterranean marine protected areas and non-indigenous fish spreading. -Fish Invasions of the Mediterranean Sea: Change and Renewal: 20[END_REF][START_REF] Giakoumi | Exploring the relationships between marine protected areas and invasive fish in the world's most invaded sea[END_REF]. Finally, several NIS presented fast swimming capacities or an important egg production, two functional traits emphasising their expansion process in the Mediterranean Sea [START_REF] Geburzi | How Do They Do It? -Understanding the Success of Marine Invasive Species[END_REF]. These simultaneous and unregulated NIS establishment may profoundly modify the food webs and inter-specific relations [START_REF] Geburzi | How Do They Do It? -Understanding the Success of Marine Invasive Species[END_REF]McCarthy 2018, Saygu et al. 2019), consequences that may directly affect the ecosystem network complexity and resilience [START_REF] Bax | Marine invasive alien species: a threat to global biodiversity[END_REF][START_REF] Molnar | Assessing the global threat of invasive species to marine biodiversity[END_REF]. Furthermore, food web impacts on native predator stocksome being harvested outside the sustainable ratemay have severe consequences on local fisheries characterising the Mediterranean Sea [START_REF] Saygu | The importance of alien species to the food web and bottom trawl fisheries of the Northeastern Mediterranean, a modelling approach[END_REF]).

Management and conservation perspective

To avoid such unregulated NIS establishment in the Mediterranean and its underlying ecological and ecosystemic consequences, the development of an MPA network has been highlighted to increase ecosystem resilience to external pressures. It is now commonly admitted that MPAs contribute to a higher predator density that may lead to predation against NIS, limiting their competitiveness against native fish species ( [START_REF] Kennedy | Biodiversity as a barrier to ecological invasion[END_REF], Francour et al. 2010[START_REF] Giakoumi | Exploring the relationships between marine protected areas and invasive fish in the world's most invaded sea[END_REF]. Moreover, well enforced MPAs are characterised by a more complex food web (i.e. number of species and pathways; [START_REF] Stachowicz | Biodiversity, Invasion Resistance, and Marine Ecosystem Function: Reconciling Pattern and Process[END_REF][START_REF] Giakoumi | Ecological effects of full and partial protection in the crowded Mediterranean Sea: a regional meta-analysis[END_REF]) and therefore resilience to increased mortalities (e.g. predation of NIS).

In a fisheries management perspective, a more resilient ecosystem and lower anthropogenic pressures may allow fisheries to sustainably harvest native species fish stocks independently of the arrival of NIS [START_REF] Corrales | Future scenarios of marine resources and ecosystem conditions in the Eastern Mediterranean under the impacts of fishing, alien species and sea warming[END_REF]). However, we largely encourage stakeholders to account for potential natural mortality (i.e. environmental) and predation mortality (i.e.

predation by NIS) in the stock assessment procedure following a precautionary approach [START_REF] Jones | Harnessing nature to help people adapt to climate change[END_REF]) that is crucial to sustainably maintain local fishery that have important economic and social consequences on Mediterranean coastal areas [START_REF] Malorgio | The role of small-scale fisheries in Mediterranean coastal communities. An analytical framework for their development[END_REF]). The potential arrival of NISthat already the case in the southern and eastern Mediterraneanis also an opportunity to develop new fisheries, animal protein sources and marine related activities (e.g. controlling and valorising lionfish invasion in the Carribean; [START_REF] Blakeway | Controlling lionfishes (Pterois spp.) with consumption: Survey data from Aruba demonstrate acceptance of non-native lionfishes on the menu and in seafood markets[END_REF]). However, this ensemble of management and conservation measures against NIS largely relies on early detection and monitoring of these species (e.g. Otero et al. 2013, Zenetos and[START_REF] Galanidi | social awareness (Azzurro and Bariche 2017) and human health[END_REF]. Therefore, we encourage further initiative to identify and project the potential future introduction, establishment or expansion of these species. [START_REF] Brander | Global fish production and climate change[END_REF]. A moyen et long terme, l'ensemble de ces impacts écosystémiques pourrait altérer la biodiversité à l'échelle mondiale, nécessitant des mesures de conservation [START_REF] Poloczanska | Global imprint of climate change on marine life[END_REF][START_REF] Beaugrand | Future vulnerability of marine biodiversity compared with contemporary and past changes[END_REF][START_REF] Hilborn | Ocean Recovery: A sustainable future for global fisheries?[END_REF].

Dans une perspective de conservation, une biodiversité plus importante pourrait théoriquement améliorer la résilience des écosystèmes face aux impacts du changement climatique tels que les variations d'abondance et les mouvements d'espèces [START_REF] Kennedy | Biodiversity as a barrier to ecological invasion[END_REF]. En réalité, une biodiversité plus importante est à l'origine d'une plus grande complexité des chaines trophiques parallèles [START_REF] Ulanowicz | Ecology, the Ascendent Perspective[END_REF][START_REF] Ulanowicz | Information theory in ecology[END_REF] 

Limitations et perspectives méthodologiques

Des limitations intrinsèques mais un large domaine d'application

Le choix d'une approche de modélisation peu gourmande en données s'accompagne nécessairement de limitations méthodologiques, parmi lesquelles (i) l'hypothèse de conservation de la niche [START_REF] Peterson | Species Distribution Modeling and Ecological Niche Modeling: Getting the Concepts Right[END_REF]) et (ii) l'incapacité à prendre en compte les interactions entre espèces ou les phénomènes de dispersion [START_REF] Araújo | Five (or so) challenges for species distribution modelling[END_REF].

Les modèles de distribution d'espèces sont basés sur une hypothèse de conservation de la niche dans le temps et dans l'espace, c'est-à-dire une stabilité physiologique et génétique de l'espèce étudiée [START_REF] Peterson | Species Distribution Modeling and Ecological Niche Modeling: Getting the Concepts Right[END_REF]. Dans le cas des espèces potentiellement invasives (i.e. absence d'équilibre avec leur milieu), une occupation partielle de la niche écologique et une non-représentativité de la population non-indigène par rapport à la population native peut être à l'origine de phénomènes de décalage de niche écologique [START_REF] Broennimann | Evidence of climatic niche shift during biological invasion[END_REF][START_REF] Pearman | Niche dynamics in space and time[END_REF][START_REF] Jiménez-Valverde | Use of niche models in invasive species risk assessments[END_REF] Modéliser de façon conjointe les espèces en fortes interaction avec ce groupe fonctionnel permettrait (i) de projeter l'évolution future de leur distribution de façon plus réaliste, mais également (ii) d'identifier les interactions impactant leur distribution future.

Intégration de la dispersion

Au cours de cette thèse, notre approche de modélisation nous a permis d'estimer La première approche est basée sur un modèle Lagrangien de dispersion de propagules (e.g. gamètes) spécifique aux milieux marins. Il intègre un nombre de particule (i.e. production de gamètes), une durée de dispersion (i.e. durée de la phase larvaire planctonique) et un âge de maturité (i.e. durée à partir de laquelle un puit devient source) couplé à des cartes de courantologie marine [START_REF] Lett | Short communication A Lagrangian tool for modelling ichthyoplankton dynamics[END_REF]. Dans le cas d'espèces invasives dont la biologie est peu étudiée, il est possible de déduire ces paramètres de l'expansion historique de leur aire de distribution [START_REF] Lett | Short communication A Lagrangian tool for modelling ichthyoplankton dynamics[END_REF]. Cette procédure est particulièrement intéressante pour quantifier la temporalité d'une invasion biologique en fonction de différents scénarios climatiques en couplant de manière itérative (i) notre procédure de modélisation de niche et (ii) cette approche de dispersion lagrangienne (e.g. Johnston and Purkis 2014). Cependant, une distribution active de larve pélagiques (i.e. dans la colonne d'eau, face au courant) a été récemment montré en Méditerranée, nuançant l'hypothèse de particules passives faite dans les modélisation lagrangiennes (Faillettaz et al. 2018).

La deuxième approche est basée sur la définition de cellules géographique spatialisées Ces gradients, ainsi que le choix des écosystèmes considérés pourraient suivre des métriques d'impacts spatialisées, tels que les travaux de [START_REF] Katsanevakis | Mapping the impact of alien species on marine ecosystems: the Mediterranean Sea case study (M Bode, Ed.)[END_REF], [START_REF] Micheli | Cumulative Human Impacts on Mediterranean and Black Sea Marine Ecosystems: Assessing Current Pressures and Opportunities[END_REF] ou [START_REF] Halpern | Evaluating and Ranking the Vulnerability of Global Marine Ecosystems to Anthropogenic Threats[END_REF][START_REF] Halpern | A Global Map of Human Impact on Marine Ecosystems[END_REF]. Une autre perspective serait de considérer des écosystèmes soumis à des mesures de protection (e.g. aires marines protégées) ou au contraire, à une pêche En suivant ces perspectives, plusieurs modèles déjà présents pourraient être pertinents à tester, notamment le golfe de Gabès (Hattab et al. 2013b), la côte Turque [START_REF] Saygu | The importance of alien species to the food web and bottom trawl fisheries of the Northeastern Mediterranean, a modelling approach[END_REF] ou la mer Adriatique [START_REF] Libralato | Food-web traits of protected and exploited areas of the Adriatic Sea[END_REF]. Cependant, dans le cas d'écosystèmes soumis à l'arrivée d'une espèce invasive (i.e. lien trophiques inconnus), la principale difficulté réside dans l'équilibrage du réseau trophique et l'inférence de relations trophiques nouvelles [START_REF] Albouy | From projected species distribution to food-web structure under climate change[END_REF][START_REF] Pecuchet | Novel feeding interactions amplify the impact of species redistribution on an Arctic food web[END_REF]).

Des changements de distribution aux modèles économiques

Dans cette thèse, le choix a été fait de se focaliser sur les effets du changement 

Conclusion générale

Face aux enjeux climatiques futurs, cette thèse apporte des informations importantes As explained in section 2.3.1., we assessed the relative importance of the environmental variable in order to reduce the set of parameters to be tested in the model calibration process. At this stage of the modelling process (see Figure 2.1step 1), the observation dataset contains potential sampling bias induced by heterogeneous intensities in marine surveys. Therefore, the assessment of the variable importance is considered as a pre-selection and not variable selection as in [START_REF] Bellard | Major drivers of invasion risks throughout the world[END_REF]. This procedure, called the "variable importance" procedure in Biomod2 [START_REF] Thuiller | BIOMOD -a platform for ensemble forecasting of species distributions[END_REF], includes several steps. First, the model is calibrated with all the variables. Second, a standard prediction is made on the basis of all the variables. Third, the values of the assessed variables are randomised, and new prediction is made with the randomised variable. Finally, the correlation between the standard prediction and the prediction with the randomised variable is calculated. If the correlation is high, then the assessed variable contributes poorly to the prediction; and the predictive power of the variable is therefore low. Conversely, if the correlation is low, then the predictive power of the variable is high. This procedure was performed with 10 cross-validation runs and three random pseudo-absence selection runs, in equal amount to the number of observation data.

Because all the variables presented in Table 2.1 are not relevant to predict the current (1990-2017) distribution of the small pelagic fishes (SPFs), we identified a reduced set of variables that were not intercorrelated and that significantly predicted the current distribution using a protocol adapted from [START_REF] Leroy | Forecasted climate and land use changes, and protected areas: the contrasting case of spiders[END_REF]. First, we performed a hierarchical ascendant classification (Supplementary Figure 2.1 (i)) with a distance metric based on Pearson's correlation coefficient at a threshold of 0.7 [START_REF] Dormann | Methods to account for spatial autocorrelation in the analysis of species distributional data: a review[END_REF]). This resulted in three groups of intercorrelated variables. Because SPFs are well known species, we selected the most relevant variables for two of the three groups based on our ecological knowledge of the species and its niche. The first group concerned was composed of SST, SSTmin and SSTmax.

Here we selected SST because of its major role in species macroecology [START_REF] Beaugrand | How Do Marine Pelagic Species Respond to Climate Change? Theories and Observations[END_REF]. Furthermore, selecting SSTmin or SSTmax would have been redundant with SSTvar or SSTr which also had an important explanatory power. The second group concerned was composed of PP and log_PP. Here we selected log_PP because the log10-transformation emphasised the high primary production spots and therefore improve the sensibility of the environmental suitability index to the primary production gradients. Furthermore, in the case of PP, an environmental filtration (section 2.3.2) on a log-scaled grid would have been necessary because of very low variations between high and low values. Therefore we considered the log-transformed variable instead. This method has the advantage of selecting a reduce set of relevant parameters for each species.

Supplementary material II-3

Supplementary Table II SST, SSTr 0,75 0,96 0,82 0,91 0,84 SST, SSTvar 0,77 0,97 0,84 0,92 0,86 SST, SSTr, SSS 0,87 0,91 0,55 0,81 0,68 SST, SSTvar, SSS 0,86 0,94 0,72 0,87 0,77 SST, SSTr, log_PP 0,76 0,93 0,78 0,89 0,81 SST, SSTvar, log_PP 0,95 0,94 0,76 0,88 0,79 European pilchard SST, SSTr 0,70 0,97 0,86 0,93 0,87 SST, SSTvar 0,71 0,97 0,86 0,93 0,87 SST, SSTr, SSS 0,75 0,96 0,75 0,88 0,79 SST, SSTvar, SSS 0,73 0,96 0,78 0,90 0,82 SST, SSTr, log_PP 0,72 0,97 0,82 0,92 0,85 SST, SSTvar, log_PP 0,70 0,96 0,78 0,90 0,81 Round sardinella SST, SSTr 0,80 0,95 0,83 0,92 0,85 SST, SSTvar SST, SSTr, SSS 0,83 0,95 0,84 0,92 0,85 SST, SSTvar, SSS SST, SSTr, log_PP 0,88 0,94 0,81 0,91 0,83 SST, SSTvar, log_PP European sprat SST, SSTr 0,77 0,98 0,85 0,93 0,87 SST, SSTvar 0,90 0,98 0,86 0,93 0,88 SST, SSTr, SSS 0,91 0,97 0,84 0,93 0,86 SST, SSTvar, SSS 0,80 0,98 0,84 0,92 0,86 SST, SSTr, log_PP 0,92 0,97 0,85 0,93 0,87 SST, SSTvar, log_PP 0,91 0,98 0,88 0,94 0,89 European anchovy SST, SSTr 0,73 0,96 0,76 0,89 0,82 SST, SSTvar 0,66 0,97 0,76 0,90 0,82 SST, SSTr, SSS 0,81 0,94 0,69 0,87 0,77 SST, SSTvar, SSS 0,88 0,95 0,75 0,89 0,81 SST, SSTr, log_PP SST, SSTvar, log_PP 0,79 0,96 0,65 0,85 0,75 Bogue SST, SSTr 0,65 0,95 0,75 0,88 0,77 SST, SSTvar 0,64 0,97 0,82 0,91 0,84 SST, SSTr, SSS 0,59 0,94 0,76 0,89 0,81 SST, SSTvar, SSS 0,57 0,93 0,75 0,89 0,80 SST, SSTr, log_PP 0,63 0,95 0,71 0,87 0,63 SST, SSTvar, log_PP As explained in [START_REF] Austin | Spatial prediction of species distribution: an interface between ecological theory and statistical modelling[END_REF], response curves should theoretically be bell-shaped, unimodal and symmetric. Because we performed a diversity of SDM on non-exhaustive biological data, we allowed more flexibility in the response curves shape. We considered as ecologically irrelevant, responses curves that (i) were clearly multi-modal, (ii) had no low and high spots in their response (flat or very smooth responses).

In the example presented in Supplementary Figure II-2, the ANN algorithm has been invalidated due to a clear bimodal response curve for SSTvar. Furthermore, the ANN algorithm seems to have an absence of response for log_PP whereas a clear response is observed for other models. In addition, we invalidated the FDA model because of a clear bimodal response curve for SST. Slight variations in the response curve as present in the RF model were considered in the ensemble model as they are symptomatic of random forest models and are not significantly impacting the ensemble model. The GLM response curve for SSTvar may be a difficult choice as there is no clear low spot. However we considered that the variation between the low and high spot of this response curve was relevant to consider this model in the ensemble model. Furthermore, it is not significantly impacting the ensemble model.

Applying a data filtration process as described in section 2.3.2. substantially decreased the environmental suitability index (ESI) values (-0.2 to -0.6) in largely sampled areas and regions with similar environmental conditions (Supplementary figure II-3, middle panels). On the contrary, the data filtration process increased the ESI values (+0.2 to +0.4) in regions with environmental conditions corresponding to scarcely sampled areas such as along the Portuguese coasts. Environmental filtration may therefore reduce potential biases in case of heterogenous sampling effort along the species distributional range. Moreover, this process especially alleviated the risk of over-predictions along the distribution edge.

Applying a convexhull pseudo-absence selection method over a data filtration process substantially increased the ESI values (+0.2 to +0.6) in regions corresponding to environmental conditions independently of the observation density (Supplementary figure II-3, right panels). Additionally, a decrease in ESI values (-0.2) is observed in regions outside the range of observed environmental conditions. Therefore, the convexhull pseudo-absence selection process emphasises highly suitable environmental conditions (ESI> 0.6) and, in a lesser extent, participate to the reduction of over-predictions along the distribution edge. 
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Figure II- 1 :

 1 Sketch diagram of the modelling framework applied to model SPFs species. "ENV." = environmental parameters and "OBS." = georeferenced presence data. .....................................................................................

Figure V- 2 :

 2 Figure V-1:Study area of the Gulf of Lion ecosystem in the north-western Mediterranean Sea. The hatched area corresponds to the zone considered in the model. is represented in white. 131 Table V-1: basic outputs from the adapted Ecopath model with TL = trophic level, Bf = final biomass (t.km -2 ), P/B = production over biomass rate (y -1 ), Q/B = consumption over biomass rate (y -1 ), EE = ecotrophic efficiency, M2 = predation mortality rate (y -1 ), M = natural mortality rate (y -1 ), F/Z = exploitation rate. The blue color represent species forced by climate change. The orange color represent directly impacted trophicboxes. ............................................................................................................................................................................ 133 Figure V-2: Gulf of Lion food web. The trophic groups are displayed clockwise by increasing trophic level following the outside circle of the diagram. The blue colour represents species forced by climate change. The orange colour represents directly impacted trophic boxes. Species acronyms are given in Table 1. .................. 134 Figure V-3: Sketch diagram of the climate forcing procedure. ESI = Environmental Suitability Index, B = trophic group biomass and ref = current period (1990-2017). ........................................................................................ 135 Figure V-4: Structural indices difference between the current (1990-2017) and future (2090-2099; RCP8.5) periods. Black cells represent variation lower than 1% of the maximum value. Hatched cells represent variation of 100% due to a species collapse. Functional groups not responding to climate forcing are not displayed. Impacted functional groups are ordered by trophic levels and small pelagic fishes (SPFs) are displayed separately. The forcing scenarios are mentioned by their number left of the figure. Note the changing scale between each plot............................................................................................................................................... 138 Figure V-5: Functional and fishery related indices difference between the current (1990-2017) and future(2090- 2099; RCP8.5) periods. Black cells represent variation lower than 1% of the maximum value. Hatched cells represent variation of 100% due to a species collapse. Functional groups not responding to climate forcing are not displayed. Impacted functional groups are ordered by trophic levels and small pelagic fishes (SPFs) are displayed separately. The forcing scenarios are mentioned by their number left of the figure. Note the changing scale between each plot. ..................................................................................................................................... 140 
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Figure I- 1 :

 1 Figure I-1 : Degré de dépendance des états aux milieux marins pour des raisons (a) nutritionnelles et (b) économiques (d'après Selig et al. 2019)

Figure I- 2 :

 2 Figure I-2 : Carte globale (A) des impacts anthropiques cumulés sur l'ensemble des écosystèmes marins avec un focus sur (B) la Méditerranée et (C) la Mer du Nord (d'après : Halpern et al. 2008, Micheli et al. 2013).

Figure I- 3 ).

 3 Figure I-3). La production conjointe de la pêche et de l'aquaculture est estimée à 171 Mt.an -1 en 2016, ce qui représente une valeur à la première vente estimée à 362 milliards d'USD (e.g. équivalent au PIB de la Norvège; World Bank 2020). Le produit de la pêche et de l'aquaculture mondiale est utilisé à 90 % pour la consommation humaine, ce qui représente un apport d'environ 20 kg.an -1 .personne -1 , les autres utilisations étant la production de farines et d'huiles destinées à l'alimentation animale (e.g. aquaculture, bétail; FAO 2018). En Méditerranée et en mer Noire, les captures marines ont évoluées de 1,1 Mt.an -1 en 1970 vers 1,8 Mt.an -1 entre 1980 et 1990 (accroissement essentiellement causé par une augmentation des captures en mer Noire), pour redescendre à 1,2 Mt.an -1 en 2016 (FAO 2019). Les deux tiers des captures ont lieux en Méditerranée, ce qui représente environ 0,8 Mt.an -1 . D'un point de vue économique, les revenus cumulés de la pêche à la première vente en Méditerranée et en mer Noire sont estimés à 2,8 milliards d'USD, dont 90 % proviennent des ressources halieutiques de la Méditerranée uniquement.

Figure I- 3 :

 3 Figure I-3 : Evolution de la production mondiale de la pêche et de l'aquaculture. D'après (FAO 2018).

Figure I- 4 :Figure

 4 Figure I-4 : Statut des ressources marines exploitables dans le monde avec (a) son évolution temporelle et (b) une description spatiale. Notons que le statut du stock est donné en fonction de l'effort de pêche appliqué et non pas sa biomasse (d'après FAO 2018).

Figure I- 5 )

 5 . L'intensité de cette rétroaction positive dépend de la quantité et de la nature des gaz à effet de serre présents dans l'atmosphère (e.g. vapeur d'eau O2, dioxyde de carbone CO2, méthane CH4, oxyde nitreux N2O ; FigureI-5). Ce système de flux radiatifs atmosphérique est en interaction directe avec la surface terrestre et l'océan qui participent activement à l'équilibre du système climatique par absorption ou réflexion (i.e. effet albédo;[START_REF] Cubasch | Introduction[END_REF][START_REF] Rhein | Observations: Ocean[END_REF]. Ce processus de régulation modifie la couverture du sol et des océans (i.e. végétation, glace de mer), ce qui constitue une deuxième rétroaction positive dans le système climatique.

Figure I- 5 :

 5 Figure I-5 : Facteurs principaux du système climatique terrestre pouvant influencer le changement climatique (d'après Cubasch et al. 2013).

Figure I- 6 :

 6 Figure I-6 : (a et b) Description des scénarios RCP (Representative Concentration Pathways) et (c-f) des paramètres environnementaux correspondant établis dans le cinquième rapport d'évaluation du climat (d'après IPCC 2014). Pour tous les cadres, les traits pleins représentent l'évolution moyenne par scénario RCP alors que son incertitude est indiquée par une zone ombrée. Pour les cadres c à f, le nombre de modèles utilisés pour calculer la moyenne multi-modèle est indiqué et les moyennes et incertitudes associées sur la période 2081-2100 sont fournies pour tous les scénarios RCP sous forme de bandes verticales de couleur située à droite des cadres.

Figure I- 7 :

 7 Figure I-7 : Evolution de la température maximale diurne en Méditerranée (gauche) et nocturne en Arctique (droite) par rapport à la température sur la période 1891 -1880 pour RCP4.5 et RCP8.5 (d'après Seneviratne et al. 2016) en comparaison à l'évolution globale (en abscisse).

Figure I- 8 :

 8 Figure I-8 : Tolérance et réponse physiologique des espèces marines aux variations thermiques avec (a) relation entre la tolérance thermique par stade de vie et la capacité aérobie des espèces, (b) la relation entre l'activité physiologique d'une espèce et la température pour les espèces eurythermes et sténothermes et (c) la réponse physiologiques à la température pour les espèces eurythermes et sténothermes (d'après Dahlke et al. 2020).

Figure I- 9 :

 9 Figure I-9 : Diagramme synthétique représentant les principaux éléments de contexte structurant la thèse ainsi que les enjeux et axes de recherche correspondant. Les numéros représentent les trois axes de réponse structurant cette thèse. Notons que le positionnement des flèches de causalité (origine et arrivée) est spécifique à l'item (e.g. distribution) ou la boite (e.g. Espèces indigène d'intérêt) concerné(e). Les flèches pointillées sont une causalité discutée mais non-étudiée dans la thèse.

Fish

  (SPF) species (Mediterranean horse mackerel Trachurus mediterraneus, Atlantic horse mackerel Trachurus trachurus, European pilchard Sardina pilchardus, round sardinella Sardinella aurita, European sprat Sprattus sprattus, European Anchovy Engraulis encrasicolus and bogue Boops boops). These seven SPF species are widely distributed planktonic feeders known for their central role in marine food webs (Cury 2000, Checkley et al. 2009). Moreover, they are of major economic importance and represent a large part of the Mediterranean and Black Sea commercial landings (more than 50% between 2000 and 2013;

Figure II- 1 :

 1 Figure II-1: Sketch diagram of the modelling framework applied to model SPFs species. "ENV." = environmental parameters and "OBS." = georeferenced presence data.

  pseudo-absence were projected back in geographical cells showing environmental conditions outside SPF species' environmentally favourable areas (Figure II-2; Varela et al. 2014).Finally, model outputs obtained from our environmental filtration approach were compared with outputs for which neither environmental filtration nor the convex hull pseudo-absence selection method was applied (FigureII-3).

Figure II- 2 :

 2 Figure II-2: Example of pseudo-absences generation for the Mediterranean horse mackerel (environmental parameters = SST + SSTr, 1°C resolution). A-C: Species occurrences (black dots) in (A) the geographical domain and (C) the environmental space. B-D: Species occurrences (black dots) and pseudo-absences (red dots) generated from the restricted convex hull method in (B) the geographical domain and (D) the environmental space.

:and

  Environmental parameters and SDMs selected by our procedure. The selected SDMs had a CBI>0.5 and satisfying response curves. Parameters: (SST) Sea Surface Temperature, (SSTr) annual range of Sea Surface Temperature, (SSTvar) monthly variance of Sea Surface Temperature, (log_PP) logtransformed Primary Production and (SSS) Sea Surface Salinity. Models: (GLM) Generalised Linear Model, (GAM) Generalised Additive Model, (GBM) Generalised Boosting Model, (ANN) Artificial Neural Network, (FDA) Flexible Discriminant Analysis, (MARS) Multiple Adaptive Regression Splines, (RF) Random Forest and (NPPEN) Non Parametric Probabilistic Ecological Niche model. By applying our environmental filtration framework, we substantially improved the modelling of most of the SPFs spatial distributions (Figure II-3, individual contributions of the filtration process and the convexhull are presented in Supplementary material II-5), except for the European pilchard (Figure II-3b). Specifically, we observed an increase in mean CBI values that ranged from +0.05 to +0.23 (Figure II-3). For most SPFs, lower Environmental Suitability Index (ESI) values were obtained (-0.2 without filtration to -0.6 with filtration), suggesting that our procedure alleviated the risk of over-prediction, especially in the Black Baltic seas, and beyond 60°N where species have never been observed (Figure II-4, left panels). By increasing ESI values from +0.4 to +0.6, environmental filtration also emphasised regions known to be highly suitable for SPF species, but in which occurrences were only scarcely available (e.g. in the eastern Mediterranean Sea for Atlantic horse mackerel, round sardinella and bogue; Figure II-4a, f and g).

Figure II- 3 :

 3 Figure II-3: Environmental suitability index and CBI differences between ensemble models originating from our modelling framework and ensemble models constructed without data filtration and random pseudo-absence selection for (a) Atlantic horse mackerel, (b) European pilchard, (c) European sprat, (d) European anchovy, (e) Mediterranean horse mackerel, (f) round sardinella and (g) bogue.

  spatial distribution of the seven SPFs in the spatial domain ranging from 10 to 70°N and from 30°W to 45°E (Figure II-4, middle panel) Environmental suitabilities at the calibration range (i.e. the entire distribution range) are provided in Supplementary material II-6.

Figure II- 4 :

 4 Figure II-4: Contemporary (1990-2017) observed distribution (left panels), modelled environmental suitability index (0 to 1, middle panels) and its associated standard deviation (0 to 1, based on all validated SDMs and cross-validation runs, right panels) for (a) Atlantic horse mackerel, (b) European pilchard, (c) European sprat, (d) European anchovy, (e) Mediterranean horse mackerel, (f) round sardinella and (g) bogue.

Figure II- 4

 4 Figure II-4, e-g) located along the Mediterranean coasts down, to North Africa.

  4, indicating a convergence between models (Figure II-4, right panels). The lowest SD values (close to 0.2) were found in the north-western Mediterranean Sea for virtually all SPFs, and in the Bay of Biscay and in the North Sea when temperate-cold species were studied (Figure II-4, a-d). The highest SD values (close to 0.4) were observed in the Mediterranean Sea for Mediterranean horse mackerel, European pilchard and round sardinella (Figure II-4, e-g). For all species, the coefficient of variation (CV; Supplementary material II-7) highlighted very low CV variations (< 20%) towards their centre of distribution (in the Mediterranean Sea for all species and North Sea for temperate-cold species) while showing high variations at the leading or the trailing edge of their distribution (up to 100% in the Black, Baltic and the Norwegian seas).

  1). Future SST and PP were averaged for three different periods to cover: (i) short-to-medium (2030-2039), (ii) mid-century (2050-2059) and (iii) late-century (2090-2099) range timescales. To cover the range of year-2100 radiative forcing values found in the literature, i.e. from 2.6 to 8.5 W.m -2 ,

(

  [START_REF] Allison | Vulnerability of national economies to the impacts of climate change on fisheries[END_REF], Cheung et al. 2016a[START_REF] Zeller | Still catching attention: Sea Around Us reconstructed global catch data, their spatial expression and public accessibility[END_REF]), (ii) at a spatial resolution welladapted for biogeographic research[START_REF] Claus | Marine Regions: Towards a Global Standard for Georeferenced Marine Names and Boundaries[END_REF]) and (iii) commonly used in the literature to project the socio-economics consequences of climate change on fisheries[START_REF] Sumaila | Climate change impacts on the biophysics and economics of world fisheries[END_REF], 2015, Cheung et al. 2016a). The stock assessment areas considered for SPFs (http://www.ices.dk/) overlap with the EEZs of the European Seas (Flanders Marine Institute 2019) as the European Atlantic façade and enclosed seas do not include high sea areas (i.e. outside EEZs). In 2014, 35 % of the SPFs were captured by fishing fleet operating outside the EEZ of their respective countries (e.g. Denmark, Poland, Spain, Sweden;

  ranging from 10 to 70°N and -30 to 45°E. Species distributional range under RCP8.5 conditions for the late 21 st century (2090-2099) are detailed in Figure III-1 while other RCPs and periods are provided in Supplementary Material III-5. 3.1.1. Temperate-cold water species Strong northward shifts in the distribution of ESI are expected for "temperate-cold" water species (Figure III-1; i.e. Atlantic horse mackerel, European pilchard, European sprat and European anchovy).

Figure III- 1 :

 1 Figure III-1: Left panels: maps showing the differences in Environmental Suitability Index (ESI) values between 2090-2099 (under scenario RCP8.5) and 1990-2017 (from blue to white for a decrease; from white to red for an increase). Middle panels: modelled ESI of the seven SPF species for the period 2090-2099 under scenario RCP8.5. Right panels: standard deviation (SD) based on 50 simulations per algorithm (see "2.5. Uncertainties related to future projections")

(Figure III- 2 )

 2 , manageable units commonly used for projecting the possible socio-economic impacts of climate change on fish stocks (Cheung et al. 2016a). For each EEZ and SPF, we calculated the total value of landings for the period 1990-2017 (Figure III-2, top-left panel) and confronted observed landings with potential changes in ESI by the end of the century for RCP2.6, RCP4.5 and RCP8.5 (Figure III-2, bottom and right panels).

Figure III- 2 :

 2 Figure III-2: Changes in the Environmental Suitability Index (ESI) per Exclusive Economic Zone (EEZ) and species in comparison to their fish landings. From top to bottom and left to right: the averaged (1990-2017) landings per species and EEZ, the ESI values per EEZ for the decade 2090-2099 for RCP2.6, RCP4.5 and RCP8.5. Barplots for ESI are scaled from 0 to 1, the dashed lines correspond to an ESI value of 0.5 and the full line spectre corresponds to the ESI values per EEZ for the period 1990-2017. Countries with catches under 20 000 metric tons are not shown.

( 2 ;

 2 FAO 2020), especially along the Atlantic façade (c.a. 50.000 t.year -1 per EEZ), except for European sprat that is largely harvested in the Baltic Sea (Figure III-2). These species are currently mostly captured in regions where we found high ESI values over the period 1990-2017 (Figure III-Schickele et al. 2020). Our models projected a decrease in the ESI values in southern and western Europe (Figure III-2). While the Mediterranean EEZs showed a decrease in mean ESI values from 0.48 (1990-2017) to 0.39 (RCP2.6) or 0.24 (RCP8.5), we projected an increase in in the EEZs of the Baltic Sea from 0.43 (1990-2017) to 0.51 (RCP2.6) or 0.59 (RCP8.5; Figure III-2). Our results highlight that a potential mismatch between current fisheries areas and changes in the species climatic range of temperate-cold water species could occur by the end of the century; a major decrease in ESI values was for example expected in Morocco and Turkey (Figure III-2), i.e. where species are currently abundantly captured. In contrast, we projected that ESI values may remain steadily constant over the current century in Denmark, the main fishing area for European sprat (Figure III-2).

  temperate-cold water species (FAO 2020) (Figure III-2, top-left panel). For all species except round sardinella, we projected important late century changes in the ESI values at the EEZs scale. While we forecasted a moderate decrease in ESI valuesfrom 0.62 (1990-2017) to 0.54 (RCP2.6) and 0.53 (RCP 8.5)in the EEZs of the Mediterranean Sea (RCP8.5; Figure III-2), our simulations revealed a moderate to high increase in EEZs of the Atlantic façade, the Black Sea and the Baltic Sea. The Baltic Sea EEZs are likely to undergo an important expansion of temperate-warm species, with changes in ESI values from 0 (1990-2017) to 0.03 (RCP2.6) or 0.22 (RCP8.5), and so a major extension of the northern boundary of temperatewarm species (Figure III-2). In contrast, we expect lower ESI values throughout their distributional ranges, especially for Mediterranean horse mackerel. At the European scale, the absolute variation in ESI (i.e. relative to 1990-2017) is predicted to range from 30% (RCP2.6)

4. 1 . 1 ,

 11 Ecological impact of climate change on Small Pelagic FishesFor all climate scenarios and all SPFsexcept round sardinellawe projected substantial climate-induced northward distributional range shifts (Figure III-Supplementary Material III-5;[START_REF] Perry | Climate change and distribution shifts in marine fishes[END_REF][START_REF] Dulvy | Climate change and deepening of the North Sea fish assemblage: a biotic indicator of warming seas[END_REF][START_REF] Jorda | Ocean warming compresses the three-dimensional habitat of marine life[END_REF]). The narrow aerobic tolerance of species embryonic and reproduction lifestagesunder direct influence of SSTis the main limiting factor of the physiological activity, growth and survival of SPFs[START_REF] Peck | Life cycle ecophysiology of small pelagic fish and climate-driven changes in populations[END_REF][START_REF] Dahlke | Thermal bottlenecks in the life cycle define climate vulnerability of fish[END_REF]). The projected decrease in ESI value in the Mediterranean Sea, as a response of the expected increase in temperature, may be explained by a limitation of eco-physiological processes[START_REF] Dahlke | Thermal bottlenecks in the life cycle define climate vulnerability of fish[END_REF]) that hinders the survival and/or development of SPFs[START_REF] Perry | Climate change and distribution shifts in marine fishes[END_REF][START_REF] Lehodey | Climate Variability, Fish, and Fisheries[END_REF][START_REF] Torri | Planktonic stages of small pelagic fishes (Sardinella aurita and Engraulis encrasicolus) in the central Mediterranean Sea: The key role of physical forcings and implications for fisheries management[END_REF]. If warming continues in the Mediterranean Sea (Supplementary Material III-3), SPFs may experience hypoxia during their reproduction stage[START_REF] Dahlke | Thermal bottlenecks in the life cycle define climate vulnerability of fish[END_REF], leading to lower egg production rates, with putative effects on recruitment, and a bottleneck effect towards northern regions of the Mediterranean Sea (Ben Rais[START_REF] Rais Lasram | The Mediterranean Sea as a 'cul-de-sac' for endemic fishes facing climate change: A marine endemic hotspot under threat[END_REF]). The combination of warmer annual and winter temperature in northern Europe and the Black Sea rather may allow SPFs to overcome thermal constraints during reproduction and development, with positive

  management and protection strategies (e.g. McLeod et al. 2009, Giakoumi et al. 2017), in regions or for species (e.g. SPFs) identified as sensitive to climate-induced changes (e.g. the Mediterranean Sea; Figure III-2).

  recent multi-SDM framework described inSchickele et al. (2020), that considers critical issues in species distribution modelling such as (i) sampling bias, (ii) pseudo-absence selection, (iii) model evaluation and (iv) uncertainty quantification. As a full description of the framework is available inSchickele et al. (2020), we only briefly recall here the main steps. Our framework is based on an ensemble modelling procedure including the Non-Parametric Probabilistic Ecological Niche (NPPEN) model[START_REF] Beaugrand | A New Model to Assess the Probability of Occurrence of a Species, Based on Presence-Only Data[END_REF][START_REF] Raybaud | Forecasting climate-driven changes in the geographical range of the European anchovy (Engraulis encrasicolus)[END_REF]) and seven algorithms retrieved from Biomod2[START_REF] Thuiller | BIOMOD -a platform for ensemble forecasting of species distributions[END_REF](Thuiller et al. , 2016b): (i) Generalized Linear Model (GLM), (ii) Generalized Additive Model (GAM), (iii) Generalized Boosting Model (GBM), (iv) Artificial Neural Network (ANN), (v) Flexible Discriminant Analysis (FDA), (vi) Multiple Adaptive Regression Splines (MARS) and (vii) Random Forest (RF).

  Here we present the contemporary distribution and the corresponding standard deviation (SD; i.e. including all SDM and cross-validation runs) of three studied cephalopod species in European waters (Figure IV-1). Their global distributional range projections are available in Supplementary material IV-4. Based on the observed distribution (Figure IV-1), all three cephalopod species are commonly found in the north-western Mediterranean Sea and along the European Atlantic façade. In accordance with the observed distribution, common octopus showed high ESI values (> 0.8) in the entire Mediterranean Sea and in the north-eastern Atlantic from Morocco to Norway. Moreover, we found moderate values of ESI in the Black Sea, the Norwegian coasts and the Baltic Sea to host suitable environmental conditions (ESI between 0.2 and 0.6) for this specie. We identified high ESI values (> 0.8) for the common cuttlefish along the western and southern British coasts and in a lesser extent in the northern Adriatic Sea. In addition, our models showed medium ESI values (between 0.4 and 0.6) for this specie along the Mediterranean Sea, the Portuguese coasts, the Bay of Biscay and the Celtic Sea. Finally, despite dense observations, the North Sea and the Gulf of Gabès present moderate-to-low ESI values (0.2 to 0.4) for this species, indicating the importance of the environmental filtration and convex hull procedure to reduce observation biases (Schickele et al. 2020). The common squid presents high ESI values (> 0.8) from the Celtic Sea and English Channel down to Morocco. We found medium to High ESI values (between 0.4 and 0.8) in the southern part of the North Sea and in the Mediterranean Sea, especially in northern Adriatic and Aegean Seas.Finally, we found the southern Norwegian coasts to host suitable environmental conditions for this species (ESI between 0.4 and 0.2).The ensemble modelling framework includes an assessment of the modelling uncertainty (FigureIV-1) between the different algorithms and cross-validation runs. In general, the SD is comprised between 0.1 and 0.3 depending on the geographical areas. We note that lower values are found for common cuttlefish because we only selected one statistical algorithm (i.e. NPPEN). The SD is spatially relatively homogeneous, indicating no major spatial bias in the modelling process. Our ensemble models highlighted potential suitable environment for all three species along the Norwegian and southern Icelandic coasts.However, the SD is relatively high compared to the associated ESI, indicating low confidence in the ESI values along the northern distributional edge.

Figure IV- 1 :

 1 Figure IV-1: Top panels: observed contemporary (1990-2017) distribution in Europe of the three cephalopods species (O. vulgaris, S. officinalis, L. vulgaris). Each black dot represents an occurrence record. Middle panels: modelled contemporary (1990-2017) distribution represented in term of environmental suitability index ranging from 0 (low suitability) to 1 (maximum suitability). Bottom panels: corresponding standard deviation based on all SDM and cross-validation runs, of three studied cephalopod species in European waters. Note that a narrow distance to coast threshold has been added for common octopus and common cuttlefish for visual purposes only because of the coarse (i.e. 0.1°) coastal resolution.
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 5 conditions (Figure IV-2 and Supplementary material IV-5). For all three species, we projected a northward shift of the ESI along the European Atlantic façade (Figure IV-2). Indeed, we projected ESI values to largely increase (up to +0.6 under RCP8.5 conditions; Figure IV-2) by the end of the century (2090-2099) in all areas located north of the English Channel. The highest ESI increases were expected in the central North Sea for common cuttlefish and common squid and in the Baltic sea for common octopus. On the contrary, we projected a general decrease in ESI values (down to -0.4 under RCP8.5 conditions; Figure IV-2) in the Bay of Biscay and the Mediterranean Sea for common cuttlefish, common squid and in a lesser extent for common octopus. Resulting from these multiple changes, new associated ESI patterns are projected by the end of the century (Supplementary material IV-5). The common octopus is expected to encounter high ESI values (> 0.8) along the entire European coasts except in the eastern part of the North Sea (ESI between 0.2 and 0.4) and in the Baltic Sea (ESI between 0.2 and 0.7). For the common cuttlefish, we projected areas characterised by high ESI values (> 0.8) to expand from the Celtic Sea toward the central North Sea under RCP4.5 conditions and up to the Norwegian coasts under RCP8.5 conditions (Supplementary material IV-5). On the contrary, we projected low to medium ESI values (0.2 to 0.4) in the Mediterranean Sea with the highest values found in the Adriatic Sea and the Gulf of Lion. In addition, we projected a potential local extinction (ESI < 0.05) of this species in the southern Levantine Sea under RCP8.5 conditions. Finally, the European squid is projected to encounter high ESI values (> 0.8) along the Celtic Sea and the North Sea for all scenarios and in the Norwegian coasts under RCP8.5 conditions by the end of the century (Supplementary material IV-5). However, low ESI values (from 0.2 to 0.4) are forecasted for this species along the eastern North Sea coastal area and the Bay of Biscay. In addition, we projected low to medium ESI values (between 0.2 and 0.6) in the Mediterranean Sea, with the highest values forecasted in the north-western Mediterranean basin.

Figure IV- 2 :

 2 Figure IV-2: Future (2090-2099) environmental suitability anomalies (i.e. defined as the difference betweenfuture and contemporary periods) under RCP2.6, 4.5 and 8.5 conditions for Europe, relative to the contemporary period. Note that a narrow distance to coast threshold has been added for common octopus and common cuttlefish for visual purposes only because of the coarse (i.e. 0.1°) coastal resolution.

3 period and 3

 3 RCPs) are synthesised through the evolution of the corresponding distributional centroid (Figure IV-3). To minimise the effect of landmasses on the centroid evolution, the following results are separated between European Atlantic façade the and the Mediterranean Sea.

Figure IV- 3 :

 3 Figure IV-3: Distributional centroid evolution through space, time and climate change scenarios. The lines correspond to the climate change scenarios and the coloured dots to the different time periods. Left and right panels correspond to the geographical areas, respectively the European Atlantic façade and the Mediterranean Sea. Top, middle and bottom panels represent the three studied species, respectively common octopus, common cuttlefish, and common squid. Note the different scale in each plot.

  SPFs species were estimated by means of an environmental suitability index (ESI; i.e. a spatialised index between 0 and 1, based on suitability projected from current conditions). They were retrieved from a recently developed ensemble modelling procedure (see details in Schickele et al. 2020) including (i) 8 statistical algorithms (Beaugrand et al. 2011, Thuiller et al. 2016a), (ii) a sampling bias cleaning procedure, (iii) a relevant pseudo-absence selection and (iv) a dual assessment of model outputs. The contemporary ESI values, averaged from 1990 to 2017, encompassed the Ecopath model temporal coverage (2000 to 2009; Bănaru et al. 2013). Future prediction used to test the sensitivity of the Ecopath model were defined as potential ESI values averaged from 2090 to 2099, following the RCP8.5 scenario[START_REF] Meinshausen | The RCP greenhouse gas concentrations and their extensions from 1765 to 2300[END_REF][START_REF] Van Vuuren | The representative concentration pathways: an overview[END_REF]). The study area, corresponding to the original Ecopath model[START_REF] Bănaru | Trophic structure in the Gulf of Lions marine ecosystem (northwestern Mediterranean Sea) and fishing impacts[END_REF], is located in the Gulf of Lion (southern France, north-western Mediterranean Sea) in a spatial domain ranging from 42°26.3'N to 43°12.6'N and 3°9.9'E to 5°27.5'E (Figure V-1).

Figure V- 1 :

 1 Figure V-1: Study area of the Gulf of Lion ecosystem in the north-western Mediterranean Sea. The hatched area corresponds to the zone considered in the model. The continental shelf (0 to -300 m) is represented in white.

V- 1

 1 for calibration details). User defined EE may hinder cascading effects (e.g. predation mortality rate variations) when forcing a functional group. Therefore, we updated the model balancing by avoiding input defined EE when possible (e.g. adaptation of the diet matrix), especially for low trophic level groups. The resulting Ecopath model, adapted to our climate change sensitivity test, was composed of 43 functional groups among which, 7 were individual SPF species groups. The corresponding parameter estimates are detailed in Table V-1, while the food web is illustrated in Figure V-2.

Figure V- 2 :

 2 Figure V-2: Gulf of Lion food web. The trophic groups are displayed clockwise by increasing trophic level following the outside circle of the diagram. The blue colour represents species forced by climate change. The orange colour represents directly impacted trophic boxes. Species acronyms are given inTable 1.

  (i.e. the realised niche) has yet been assessed for planktonic organisms only (Calanus finmarchicus; Helaouet and Beaugrand 2009). Following the work of Chaalali et al. (2016), we hypothesised a linear relationship in time between ESI and biomass in a given geographical domain for each SPF species, respectively (Figure V-3). We therefore calculated a coefficient of ESI change between the contemporary (1990-2017) and future (2090-2099; RCP8.5) periods in the study area to estimate the future SPF biomass values (eq. 3)

3

  scenarios (Figure V-3) aiming at (i) predicting future model sensitivity to SPF changes with increasing complexity (e.g. modelling cascading effects) while (ii) keeping the model balanced (EE<1).

Figure V- 3 :

 3 Figure V-3: Sketch diagram of the climate forcing procedure. ESI = Environmental Suitability Index, B = trophic group biomass and ref = current period (1990-2017).

  we present the sensitivity of the Gulf of Lion food-web to a potential climate induced change in SPFs by the end of the century (2090-2099; RCP8.5), assuming a theoretical scenario where only SPFs are directly impacted by climate change. To this extent, we explored the potential temporal trends of three functional group structural parameters (Figure V-4) and four functional or fisheries related indices (Figure V-5). The acronyms specific to this section of the manuscript are referring to the functional groups names of the Ecopath model that were presented in detail in Table V-1.

Figure V- 4 :

 4 Figure V-4: Structural indices difference between the current (1990-2017) and future (2090-2099; RCP8.5) periods. Black cells represent variation lower than 1% of the maximum value. Hatched cells represent variation of 100% due to a species collapse. Functional groups not responding to climate forcing are not displayed. Impacted functional groups are ordered by trophic levels and small pelagic fishes (SPFs) are displayed separately. The forcing scenarios are mentioned by their number left of the figure. Note the changing scale between each plot.

Figure V- 5 :

 5 Figure V-5: Functional and fishery related indices difference between the current (1990-2017) and future (2090-2099; RCP8.5) periods. Black cells represent variation lower than 1% of the maximum value. Hatched cells represent variation of 100% due to a species collapse. Functional groups not responding to climate forcing are not displayed. Impacted functional groups are ordered by trophic levels and small pelagic fishes (SPFs) are displayed separately. The forcing scenarios are mentioned by their number left of the figure. Note the changing scale between each plot.

  in extreme ESI values, leading to logistic type responses. Statistically fitting such relationships require a large range of ESI and spatialised biomass data (i.e. from different locations) to alleviate potential biases induced by local external factors. Second, we defined several scenarios of increasing complexity to implement future biomass of SPF in the Ecopath model. These scenarios reflect top-down cascading effects (scenario 2; Colléter et al. 2012) and physiological adaptation to temperature increase (scenario 3; Palomares and Pauly 1998). However, SPFs and the impacted planktonic organisms (Figure V-4) have a major bottom-up effect on higher trophic levels (Cury 2000).

  , accentuées par le changement climatique anthropique et l'élargissement du canal de Suez, sont une des principales menaces pesant sur la biodiversité Méditerranéenne, la région la plus envahie du globe. Cette arrivée d'espèces non-indigènes (NIS) en Méditerranée fait l'objet d'une surveillance importante depuis deux décennies afin de comprendre leur propagation. En effet, ces espèces, en particulier les poissons, sont à l'origine d'importantes dégradations d'habitats (e.g. forêts algales), d'un déséquilibre des réseaux trophiques (e.g. pression de prédation) et de problèmes de santé publique (e.g. toxicité). Pour cela, il est nécessaire de comprendre les avantages fonctionnels et écologiques permettant à ces espèces de devenir invasives ainsi que l'adéquation des conditions environnementales permettant leur installation en Méditerranée. Afin de répondre à ces enjeux, ce chapitre développe un indice empirique, basé uniquement sur des traits fonctionnels et écologiques, qui estime d'une espèce à devenir invasive (IP ; i.e. son succès potentiel dans le transport, l'introduction, l'établissement en dehors de son aire d'origine). Cet indice a été appliqué à un ensemble de 14 NIS de poissons déjà présentes en Méditerranée, parmi lesquelles nous avons identifié six espèces à fort IP, correspondant aux espèces décrites comme potentiellement invasives en Méditerranée. La procédure de modélisation développée dans les chapitres 1 et 2 a été appliquée aux espèces à fort IP afin (i) de caractériser leur niche écologique et (ii) d'identifier les zones géographiques (i.e. zone économique exclusive des états) potentiellement impactés par ces espèces, au cours du 21 ème siècle, selon trois scénarios d'émission : RCP2.6, 4.5 et 8.5. Pour la période contemporaine, nos résultats projettent des conditions environnementales très favorables pour toutes les NIS dans le Sud et l'Est de la Méditerranée. Ces zones géographiques potentiellement favorables seront amenées à s'étendre vers le Nord de la Méditerranée pour la plupart des NIS. L'importance de l'expansion de l'aire de distribution potentielle des NIS au cours du 21 ème siècle dépend de l'intensité du changement climatique, qu'il serait nécessaire de maintenir en-dessous de 2 °C. Ce travail d'identification des espèces et les zones géographiques pouvant être sujette à des invasions biologiques au travers d'une procédure de modélisation d'ensemble est crucial pour l'adaptation des futures procédures de conservation des espèces et des écosystèmes.

  spreading of fish NIS, characterised by an important invasive potential, across the Mediterranean Sea, by means of the contemporary and future suitability of environmental conditions. This study considers 14 Mediterranean fish NIS, originating from both the Red Sea and the Atlantic Ocean, characterised by (i) multiple occurrences in the Mediterranean, (ii) an observed distributional range expansion , (iii) invasive behaviours (e.g. habitat destruction, important predation; Sala et al. 2011, D'Agostino et al. 2020)), (iv) their potential threat to human health (e.g. toxicity; Bentur et al. 2008) or (v) commercial exploitation (e.g. for human consumption; Morris 2012). The species considered were : Fistularia commersonii, Lagocephalus sceleratus, Pterois miles, Siganus luridus, Siganus rivulatus, Kyphosus sectatrix, Lobotes surinamensis, Zebrasoma xanthurum, Pomadasys incisus, Sargocentron rubrum, Henochus intermedius, Apogonichthyoides pharaonis, Synanceia verrucosa and Parablennius pilicornis. In a context of sustainable management and adaptation to biological invasions, our work identified both (i) the species with an important invasive potential (i.e.

  40 cm and/or internal fecundation Individual between 40 and 50 cm and external fecundation Individual over 50 cm and external fecundation

2 )

 2 were retrieved in a geographical domain ranging from -180 to +180° E and from -70 to +70°N, on a 0.1° x 0.1° spatial resolution and for the 1990-2020 period.

)

  by means of Taylor diagrams[START_REF] Taylor | Summarizing multiple aspects of model performance in a single diagram[END_REF] on their common time period(i.e. 2006-2020). To reduce future projection biases (i.e. Pearson coefficient = 1, no root mean square difference, no standard deviation between the two datasets), we calculated the difference between observation-based and GCMbased data, for each GCMs, RCPs and geographical cells and corrected the GCM-based temperature data accordingly[START_REF] Péron | Projected poleward shift of king penguins' (Aptenodytes patagonicus) foraging range at the Crozet Islands, southern Indian Ocean. -Proceedings[END_REF][START_REF] Cristofari | Climate-driven range shifts of the king penguin in a fragmented ecosystem[END_REF]). The corrected future environmental conditions were projected (i) in the geographical domain corresponding to calibration data and (ii) at the scale of Mediterranean Exclusive Economic Zones (U.N.General[START_REF] Assembly | Convention on the Law of the Sea[END_REF], Flanders Marine Institute 2019). The later correspond to the 200 nautical miles stretching from the coastline of each countries and commonly used to project climate change consequences in a management and conservation perspective (e.g.Cheung et al. 2016a[START_REF] Zeller | Still catching attention: Sea Around Us reconstructed global catch data, their spatial expression and public accessibility[END_REF]).

Figure VI- 1 :

 1 Figure VI-1: Environmental responses of species with a high functional and ecological invasive potential index. The environmental responses are represented as two-dimensional heatmaps. Left and middle panels correspond to species modelled with three environmental parameters. Right panels correspond to species modelled with two environmental parameters. Black dots correspond to the Mediterranean occurrence of the species. Note that dots outside the environmental niche correspond to records excluded by our restricted convex hull procedure. The full black line corresponds to the contemporary (1990-2020) average sea bottom temperature within the distance to coast and bathymetric range of each species in the eastern Mediterranean basin, east of the strait of Sicily. The dashed line refers to the same for the western Mediterranean basin, west of the strait of Sicily, excluding the Adriatic Sea.

  spatial domain ranging from 30 to 50°N and from -10 to 45°E for the late 21 st century (2090-2099) under RCP2.6, 4.5 and 8.5 conditions in Figure VI-2. The complementary ESI projections in the spatial domain ranging from 30 to 50°N and from -10 to 45°E for other period and RCP scenarios are provided in Appendix VI-4. Our results highlighted that, for all NIS considered in this section, environmental conditions were already highly suitable (ESI > 0.7) in most of the south-eastern Mediterranean basin for the 1990-2020 period (Figure VI-2, left panels). Except for S. luridus and S. rivulatus, we projected contemporary ESI values along the south-western Mediterranean coast above 0.7 for all species. The average contemporary ESI values in the north-western Mediterranean and Adriatic seas were ranging from a maximum of 0.7 for F. commersonnii to 0.3 for S. luridus and S. rivulatus (Figure VI-2, left panels).

Figure VI- 2 :

 2 Figure VI-2 : Environmental Suitability Index (ESI) projected in the Mediterranean Sea for the contemporary (1990-2020) period and future (2090-2099) period under RCP2.6, 4.5 and 8.5 conditions.

Figure VII- 1 :

 1 Figure VII-1 : Pourcentage de différences en termes de biomasse, capture et profit entre 2100 et la période contemporaine selon 4 scénarios RCPs. Chaque couleur représente une adaptation différente de la gestion de pêche (d'après Gaines et al. 2018).

Figure VII- 2 :

 2 Figure VII-2 : représentation schématique d'une procédure de modélisation de distribution intégrant des interactions interspécifiques basées sur des matrices de co-occurrence utilisées comme erreur résiduelle de modèles de régression multivariés (d'après Kissling et al. 2012).

  l'évolution d'aires de distributions potentielles (e.g. dont leur expansion), afin d'identifier les espèces et les zones géographiques les plus impactées par le réchauffement climatique. Dans une perspective de gestion future, il serait intéressant de connaitre (i) les conditions environnementales favorables, mais également (ii) si elles sont atteignables, physiquement, par l'espèce étudiée (i.e. la niche ou distribution réalisée;[START_REF] Colwell | Hutchinson's duality: The once and future niche[END_REF]. Afin de répondre à cette limitation, deux approches distinctes sont proposées dans la littérature : (i) l'intégration d'une dispersion aléatoire de propagules (e.g. Ichthyop;[START_REF] Lett | Short communication A Lagrangian tool for modelling ichthyoplankton dynamics[END_REF]) ou (ii) la limitation de la niche réalisée par des barrières physiques (e.g. MIGCLIM;[START_REF] Engler | The MIGCLIM R packageseamless integration of dispersal constraints into projections of species distribution models[END_REF] Guisan 2009, Engler et al. 2012).
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 41 considérées comme barrières. Une barrière physique totale (e.g. côte, profondeur) est définie par adéquation environnementale nulle. Une barrière physique partielle (e.g. front océanique, gyre) est définie par une évolution limitée de l'adéquation environnementale à chaque pas de temps[START_REF] Engler | MigClim: Predicting plant distribution and dispersal in a changing climate[END_REF]. En milieu marin et dans un couplage itératif avec notre approche de modélisation de niche, ces barrières physiques partielles et spatialisées peuvent être définies de manière dynamique : les cellules adjacentes à la limite de distribution sont considérées comme barrière au cours d'une itération (e.g. dont la force dépend de l'intensité et de la direction du courant), entrainant une augmentation limitée de l'adéquation environnementale à chaque pas de temps. Une fois que l'adéquation environnementale dans la cellule barrière atteint un seuil lui permettant de devenir source, la barrière partielle est levée.Ces deux procédures, pouvant être couplées à nos projections d'adéquation environnementales, semblent pertinentes pour identifier les voies d'introduction naturelles d'une espèce invasive (e.g. courant circum méditerranéen ; Chapitre 5). Les Chapitres 2 et 3 montrent une variation de l'adéquation environnementale (jusqu'à 51 % au cours du 21 ème siècle) entre les zones économiques exclusives en Europe. Intégrer les processus de dispersion permettrait de projeter plus précisément l'expansion attendue des petits pélagiques et des céphalopodes vers l'Europe du Nord et ainsi proposer des mesures de gestion plus adaptées.4. Perspectives de recherche complémentaires Vers l'étude des effets écosystémiques sur un gradient d'impactL'approche Ecopath développée dans le Chapitre 4 considère un écosystème caractérisé par un impact modéré, en comparaison à la Méditerranée orientale, du changement climatique sur les conditions environnementales(Macias et al. 2015, Adloff et al. 2015) et les invasions biologiques[START_REF] Rais Lasram | The Mediterranean Sea as a 'cul-de-sac' for endemic fishes facing climate change: A marine endemic hotspot under threat[END_REF][START_REF] Bănaru | Trophic structure in the Gulf of Lions marine ecosystem (northwestern Mediterranean Sea) and fishing impacts[END_REF].Au-delà d'une amélioration méthodologique, une étude comparative de plusieurs écosystèmes (e.g.[START_REF] Colléter | Fishing inside or outside? A case studies analysis of potential spillover effect from marine protected areas, using food web models[END_REF]) sur la base du Chapitre 4, permettrait d'élargir notre champ de recherche à plusieurs écosystèmes. Ces écosystèmes, pourraient avoir une complexité, une pression de pêche ou un impact des espèces invasives différent, permettant l'étude des effets écosystémiques du changement climatique le long d'un gradient d'impact.

  intensive. De façon plus complexe, forcer différentes espèces ou différents groupes fonctionnels en même temps au sein d'un modèle d'écosystème permettrait d'en explorer les synergies et donc les effets sur l'exploitation des ressources (e.g.[START_REF] Pecuchet | Novel feeding interactions amplify the impact of species redistribution on an Arctic food web[END_REF][START_REF] Marchand | Climate change in the Bay of Biscay: Changes in spatial biodiversity patterns could be driven by the arrivals of southern species[END_REF]. Cependant, il sera difficile d'en comprendre les effets individuels et donc les leviers d'actions contre les impacts du changement climatique.

  climatique sur les espèces d'intérêt commercial, à l'échelle de la Méditerranée, mais également des zones économiques exclusives (i.e. ZEEs; ICES 2004, Flanders Marine Institute 2019) qui la compose. Ces mêmes ZEEs sont également utilisées dans d'autres disciplines, notamment dans les modèles bioéconomiques, afin de caractériser la dépendance des économies nationales à l'exploitation de leurs ressources marines (e.g.[START_REF] Allison | Vulnerability of national economies to the impacts of climate change on fisheries[END_REF][START_REF] Barange | Impacts of climate change on marine ecosystem production in societies dependent on fisheries[END_REF]. Au-delà des conséquences écologiques du changement climatique, les projections d'adéquation environnementale par ZEE pourraient être utilisées comme données d'entrées de modèles économique, pour en identifier les impacts au-delà du milieu marin[START_REF] Cheung | Large-scale redistribution of maximum fisheries catch potential in the global ocean under climate change[END_REF][START_REF] Lam | Projected change in global fisheries revenues under climate change[END_REF].Une première approche développée par[START_REF] Allison | Vulnerability of national economies to the impacts of climate change on fisheries[END_REF] et reprise par Blasiak et al. (2017) permet d'estimer la vulnérabilité des économies nationales aux impacts du changement climatique sur les pêcheries (Figure VII-3) en fonction de descripteurs environnementaux, des caractéristiques de la pêcherie et du niveau de développement. Dans le cas d'un couplage à des projections d'aire de distribution, l'exposition d'un état pourrait être défini par les variations d'adéquation environnementale futures. De la même manière, l'hypothèse de relation linéaire entre l'adéquation environnementale et la biomasse au cours du temps (Chapitre 4), pourrait être réutilisée dans le calcul des débarquements totaux futurs (e.g. avec une mortalité par pêche constante), définissant le paramètre de sensibilité dans cette approche. Cela permettrait d'estimer une vulnérabilité de l'économie, pour chaque ZEE, aux impacts du changement climatique sur des espèces clés en Méditerranée ou en Europe.

Figure VII- 3 :

 3 Figure VII-3 : Calcul et descripteurs de l'indice de vulnérabilité des états aux impacts du changement climatique dans leur pêcherie (d'après Blasiak et al. 2017)

  (i) sur l'évolution future des aires de répartition d'espèces clés, ainsi que (ii) les conséquences sous-jacentes sur les réseaux trophiques concernés et (iii) l'exploitation commerciale de ces ressources. Ces résultats s'inscrivent dans une démarche d'identification des conséquences du changement climatique, afin d'anticiper et d'adapter les futurs scénarios de gestion et d'exploitation durable des ressources. Mes travaux ont tout d'abord montré l'importance de la température dans l'aire de répartition d'espèces d'intérêt commercial majeures tels que les petits poissons pélagiques et des céphalopodes. L'ensemble des projections futures révèle un impact climatique majeur sur ces espèces en Méditerranée, plus particulièrement sous forme d'extinctions locales dans le bassin Sud-Est à l'horizon 2100. Parallèlement, cette thèse a permis d'identifier l'importance des traits fonctionnels relatifs au stade reproducteur dans l'introduction, l'établissement et l'expansion d'espèces non-indigènes, pouvant devenir invasives, en Méditerranée. Alors que les conditions environnementales leur sont favorable en Méditerranée orientale, le reste du bassin méditerranéen présente un risque majeur d'invasion de ces espèces au cours du 21 ème siècle. Les changements attendus dans l'aire de répartition d'espèces indigènes d'intérêt commercial ou non-indigènes potentiellement invasives, sont largement dépendant de l'intensité du réchauffement climatique anthropique. Les résultats de cette thèse s'accordent vers la nécessité de limiter ce réchauffement à 2°C relativement à la période préindustrielle (RCP2.6) afin d'en atténuer les conséquences. De plus, mes travaux ont soulevé la propagation des changements futurs induits par le réchauffement climatique sur les petits poissons pélagiques, vers les bas niveaux trophiques et sur notre capacité d'exploitation de ces espèces. Ces effets de cascades trophiques pourraient limité tout report d'effort de pêche des petits poissons pélagiques, aujourd'hui fortement exploités, vers d'autres groupes trophiques comme les céphalopodes. L'ensemble des résultats de cette thèse révèle la fragilité de la Méditerranée et de l'exploitation commerciale de ses ressources clés, dans le cas d'un réchauffement futur excédent 2°C relativement à la période préindustrielle. Cette thèse intègre des projections futures selon différents scénarios et à une échelle spatialement explicite. Ceci apporte des informations cruciales pour les décideurs, gestionnaires et scientifiques, afin de proposer des stratégies de conservation ou d'exploitation durable des ressources adaptées aux enjeux du changement climatique. Enfin, ces résultats se présentent comme des informations intégrables par d'autres approches de modélisation de manière interdisciplinaires, permettant d'anticiper les interactions futures entre espèces indigènes et non-indigènes mais aussi les conséquences économiques et sociétales sous-jacentes.

  

  

  

  

  

  

  

  

  

  

  

  

  1.1. De l'importance des océans et de la Méditerranée ......................................................................... INTRODUCTION GENERALE Ce chapitre introductif présente les éléments de contexte général, les processus écologiques et les outils scientifiques, de l'échelle globale à la Méditerranée, nécessaires à la compréhension de ces travaux. Après avoir rappelé l'importance des milieux marins (e.g.

	biodiversité, services écosystémiques), il s'agira de présenter les activités qui en dépendent
	(e.g. la pêche) ainsi que les menaces et fragilités auxquels sont soumis ces milieux, en
	particulier l'effet du changement climatique. Dans ce contexte, nous aborderons ensuite la
	sensibilité des organismes et des réseaux trophiques marins aux conditions environnementales
	et leurs réponses potentielles face au changement global. Enfin, après avoir présenté les
	objectifs de cette thèse, nous décrirons les espèces, la zone d'étude et les concepts de
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I.

modélisation utilisés dans l'identification des impacts potentiels du changement climatique sur les populations de poissons et de céphalopodes, en particulier en Méditerranée.

  [START_REF] Coll | The Biodiversity of the Mediterranean Sea: Estimates, Patterns, and Threats[END_REF]. Elle est caractérisée par de forts gradients environnementaux du Nord-Ouest au Sud-Est (i.e. température, salinité et oligotrophie croissante ; production primaire décroissante), entrainant une importante variabilité biologique (e.g. nombre d'espèces) entre les sous-bassins Méditerranéens(Coll et al. 2010, UNEP and MAP 2012). Enfin, l'isolement

	de cette région a largement contribué au développement d'espèces endémiques qui
	représentent entre 15 et 30 % des taxons en Méditerranée (Tortonese 1985, Boudouresque
	2004). Cependant, ces caractéristiques singulières de la Méditerranée sont également à
	l'origine d'une altération de sa biodiversité, de ses habitats physiques et biologiques ainsi que
	de l'exploitation de ses ressources marines depuis l'Antiquité, en particulier depuis la
	deuxième moitié du 20 ème siècle (Marzano 2013, Piroddi et al. 2017). La population des états
	Ce statut de point chaud de la biodiversité marine mondiale (Myers et al. 2000) est hérité de
	(i) son histoire géographique particulière, (ii) d'importants gradients environnementaux et (iii)
	de son isolement géographique. En effet, largement asséchée durant la crise Messinienne

1.1.3. Le cas de la Méditerranée

Les milieux marins comprennent également une variété de mers intérieures, notamment la Méditerranée, qui sera la zone d'étude privilégiée de cette thèse et dont il est nécessaire d'aborder l'importance. La Méditerranée (Mare Mediterraneum : i.e. la mer au milieu des terres), vestige de l'océan Téthys (c.a. 60 millions d'années), est située au carrefour de l'Afrique, de l'Asie et de l'Europe. Elle ne représente que 0,82 % de la surface des océans et 0,32 % du volume de l'hydrosphère marine

[START_REF] Bianchi | Marine Biodiversity of the Mediterranean Sea: Situation, Problems and Prospects for Future Research[END_REF] 

mais abrite une biodiversité remarquable, estimée entre 8500 et 17 000 espèces (c.a. 4 à 18 % de la biodiversité marine connue;

[START_REF] Bianchi | Marine Biodiversity of the Mediterranean Sea: Situation, Problems and Prospects for Future Research[END_REF][START_REF] Boudouresque | Marine biodiversity in the mediterranean: status of species, populations and communities[END_REF][START_REF] Coll | The Biodiversity of the Mediterranean Sea: Estimates, Patterns, and Threats[END_REF]

).

(c.a. -5,96 millions d'années) et sujette à un important déficit hydrique (i.e. 2300 km -3 .an -1 ), les eaux actuelles de la Méditerranée ont été principalement drainées de l'océan Atlantique, ce qui explique la similitude taxonomique retrouvée entre ces deux régions

(Boudouresque 2004, riverains 

est concentrée au niveau des côtes méditerranéennes (i.e. un tiers de la population sur 12 % du territoire). Elle est en augmentation et pourrait atteindre 174 millions de personnes en 2025. Parallèlement, la Méditerranée est une destination touristique majeure, accueillant environ un tiers du tourisme mondial, soit plus de 300 millions de personnes par an (UNEP 2017). Enfin, les sociétés méditerranéennes sont historiquement dépendantes des ressources marines (Marzano 2013), une tendance toujours présente (UNEP and MAP 2012, Selig et al. 2019), en particulier pour les états de la rive sud (Figure I-1).

1.2. Des ressources marines fragilisées

1.2.1. Impacts anthropiques sur les ressources marines

Malgré leur importance pour nos sociétés, pour notre économie et la biodiversité, les milieux marins font l'objet d'une multitude de facteurs de stress extérieurs, essentiellement anthropiques

[START_REF] Halpern | Evaluating and Ranking the Vulnerability of Global Marine Ecosystems to Anthropogenic Threats[END_REF]

. Identifier et comprendre ces pressions anthropiques, ainsi que les types d'écosystèmes impactés est essentiel pour une bonne gestion des milieux marins. Ces différentes pressions concernent notamment la destruction d'habitats (e.g. artificialisation du littoral), les pollutions (e.g. rejets organiques et inorganiques), le transport maritime, la surexploitation des ressources et le changement climatique

[START_REF] Halpern | A Global Map of Human Impact on Marine Ecosystems[END_REF][START_REF] Coll | The Mediterranean Sea under siege: spatial overlap between marine biodiversity, cumulative threats and marine reserves[END_REF][START_REF] Micheli | Cumulative Human Impacts on Mediterranean and Black Sea Marine Ecosystems: Assessing Current Pressures and Opportunities[END_REF]

. L'ensemble de ces impacts a été calculé spatialement pour les écosystèmes à l'échelle globale et méditerranéenne, révélant leur importance dans ces régions (Figure I-2). En premier lieu, les habitats marins, en particulier les petits fonds (i.e. inférieurs à 20 m), subissent d'importantes altérations entrainées par une urbanisation côtière croissance (e.g. 10% du linéaire côtier est artificialisé en France et 32 % dans les Alpes-Maritimes; MEDAM 2020).

  EnMéditerranée et en mer Noire, seuls les stocks correspondants à 50 % des captures ont été évalués en 2016, essentiellement dans le bassin Nord-Ouest et en mer Noire. Parmi ces stocks,

	on note que 78 % font l'objet d'une surexploitation, dont les petits poissons pélagiques
	mentionnés précédemment. De plus, l'abondance des stocks est considérée comme faible pour
	47 % des stocks évalués (FAO 2019). Le taux de surexploitation (effort de pêche actuel relatif
	à l'effort au RMD) est supérieur à 1 pour toutes les espèces à fortes captures ; e.g. le merlu
	Merluccius merluccius qui est exploité à plus de 5 fois le taux recommandé (FAO 2019).

). Cependant, ce n'est pas le cas des 10 espèces ayant les captures mondiales les plus importantes entre 1950 et 2015, qui présentent une part de surexploitation estimée à 22,6 %, reflétant l'intérêt potentiel majeur des décideurs pour ces stocks d'intérêt commercial (FAO 2019). De plus, cette exploitation accrue des océans n'est pas homogène selon les zones géographiques, entrainant d'importantes disparités régionales (e.g. 65 % des stocks sont surexploités en Méditerranée contre 17 % dans le Pacifique Centre-Est ; Figure I-4b). 1.3. Le changement climatique 1.3.1. La circulation atmosphèreocéan sous l'effet du changement climatique Le 21 ème siècle s'inscrit dans un contexte de changement climatique qui exerce une pression supplémentaire sur ces milieux marins déjà fragilisés et dont les impacts sont maintenant largement observés

Comme le montre la Figure I-8a, la tolérance thermique

  

	g. embryon, larve, adulte,
	reproducteur; Pierce et al. 2008, Peck et al. 2013, Dahlke et al. 2020). Une variation
	environnementale (e.g. température) induite par le changement climatique peut rendre le
	milieu inadapté pour un stade de vie de l'espèce. Par exemple, un décalage temporel dans la
	saisonnalité ou une vague de chaleur intense peut fortement impacter le stade embryonnaire
	d'une espèce, le recrutement puis le renouvellement de la population (e.g. variations
	exceptionnelles de recrutement chez les petits poissons pélagiques; Lehodey et al. 2006,
	Tommasi et al. 2017). La même sensibilité environnementale est présente chez les organismes
	planctoniques qui constituent la base de la chaine trophique marine et sont un apport
	alimentaire essentiel pour les juvéniles de poissons (Helaouet and Beaugrand 2009).
	Cependant, la température n'est pas la seule variable environnementale impactant les stades
	de vie des espèces marines : la salinité est également primordiale, notamment pour le stade
	embryonnaire (e.g. flottabilité des oeufs; Huret et al., 2016).
	2.1.2. Réponses physiologiques au changement climatique
	En réponse à ces pressions environnementales, l'essentiel des espèces marines n'ont
	d'autres choix que de s'adapter aux nouvelles conditions caractérisant leur milieu de vie.
	Cette adaptation entraine des changements physiologiques chez l'espèce dans une zone
	géographique donnée, pouvant à terme mener à un changement de son aire de distribution.
	Cependant, ceci n'est pas nécessairement le cas pour les espèces à forte mobilité (e.g. grands
	migrateurs), qui ont la capacité de se déplacer activement vers des conditions
	environnementales favorables. d'une
	espèce est directement liée à la tolérance aérobie spécifique à ses stades de vies et peut
	grandement varier selon les taxons (e.g. eurythermie ou sténothermie). Elle est généralement
	plus importante durant les stades larvaires et adultes que durant les stades reproducteurs et
	embryonnaires (Dahlke et al. 2020). Dans un contexte de changement climatique, des
	conditions environnementales éloignées de l'optimum thermique de l'espèce (i.e. en
	particulier pour les espèces sténothermes) pourraient entrainer une baisse de l'activité
	physiologique (Figure I-8b) : e.g. efficacité métabolique de l'espèce, changements de
	comportement alimentaire, production de gamètes. Ces changements physiologiques
	interviennent à des températures faiblement éloignées de l'optimum thermique pour des
	espèces eurythermes (i.e. Energie d'activation faible ; Figure I-8c) mais sont plus marqués
	pour les espèces sténothermes (i.e. Energie d'activation forte).

2.1. Réponse des espèces au changement global

2.1.1. Sensibilité des espèces marines aux conditions environnementales

L'essentiel des espèces marines (e.g. hors mammifères, requins blancs et thonidés) sont ectothermes, c'est-à-dire qu'ils ne régulent pas la température de leur corps de façon interne. Au cours de leur vie, les espèces marines (e.g. poissons et céphalopodes) ont des exigences thermiques spécifiques à leur stade de vie (e.

2.2. Réponse des écosystèmes au changement global

  

	limite thermique inférieure (i.e. limite géographique Nord dans l'hémisphère Nord). On reproductive moindre (i.e. des adultes de plus petite taille produisent moins de gamètes). Dans recomposition des espèces au sein d'un écosystème influencera indirectement la richesse de
	estime aujourd'hui que le changement climatique entrainera une recomposition de la le cadre d'une exploitation des ressources halieutiques, ces deux conséquences peuvent celui-ci, sa résilience et résistance, sa complexité et le développement des activités qui en
	distribution des espèces à l'échelle globale qui sera caractérisée par (i) une arrivée massive limiter le rendement maximal d'un stock (e.g. Van Beveren et al. 2014). Enfin, la réduction de dépendent (Albouy et al. 2014).
	d'espèces dans les régions polaires, (ii) une régression de la biodiversité équatoriale et (iii) un taille des espèces (Cheung et al. 2013a) peut entrainer des difficultés pour le respect d'une
	remplacement important des espèces dans les régions tempérées et froides (Cheung et al. éventuelle taille minimale de capture.
	2009, Beaugrand et al. 2015). Ces changements sont déjà observés dans plusieurs régions, 3. Objectifs de la thèse et mise en oeuvre
	notamment en Méditerranée (e.g. Tsikliras 2008) et pour des espèces de petite taille, à cycle 2.2.2. Conséquences le long des cascades trophiques 3.1. Problématique et objectifs
	de vie court et de faible niveau trophique tels que les petits poissons pélagiques (Perry et al. La variation de biomasse d'une espèce ou d'un groupe d'espèces, induite par le Au regard du contexte de changement climatique global, de l'importance et de la pression 2005, Peck et al. 2013) ou le plancton (Helaouet and Beaugrand 2009, Beaugrand and Kirby changement climatique, peut avoir une série d'effets indirects sur d'autres espèces ou groupes exercée par la pêche et des réponses observées ou attendues des espèces marines à ces 2018). Parallèlement au déclin des espèces endémiques, l'expansion des aires de distribution indirects (i.e. top-down ou bottom-up selon leur origine trophique) se propagent dans le vers les pôles peut également se traduire par une arrivée importante d'espèces non-indigènes, d'espèces en interaction (i.e. prédateurs, proies, compétiteurs, symbiotes, parasites). Ces effets forçages externes, trois axes principaux de recherche ont été identifiés (Figure I-9).
	souvent au métabolisme rapide (i.e. espèces à affinité chaudes) qui peuvent devenir invasives dans leur milieu d'introduction (e.g. expansion rapide, non régulée et compétition avec les réseau trophique (Chaalali et al. 2016) et leur intensité dépend de la complexité du réseau trophique ainsi que de l'importance de l'espèce initialement impactée (i.e. espèce clé de 3.1.1. L'effet du changement climatique sur les espèces méditerranéennes d'intérêt
	espèces indigènes; Streftaris and Zenetos 2006, Albouy et al. 2013, Corrales et al. 2018). voute; nombre de liens trophiques et biomasse; Libralato et al. 2006). Certaines espèces commercial
	comme les petits poissons pélagiques (i.e. forte biomasse, lien entre les hauts et bas niveaux Les espèces marines exploitées sont souvent fragilisées par une multitude de pressions
	trophiques) présentent également une sensibilité accrue aux variations environnementales, ce anthropiques, notamment la pêche, dont la synergie avec les variations environnementales est
	2.2.1. Effet du changement climatique sur la biomasse des espèces qui en fait des indicateurs du changement climatique (e.g. Lehodey et al. 2006, Peck et al. encore un sujet de recherche important (Punt et al. 2014, Lee et al. 2018, Edgar et al. 2019).
	, pouvant directement impacter la capacité de 2013). Leur rôle central dans les réseaux trophiques en font également des espèces clés pour Anticiper les effets du changement climatique sur les espèces exploitées est une information L'influence des variations environnementales sur la physiologie des espèces, leur la stabilité d'un écosystème marin (Chaalali et al. 2016). Cette propagation des pressions nécessaire aux acteurs du milieu (i.e. scientifiques, décideurs, pêcheurs) afin de proposer de croissance et leur recrutement peut, à l'échelle d'un ou plusieurs cycles de vie, être à l'origine externes (e.g. surpêche, changement climatique) est d'autant plus préoccupante que certaines nouvelles stratégies d'exploitation durable et une visibilité du métier à long terme (Figure I-d'un changement de biomasse (i.e. poids par surface). Cette relation entre variabilité environnementale, recrutement et biomasse est régulièrement observée pour des espèces à espèces de bas niveaux trophiques font déjà l'objet d'une exploitation importante et 9, axe 1) (Forrest et al. 2015). Parmi les effets multiples du changement climatique sur les
	production d'un stock halieutique. De la même manière, une variabilité de la période de cycle de vie court, notamment les petits pélagiques, dont l'efficacité du recrutement est présentent une réponse rapide au changement climatique, ce qui pourrait indirectement espèces marines exploitées, mes travaux se focaliserons sur deux métriques complémentaires :
	reproduction et/ou une variabilité de la production de gamètes est observée pour différents soumise aux variations environnementales (Lehodey et al. 2006). C'est également le cas des impacter l'exploitation des ressources (e.g. pêcheries mixtes).
	stocks, deux conséquences physiologiques pouvant également impacter l'exploitation des espèces planctoniques, dont la biomasse est directement impactée par les conditions
	stocks halieutiques (e.g. Doray et al. 2018, Erauskin-Extramiana et al. 2019). environnementales du milieu (e.g. changement climatique; Helaouet and Beaugrand 2009). 2.2.3. Recomposition des réseaux trophiques
	Dans ce contexte de changement climatique, une efficacité physiologique moindre couplée à Dans un contexte de changement climatique, les réseaux trophiques seront
	2.1.3. Réponses biogéographiques au changement climatique un apport nutritif limité (i.e. diminution de la taille ou de la biomasse du plancton) peut être à probablement amenés à évoluer en termes de biomasse relative des espèces qui les
	A la différence d'une variation environnementale ponctuelle (e.g. vague de chaleur), le l'origine d'une réduction de la taille des espèces le long d'une chaine trophique (Cheung et al. composent, mais également en termes d'espèces présentes suite aux changements de
	contexte actuel de changement climatique force les espèces à s'adapter de manière 2013a). Parallèlement, une mortalité plus importante peut soutenir l'hypothèse d'une baisse distribution, notamment l'arrivée d'espèces non-indigènes (e.g. Cheung et al. 2009, Albouy et
	permanente (i.e. retrouver des conditions environnementales favorables). Le déplacement des de biomasse de la faune marine (Pessarrodona et al. 2019), avec des variations selon les zones al. 2013). Les réseaux trophiques d'écosystèmes marins vont potentiellement subir une
	espèces vers des conditions favorables (i.e. majoritairement vers les pôles) est le résultat géographiques et les classes de taille (i.e. longueur du cycle de vie). En dynamique des importante recomposition à l'échelle globale, causée par (i) la disparition locale de certaines
	d'une régression des populations situées à la limite thermique supérieure (i.e. limite populations, une croissance moindre peut être à l'origine (i) d'un recrutement plus faible (e.g. espèces (i.e. rétractation de l'aire de distribution, baisse drastique de la biomasse) ou (ii)
	géographique Sud dans l'hémisphère Nord) et d'une expansion des populations situées à la les larves ne grandissent pas assez rapidement pour survivre) ou (ii) une efficacité l'arrivée d'espèces non-indigènes dans un écosystème (Beaugrand et al. 2015). Une

.2. Mise en oeuvre des objectifs

  

	climatiques futurs est une information importante pour comprendre et anticiper l'évolution une expansion de l'aire de distribution et (iii) dont certaines présentent des comportements
	future de la biocénose (Figure I-9, axe 2). En complément, certaines espèces non-indigènes invasifs en Méditerranée (e.g. dégradation d'habitat, forte pression de prédation), (iv) sont
	peuvent avoir des prédispositions fonctionnelles ou écologiques, leur permettant de devenir susceptibles d'être dangereuses pour l'homme (e.g. toxicité, impropre à la consommation), ou
	invasives. Comprendre et identifier ces traits et les espèces concernées est donc essentiel afin (v) peuvent offrir de nouveaux débouchés commerciaux (e.g. farine destinée à l'aquaculture,
	de proposer un suivi spécifique de leur avancée (Whitney and Gabler 2008, Kleunen et al. consommation humaine).
	2010, Blackburn et al. 2011).
	3.2.2. La modélisation comme réponse
	3.1.3. Sensibilité des écosystèmes à un changement d'une espèce clé dans un contexte Afin de répondre à ces axes de recherche dans une échelle spatiale et temporelle large,
	climatique cette thèse est basée sur une approche de modélisation, utilisant en particulier, le concept de
	L'évolution future de l'aire de distribution et de l'adéquation environnementale des niche écologique. La niche fondamentale d'une espèce est définie comme un hypervolume à n
	espèces d'intérêt commercial (section 3.1.1.) peut être à l'origine d'une recomposition (i.e. en dimensions, correspondant à l'ensemble des conditions environnementales nécessaires pour
	terme d'espèces ou de biomasses) des réseaux trophiques des écosystèmes impactés (Cheung satisfaire indéfiniment le cycle de vie d'une espèce
	et al. 2009, Pessarrodona et al. 2019). En suivant l'hypothèse selon laquelle la variation
	temporelle de biomasse d'une espèce est corrélée avec la variation temporelle de l'adéquation
	environnementale (Chaalali et al. 2016), nous pouvons étudier la sensibilité théorique des
	écosystèmes aux effets climatiques induits sur une ou plusieurs espèces (Figure I-9, axe 3).
	Cet axe de recherche a pour objectif d'estimer l'importance des effets indirects pouvant être
	induits sur un réseau trophique par l'effet du changement climatique sur un groupe d'espèces
	clé.
	33.2.1. Choix des espèces d'intérêt commercial
	Tout au long de cette thèse, le choix a été fait de travailler sur un ensemble d'espèces
	d'intérêt commercial, en détaillant les résultats correspondant à chaque espèces, contrairement
	à une étude globale sur un large ensemble de taxons méditerranéens comme cela a déjà été
	fait (e.g. Ben Rais Lasram et al. 2010, Albouy et al. 2013, Piroddi et al. 2015). Au regard des
	éléments de contexte de cette thèse, les espèces d'intérêts ont été définies comme des espèces
	(i) largement présentes en Méditerranée, (ii) fortement exploitées (i.e. fort intérêt économique
	et sociétal) et (iii) ayant une sensibilité importante aux variations environnementales (e.g.
	cycle de vie rapide, sténothermie; Peck et al. 2013). En suivant ces trois critères, nous avons
	défini deux groupes d'espèces : les petits poissons pélagiques et les céphalopodes qui font
	1, identifier les zones géographiques et la l'objet de chapitres séparés. Dans le cas d'espèces non-indigènes, nous avons considéré des
	période d'arrivée potentielle d'espèces non-indigènes selon un ensemble de scénarios espèces (i) ayant déjà été observées en Méditerranée à plusieurs reprises, (ii) dont on observe

Ce chapitre fait l'objet d'une publication dans une revue à comité de lecture :

  

	d'un groupe d'espèces clé et ainsi identifier certains impacts indirects d'un changement d'aire favorables le long des côtes nord-ouest de la Méditerranée, du golfe de Gascogne et de la mer
	de répartition d'une ou plusieurs espèces (e.g. Chaalali et al. 2016). Basé sur le concept de niche écologique, ce premier chapitre présente la procédure de modélisation développée afin d'estimer les relations entre l'aire de répartition des espèces et Résumé étendu du Nord, correspondant aux zones d'exploitation principales de ces espèces. Ce chapitre démontre que l'utilisation de techniques appropriées de prétraitement des données, une étape Abstract
	3.2.3. Structure de la thèse les conditions environnementales. Cette procédure, largement réutilisée au cours des chapitres La distribution des organismes marins est fortement influencée par les gradients de la modélisation souvent négligée, permet d'augmenter les performances des modèles et The distribution of marine organisms is strongly influenced by climatic gradients
	Ces travaux de thèse sont structurés en cinq chapitres, répondant aux axes de suivants, est ici appliquée à la distribution actuelle de sept espèces de petits poissons climatiques à travers le monde. La niche écologique (sensu Hutchinson) d'une espèce, c'est-à-ainsi renforcer notre confiance dans la fiabilité des prédictions futures qui en découleraient. worldwide. The ecological niche (sensu Hutchinson) of a species, i.e. the combination of
	recherche énoncés en Figure I-9 et basés sur une approche par modélisation. Chaque chapitre pélagiques. dire la combinaison des tolérances environnementales et des ressources requises par un environmental tolerances and resources required by an organism, interacts with the
	fait l'objet d'un article scientifique publié ou soumis dans une revue à comité de lecture. organisme, interagit avec l'environnement pour déterminer son aire de répartition environment to determine its geographical range. This duality between niche and distribution
	Le chapitre 1, « Modelling european small pelagic fish distribution: methodological insights », présente notre procédure optimisée de modélisation des aires de répartition d'espèces marines. Il fait l'objet d'un article publié dans Ecological Modelling. II. CHAPITRE 1 : allows climate change biologists to model potential species' distributions from past to future géographique. Cette dualité entre niche et distribution permet de modéliser les distributions Alexandre Schickele 1 , Boris Leroy 2 , Gregory Beaugrand 3,4 , Eric Goberville 2 , Tarek Hattab 5 , conditions. While species distribution models (SDMs) have been intensively used over the potentielles d'espèces selon les conditions environnementales passées, présentes ou futures. Patrice Francour 1 & Virginie Raybaud 1 (2020) Modelling European small pelagic fish Bien que les modèles de distributions d'espèces (SDMs) fassent l'objet d'une utilisation last years, no consensual framework to parametrise, calibrate and evaluate models has Modelling European Small pelagic fish distribution: Methodological insights. Ecological Modelling 416. doi: intensive depuis plusieurs années, aucun consensus n'existe quant à leur paramétrisation, emerged. Here, to model the contemporary (1990-2017) spatial distribution of seven highly
	Le chapitre 2, « European small pelagic fish distribution under global change scenarios », applique cette procédure afin d'estimer les changements futurs dans l'aire de répartition de sept espèces de petits poissons pélagiques en Europe et en Méditerranée, au cours du 21 ème siècle. Il fait l'objet d'un article publié dans Fish and Fisheries. 10.1016/j.ecolmodel.2019.108902 calibration et évaluation. Dans ce chapitre, l'aire de distribution contemporaine (1990-2017) harvested European small pelagic fish species, we implemented a comprehensive and distribution: methodological insights replicable numerical procedure based on 8 SDMs (7 from the Biomod2 framework plus the de sept espèces de petit poissons pélagiques européens, tous fortement exploités, a été 1 Université Côte d'Azur, CNRS, UMR 7035 ECOSEAS, Nice, France. NPPEN model). This procedure considers critical issues in species distribution modelling modélisée en utilisant une nouvelle procédure spécialement développée pour cette thèse et 2 Unité Biologie des Organismes et Ecosystèmes Aquatiques (BOREA), Muséum National intégrant les dernières recommandations scientifiques dans ce domaine. Cette procédure de such as sampling bias, pseudo-absence selection, model evaluation and uncertainty
	Le chapitre 3, « European cephalopods distribution under climate-change scenarios », d'Histoire Naturelle, Sorbonne Université, Université de Caen Normandie, Université des modélisation est basée sur un concept de modèle d'ensemble, c'est-à-dire que nous avons quantification respectively through (i) an environmental filtration of observation data, (ii) a
	se focalise sur trois espèces de céphalopodes, afin d'estimer les changements futurs de leur Antilles, CNRS, IRD, Paris, France. élaboré un modèle moyen pour chaque espèce parmi huit algorithmes testés (i.e. sept convex hull based pseudo-absence selection, (iii) a multi-criteria evaluation of model outputs
	. Cette dualité entre niche et biogéographie permet de définir la aire de répartition en Europe et en Méditerranée, au cours du 21 ème siècle. Il fait l'objet d'un algorithmes provenant du package Biomod2 et le modèle NPPEN ; Non-Parametric and (iv) an ensemble modelling approach. By mitigating environmental sampling bias in
	niche dite « potentielle » d'une espèce, à partir des conditions environnementales dans article soumis dans Scientific Reports. Probabilistic Ecological Niche model). Notre procédure de modélisation considère également observation data and by identifying the most ecologically relevant predictors, our framework
	laquelle l'espèce a été observée. A l'inverse, elle permet également la projection passée, Le chapitre 4, « Sensitivity of the Gulf of Lion ecosystem to climate induced changes plusieurs difficultés majeures habituellement rencontrées dans les SDMs, à savoir (i) les biais helps to improve the modelling of fish species' environmental suitability. Not only average
	actuelle et future de la niche potentielle, c'est-à-dire une projection spatiale de l'adéquation in small pelagic fishes », présente la sensibilité du réseau trophique du Golfe du Lion aux d'échantillonnage, (ii) la sélection des pseudo-absences, (iii) l' évaluation de l'adéquation de
	des conditions environnementales pour cette espèce, correspondant à son aire de répartition changements d'aires de répartition des espèces de petits poissons pélagiques, estimés au cours la distribution modélisée aux observations (iv) ainsi que la quantification de l'incertitude. En
	potentielle (Peterson and Soberón 2012). du chapitre 2. Il fait l'objet d'un article soumis dans Ecosystems. réponse à ces points clés, nous avons développé une procédure innovante combinant un
	Enfin, le chapitre 5, « Estimation of the invasive potential of non-native fish species: rééchantillonnage des observations selon leur caractéristiques environnementales, couplé à
	A la différence des modèles de niche écologique, centrés sur une espèce, les modèles the Mediterranean case study », s'intéresse aux aires de répartition futures de plusieurs une sélection des pseudo-absences selon une méthode d'enveloppe convexe. Cette méthode a
	dits « écosystémiques », permettent de représenter un écosystème comme un ensemble de espèces non-indigènes de Méditerranée, identifiées comme ayant un important potentiel permis d'atténuer significativement les biais dans les données d'observations et d'améliorer la
	groupes d'espèces ayant un rôle fonctionnel homogène (e.g. approche Ecopath; Christensen invasif. Il sera soumis prochainement dans une revue à comité de lecture. capacité du modèle à reproduire la distribution observée. Concernant l'évaluation et la
	and Pauly 1992, Christensen and Walters 2004). Cette approche suit une hypothèse de sélection des modèles, nous avons appliqué une procédure multicritère en couplant (i) une
	conservation de masse dans le système : toute biomasse produite par une espèce ou un groupe métrique d'évaluation adaptée aux pseudo-absences avec (ii) une évaluation de la pertinence
	d'espèces est utilisée dans le réseau trophique (Polovina 1984). Cette représentation d'un écologique de la réponse des espèces aux conditions environnementales. Les résultats
	réseau trophique, permet d'estimer la sensibilité de chaque groupe d'espèces à une variation montrent l'importance de la température (i.e. moyenne annuelle et variabilité), qui est le
	de biomasse d'un autre groupe d'espèces. Appliqué à un contexte de changement climatique, facteur principal déterminant l'aire de distribution des petits poissons pélagiques à l'échelle
	ils permettent d'estimer la sensibilité d'un réseau trophique donné à une variation climatique spatiale considérée. Celle-ci est caractérisée par des conditions environnementales très

Table II - 1 :

 II1 Environmental parameters used to model SPF distribution.

	Name (Period)	Description	Reference
	Bathymetry	Spatial seafloor depth (m)	Global seafloor topography (Smith and Sandwell 1997)
	Distance to coast	Distance to the nearest coast (km)	NASA Goddard Space Flight Center (2009) (https://oceancolor.gsfc.nasa.gov/docs/distfromcoast/)
	SSS (1990-2017)	Sea Surface Salinity	Levitus' climatology (Levitus 2011) completed with (http://www.ices.dk/)
	PP		
	(1990-2017)		

  The first group encompassed temperate-to-cold water species (hereafter "temperate-cold" species; i.e. Atlantic horse mackerel, European pilchard,

	European sprat and European anchovy; Figure II-4, a-d) that were more likely to be present
	in northern Europe. The second grouped temperate-to-warm water species (hereafter
	"temperate-warm" species; i.e. Mediterranean horse mackerel, round sardinella and bogue;

  . Changes in temperature may therefore affect SPFs' physiological performances (i.e. their fitness;[START_REF] Perry | Climate change and distribution shifts in marine fishes[END_REF], Payne et al. 2016b). Because the relationship between temperature and fitness occurred through species' thermal optimum and range, and because SPFs are short lifespan species(Checkley 

et al. 2009)

, annual temperature changes may affect several life stages (especially reproduction and larval development; e.g.

[START_REF] Peck | Life cycle ecophysiology of small pelagic fish and climate-driven changes in populations[END_REF]

, with long-term consequences on population dynamics

[START_REF] Fréon | Sustainable exploitation of small pelagic fish stocks challenged by environmental and ecosystem changes: A review[END_REF]

. Small pelagic fishes may also experience ontogenetic shifts in thermal tolerance during their development

[START_REF] Peck | Life cycle ecophysiology of small pelagic fish and climate-driven changes in populations[END_REF]

) and temperature seasonality (here SSTr) may either favour or perturb species development, with potential consequences on distributional patterns (Figure II-4, middle panels; Peck et al. 2013). This is especially noticeable in regions characterised by an important thermal variability, such as in the Black and Azov seas, in the Northern Adriatic Sea, in the Baltic Sea and to a lesser extent in the eastern part of the North Sea. Considering thermal variability in

  Despite an increasing availability of information, the biogeographic distribution of most species remain still frequently incomplete[START_REF] Bini | Challenging Wallacean and Linnean shortfalls: knowledge gradients and conservation planning in a biodiversity hotspot[END_REF]); a shortcoming explained, inter alia, by heterogeneous sampling effort among surveys, or the inaccessibility of some areas. For all SPF datasets, this effect is undeniable when comparing the north-western Mediterranean Sea,

	the Bay of Biscay, the North Sea with other European regions. (Figure II-4, left panels). To
	lower this issue, a plethora of data sources (e.g. standardised scientific surveys, biodiversity
	portals) are now available in collaborative databases (e.g. GBIF), offering more cohesive
	summaries of species' distributions although leading -sometimes -to enhanced spatial and
	environmental biases (Kramer-Schadt et al. 2013, Beck et al. 2014). Considering independent
	distributional data (i.e. from private collections or from the literature; Beck et al. 2013)
	Boakes et
	al. 2010), commonly available databases of SPFs provide a distorted view of their actual
	distribution because of spatial and temporal bias in species observations (e.g. Beck et al.
	2014). When the time comes to evaluate the quality of biodiversity datasets, three major
	issues have been raised in the literature (e.g. Kramer-Schadt et al. 2013, Guillera-Arroita et al.

2015): the influence of (i) prevalence, i.e. the proportion of sites in which the species was recorded as present, (ii) imperfect species detection and (iii) sampling bias.

  , it is still challenging to identify the most appropriate model (see discussion in[START_REF] Buisson | Uncertainty in ensemble forecasting of species distribution[END_REF]). Even if several methods have been recently proposed, no consensus has emerged (see discussion in[START_REF] Leroy | Without quality presence-absence data, discrimination metrics such as TSS can be misleading measures of model performance[END_REF]. and the use of differentwell-fitted and evaluated -SDMs

may help to better simulate potential species distributions, for past, contemporary and future environmental conditions

[START_REF] Araújo | Ensemble forecasting of species distributions[END_REF]

. In complementarity with a multi-SDM approach, we think that researchers should examine species response curves during the evaluation process (e.g.

[START_REF] Elith | Species Distribution Models: Ecological Explanation and Prediction Across Space and Time. -Annual Review of Ecology[END_REF][START_REF] Jarnevich | Forecasting an invasive species' distribution with global distribution data, local data, and physiological information[END_REF][START_REF] Erauskin-Extramiana | Historical trends and future distribution of anchovy spawning in the Bay of Biscay. -Deep Sea Research Part II[END_REF]

. As observed for Mediterranean horse mackerel (see details in Supplementary material II-4), we invalidated response curves that were statistically significant but not in agreement with the ecological niche theory. Without this complementary evaluation method, the corresponding algorithms would have been considered in the ensemble model, therefore potentially resulting in spurious patterns of ESIs. Therefore, this multicriteria evaluation procedure is of great interest from a (i) numerical (i.e. metric adapted to presence-only datasets) and an ecological (i.e. validation of the species-environment relationships) perspective. Note that the seven SPFs we chose are representative of a large spectrum of environmental conditions, from temperate-to-cold waters (e.g. European sprat) to temperate-to-warm waters (e.g. bogue and round sardinella).To conclude, our framework has been faced with a wide range of environmental conditions, allowing us to better evaluate its robustness, sensitivity and possible transferability to other species and ecosystems.

chapitre est actuellement publié dans une revue à comité de lecture :

  [START_REF] Petitgas | Anchovy population expansion in the North Sea[END_REF]. Moreover, it is important to notice that no direct correlations between ESI (potential or realised) and spatialised biomass or official catches have been established in the literature although temporal correlations have been suggested however (e.g.Chaalali et al. 2016). Therefore, discrepancies between SPF's ESI, Ce deuxième chapitre présente l'ensemble des projections futures d'aire de distribution des sept espèces de petits poissons pélagiques modélisées au cours du chapitre 1.Alexandre Schickele 1 , Eric Goberville 2 , Boris Leroy 2 , GregoryBeaugrand 3,4 , Tarek Hattab 5 ,AbstractThe spectre of increasing impacts on exploited fish stocks in consequence of warmer climate conditions has become a major concern over the last decades. It is now imperative to improve the way we project the effects of future climate warming on fisheries. While estimating future climate-induced changes in fish distribution is an important contribution to sustainable resource management, the impacts on European small pelagic fishrepresenting over 50% of the landings in the Mediterranean and Black Sea between 2000 and 2013are yet largely understudied. Here, we investigated potential changes in the spatial distribution of seven of the most harvested small pelagic fish species in Europe under several climate change scenarios over the 21 st century. For each species, we considered eight Species Distribution European Small Pelagic Fish (SPF) species have a key economic and ecological role[START_REF] Fréon | Sustainable exploitation of small pelagic fish stocks challenged by environmental and ecosystem changes: A review[END_REF][START_REF] Checkley | Climate change and small pelagic fish[END_REF]. SPFs are the main harvested fish group worldwide,

	Résumé étendu
	Une attention particulière a été portée aux conséquences potentielles sur la pêche et la gestion Le spectre d'un impact croissant du changement climatique sur les stocks de poissons representing between 20% and 30% of the global commercial landings, depending on yearly des ressources halieutiques à l'échelle des zones économiques exclusives de chaque état exploités est devenu une préoccupation majeure au cours des dernières décennies. Il est environmental fluctuations and fishing effort (FAO 2011). These species accounted for 17 % européen. désormais impératif d'améliorer la manière dont nous projetons les effets du réchauffement of the E.U. catches in 2015 (European Commission and DG-MARE 2018) and up to 53 % of
	III. CHAPITRE 2 : global change scenarios. Fish and Fisheries, 22(1):212-225. European small pelagic fish distribution climatique futur afin d'anticiper ses conséquences sur la pêche. Bien que les effets du changement climatique sur la distribution des espèces de poissons soient de plus en plus pris pélagiques -qui représentent plus de la moitié des débarquements commerciaux en the Mediterranean and Black Sea landings between 2000 and 2013, but most of them are significantly impacted by overfishing (FAO 2016). They are also the main prey of most Ce Patrice Francour 1 & Virginie Raybaud 1 (2021) European small pelagic fish distribution under en compte dans la gestion durable des ressources marines, les impacts sur les petits poissons piscivorous fishes, cetacean and seabirds (Cury et al. 2011, Bachiller and Irigoien 2015),
	under global change scenarios
	IPCC climate
	scenarios), this framework provides robust contemporary predictions to assess possible Méditerranée. Enfin, nos résultats mettent en évidence la pertinence d'une approche multi-
	changes in species distribution in the context of global climate change. Despite the growing SDMs, multi-GCMs et multi-RCPs afin de prédire, de façon robuste, un ensemble de
	literature on the development and testing of new modelling and evaluation processes, the use scénarios futurs d'intérêts pour les scientifiques et pour une gestion durable de l'exploitation
	of SDMs in quantitative resource management and scientific surveys is still a great challenge. des ressources marines.

biomass and official catches (e.g. FAO 2016) may be explained by population-related parameters (e.g. recruitment, growth, biotic interaction) or management policies and stock status (e.g. under or over-fishing), respectively. Finally, inter-specific absolute ESI comparison is challenging because of the monospecific nature of SDMs.

Our study presents a detailed environmental suitability assessment of seven of the most heavily harvested European SPFs. By focusing on the most common sources of errors and uncertainties in SDMs, we designed a comprehensive -fully transferable to other species and ecosystems -modelling framework which is intended to elaborate more robust ecological scenarios. Our framework addressed several critical steps in SDMs, i.e. the treatment of sampling biases in observation records, the generation relevant pseudo-absences and a dual assessment of model outputs that proposes to evaluate models from both a numerical and an ecological perspective. In a conservation decision-making perspective, these different steps are essential to increase confidence in SDMs, a prerequisite to propose effective resource management measures (e.g. accounting for environmental stress) or to measure the effectiveness of protected areas (e.g. regarding environmental resilience). Moreover, when used in combination with scenarios of future environmental conditions (i.e. doi: https://doi.org/10.1111/faf.12515 1 Université Côte d'Azur, CNRS, UMR 7035 ECOSEAS, Nice, France. 2 Unité Biologie des Organismes et Ecosystèmes Aquatiques (BOREA), Muséum National d'Histoire Naturelle, Sorbonne Université, Université de Caen Normandie, Université des Antilles, CNRS, IRD, Paris, France. Méditerranée et en mer Noire entre 2000 et 2013sont encore largement sous-étudiés. Dans ce contexte, ce deuxième chapitre étudie les changements potentiels futurs de la distribution spatiale des sept espèces de petits pélagiques les plus exploités en Europe, selon un ensemble de projections climatiques au cours du 21 e siècle. Un ensemble de distributions potentielles futures a été modélisé, pour chaque espèce étudiée, en accord avec la procédure présentée dans le chapitre 1 : à savoir l'utilisation de 8 modèles de distributions d'espèces (SDMs) couplés à cinq modèles climatiques (GCMs) et trois scénarios d'émission de gaz à effet de serre (RCPs). Pour les sept espèces étudiées, l'ensemble des trajectoires climatiques révèlent un déclin de la qualité des conditions environnementales en Méditerranée, dans le golfe de Gascogne et dans une moindre mesure dans le sud de la mer du Nord. Au contraire, les projections s'accordent à dire que les conditions environnementales pourraient devenir plus favorable en mer Noire, Baltique et le long des côtes norvégiennes. Ce décalage potentiel de la distribution des conditions environnementales favorables pour ces espèces est conforté par une forte convergence entre les différents modèles numériques et climatiques utilisés. En revanche, l'intensité du changement de distribution prédit est fortement influencée par l'intensité du changement climatique, montrant la nécessité de limiter le réchauffement futur aux valeurs les plus faibles, afin d'éviter une extinction partielle de ces espèces en Models (SDMs), five General Circulation Models (GCMs) and three emission scenarios (the IPCC Representative Concentration Pathways; RCPs). Under all scenarios, our results revealed that the environmental suitability for most of the seven species may strongly decrease in the Mediterranean and western North Sea while increasing in the Black and Baltic Seas. This potential northward range expansion of species is supported by a strong convergence among projections and a low variability between RCPs. Under the most pessimistic scenario (RCP8.5), climate-related local extinctions were expected in the southeastern Mediterranean basin. Our results highlight that a multi-SDM, multi-GCM, multi-RCP approach is needed to produce more robust ecological scenarios of changes in exploited fish stocks in order to better anticipate the economic and social consequences of global climate change. Keywords: climate change, ecological niche, exclusive economic zone, range shift, species distribution models, uncertainties 1. Introduction

  al. 2011[START_REF] Goberville | Uncertainties in the projection of species distributions related to general circulation models[END_REF], Cheung et al. 2016b) and best practices recommend multi-model ensemble projections[START_REF] Buisson | Uncertainty in ensemble forecasting of species distribution[END_REF], i.e. the use of a large set of SDMs and climate models (e.g. General Circulation Model, GCM; Wilby and Dessai 2010). Most SDM applications on European SPFs did not include long-term distributional range projections at the regional or European scales[START_REF] Brown | Investigating the distribution of small pelagic fish in Spanish Mediterranean waters using environmental modelling and essential fish habitat mapping[END_REF][START_REF] Sabatés | Sea warming and fish distribution: the case of the small pelagic fish, Sardinella aurita, in the western Mediterranean[END_REF][START_REF] Tsikliras | Climate-related geographic shift and sudden population increase of a small pelagic fish ( Sardinella aurita ) in the eastern Mediterranean Sea[END_REF][START_REF] Maynou | Future distribution of early life stages of small pelagic fishes in the northwestern Mediterranean[END_REF], however, and a few studies addressed this challenge at the European scale[START_REF] Lenoir | Modelled spatial distribution of marine fish and projected modifications in the North Atlantic Ocean[END_REF][START_REF] Raybaud | Forecasting climate-driven changes in the geographical range of the European anchovy (Engraulis encrasicolus)[END_REF]) but only for a few SPFs.Our study aims to address this gap in knowledge by examining (i) long-term and (ii) large-scale distributional range projections under different climate change scenarios (IPCC Representative Concentration Pathways; RCP) for a set of seven largely harvested European Small Pelagic Fish (SPF) species of major ecological and economic importance (Fréon et al. 2005, Checkley et al. 2009): Atlantic horse mackerel Trachurus trachurus, European pilchard Sardina pilchardus, European sprat Sprattus sprattus, European anchovy Engraulis encrasicolus, Mediterranean horse mackerel Trachurus mediteraneus, round sardinella Sardinella aurita and bogue Boops boops. Based on the contemporary SPFs distribution retrieved from Schickele et al. (2020) and using a multi-SDM, multi-GCM and multi-RCP approach, we investigated future potential range shifts of these largely harvested species at the European scale. To evaluate expected changes at a manageable level[START_REF] Zeller | Still catching attention: Sea Around Us reconstructed global catch data, their spatial expression and public accessibility[END_REF], we then aggregated our results per Exclusive Economic Zones (EEZ; U.N. General Assembly 1982, Flanders Marine Institute 2019) and discussed possible economic consequences of climate change on the allocation of fishing effort.

Table III - 1 :

 III1 Description of the environmental parameters considered in the ensemble model procedure, and corresponding references. Hatched cells stand for parameters that we considered as constant over time in our simulations.[START_REF] Dufresne | Climate change projections using the IPSL-CM5 Earth System Model: from CMIP3 to CMIP5[END_REF][START_REF] Hourdin | Impact of the LMDZ atmospheric grid configuration on the climate and sensitivity of the IPSL-CM5A coupled model[END_REF], MPI[START_REF] Stevens | Atmospheric component of the MPI-M Earth System Model: ECHAM6[END_REF][START_REF] Giorgetta | Climate and carbon cycle changes from 1850 to 2100 in MPI-ESM simulations for the Coupled Model Intercomparison Project phase 5: Climate Changes in MPI-ESM[END_REF], CNRM[START_REF] Voldoire | The CNRM-CM5.1 global climate model: description and basic evaluation[END_REF], HadGEM[START_REF] Jones | The HadGEM2-ES implementation of CMIP5 centennial simulations[END_REF]) and GISS[START_REF] Schmidt | Configuration and assessment of the GISS ModelE2 contributions to the CMIP5 archive: GISS MODEL-E2 CMIP5 SIMULATIONS[END_REF]) models.

	Environmental parameter	Contemporary	Future
	Bathymetry: spatial seafloor depth	Global seafloor topography (Smith and	
	(m)	Sandwell 1997)	
		NASA Goddard Space Flight Center	
	Distance to coast: distance to the	(2009)	
	nearest coast (km)	(https://oceancolor.gsfc.nasa.gov/docs/di	
		stfromcoast/)	
		Levitus' climatology (Levitus 2011)	
	SSS: sea surface salinity	completed with ICES data	
		(http://www.ices.dk/)	
	Log_PP: log-transformed sea surface primary production IPSL (SST: mean annual sea surface	IPSL (Dufresne et al. 2013, Hourdin et al.
	temperature (°C)		2013),
		AVHRR Very High Resolution Radiometer (Casey et al. 2010)	MPI (Stevens et al. 2013, Giorgetta et al. 2013), CNRM (Voldoire et al. 2013),
			HadGEM (Jones et al. 2011) and
			GISS (Schmidt et al. 2014) models.

SSTr: mean annual sea surface temperature range (°C) SSTvar: mean monthly sea surface temperature variance (°C)

Table III - 2 :

 III2 Environmental parameters used to model each SPF species. Parameters are ranked according to their explanatory power.

	Species	Environmental parameters
	Mediterranean horse mackerel	SST, SSTvar, log_PP
	Atlantic horse mackerel	SST, SSTvar, log_PP
	European pilchard	SST, SSTr, SSS
	Round sardinella	SST, SSTr, log_PP
	European sprat	SST, SSTr, log_PP
	European anchovy	SST, SSTvar, SSS
	Bogue	SST, SSTr

  ) in northern regions (e.g. in the North Sea) and a moderate to high decrease in ESI values in the Mediterranean Sea for both species (ranging from -0.2 to -0.6 for the Mediterranean horse mackerel and about -0.2 for the bogue). We expect a range expansion towards the Norwegian Sea for both species. With ESI values ranging from 0.6 to 0.8, our models also projected a distributional shift of Mediterranean horse mackerel towards the Bay of Biscay. For all temperate-warm species, projected changes in ESI values may increase in amplitude over time, when the magnitude of the warming increases (Supplementary Material By limiting global warming to +2°C (i.e. RCP2.6), an expansion of Mediterranean horse mackerel and bogue may be negatively affected, despite a maximum increase in ESI value of about +0.4 for all RCPs and periods. This demonstrates the spatial convergence of our simulations based on a multi-SDM, and multi-GCM framework. For temperate-cold species, we projected low SD values (0.1 in average) in geographical cells where we projected low (< 0.2) or high ESI values(> 0.8). This indicates that our simulations converged towards either potential local extinctions (e.g. in the south-east Mediterranean), or shifts in the distribution centre of SPFs (e.g. European anchovy in the Norwegian or Baltic seas). Our models showed higher (about 0.4) SD values in geographical cells that correspond to intermediate ESI values,

	3.1.3. Uncertainties in expected environmental suitability
	For all SPFs, our projections showed only weak variations, with mean SD ranging
	from 0.1 to 0.4 (Figure III-1).

3.1.2. Temperate-warm water species

Expected changes in ESI values for "temperate-warm" water species (Figure

III-1;

i.e. Mediterranean horse mackerel, round sardinella and bogue) were variable with speciesspecific patterns. No major changes in ESI values were expected for round sardinella but we showed a potential increase in the Black Sea (between +0.4 to +0.6). For Mediterranean horse mackerel and bogue, we projected an important increase in ESI values (between +0.2 and +0.6III-5). If global warming is small (RCP2.6), the decrease in ESI values may range between -0.3 (2030-2039) and -0.4 (2090-2099) for Mediterranean horse mackerel in the Mediterranean Sea.

suggesting a lower confidence in moderate range expansion (e.g. in the Norwegian Sea). For all temperate-warm species, we projected similar results between SD and ESI values. Because the regions of low and high ESI values (< 0.2 and > 0.8 respectively) are less emphasised for temperate-warm species, our models showed less convergence in comparison to temperatecold species, except for bogue in the Mediterranean Sea (SD values < 0.2). The overall, low SD values (< 0.4) expected for late-century projections, confirms that our models showed comparable estimates of future environmental suitability of SPFs, including projected local extinctions.

Table IV - 1 :

 IV1 Description of the environmental parameters considered in the ensemble models and of the corresponding references.1 Environmental parameters kept constant in time.2 Temperature corresponding to the bottom vertical layer down to a maximum depth of 500 m.

	Name	Description	Contemporary (1990-2017)	Future (2006-2099)
	1 Bathymetry	Spatial seafloor depth (m)	Global seafloor topography (Smith and Sandwell 1997)
	1 Distance to	Distance to the nearest	NASA Goddard Space Flight Center (2009)
	coast	coast (km)	(https://oceancolor.gsfc.nasa.gov/docs/distfromcoast/)
	1 SSS	Sea Surface Salinity (‰)	Levitus' climatology (Levitus 2011) completed with ICES data(http://www.ices.dk/)
	2 SBT 2 SBTr 2 SBTvar	Mean annual Sea Bottom Temperature (°C) Mean annual sea bottom temperature range (°C) Mean monthly sea bottom temperature variance (°C)	CORA : Coriolis Ocean database for ReAnalysis (Cabanes et al. 2013)	IPSL (Dufresne et al. 2013, Hourdin et al. 2013), MPI (Stevens et al. 2013, Giorgetta et al. 2013), CNRM (Voldoire et al. 2013), HadGEM (Jones et al. 2011) and GISS (Schmidt et al. 2014) models.

Table IV -

 IV 

2: Selected ensemble models for each cephalopod species. SBT, Sea Bottom Temperature; SSS, Sea Surface Salinity; GLM, Generalised Linear Models; GAM, Generalised Additive Models; ANN, Artificial Neural Network; NPPEN, Non-Parametric Probabilistic Ecological Niche model; CBI, Continuous Boyce Index.

  Gulf of Lion food-web to climate induced changes in small pelagic fishes Après avoir projeté les effets du changement climatique à l'échelle d'une ou plusieurs espèces, ce quatrième chapitre a pour objectif de tester la sensibilité d'un réseau trophique aux changements prédits au cours des chapitres précédents. Afin de comprendre les effets individuellement, ce chapitre se focalisera sur les effets d'un changement de distribution des petits pélagiques (résultats du chapitre 2) sur le réseau trophique du Golfe du Lion.

	Résumé étendu
	Le concept de niche écologique et son application en modélisation permet d'étudier
	les effets du changement climatique sur les espèces marines à large échelle spatiale et
	temporelle. Cependant, ce concept n'intègre pas les interactions potentielles avec la
	biocénose, rendant les conséquences d'un changement de distribution à l'échelle
	écosystémique encore mal comprises. Cette limitation correspond au domaine d'application
	des modèles de réseaux trophiques, aujourd'hui largement utilisés pour caractériser la
	structure, le fonctionnement et la résilience des écosystèmes aux pressions extérieures mais ne

Ce chapitre fait l'objet d'un article soumis dans une revue a comité de lecture: Alexandre Schickele 1 , Didier Gascuel 2 , Fabien Bourinet 1 , Sandra Ougier 1 , Patrice Francour 1 , Paolo Guidetti 1,3 & Virginie Raybaud 1 (2021) Sensitivity of the Gulf of Lion food-web to climate induced changes in small pelagic fishes. Ecosystems, under review. 1 Université Côte d'Azur, CNRS, UMR 7035 ECOSEAS, Nice, France. 2 ESE, Ecology and Ecosystem Health, Agrocampus Ouest, 35042 Rennes, France permettent pas une étude des effets climatiques à large échelle spatiale et temporelle. Malgré leur complémentarité, le couplage de ces deux approches reste rare dans la littérature scientifique. Dans ce chapitre, nous avons forcé un modèle de réseau trophique du golfe du Lion sur la base de la modélisation de la distribution actuelle et future des petits poissons pélagiques (SPF ; chapitres 1 et 2). Ce test de sensibilité du réseau trophique à une variation climatique induite sur les SPFs est basé sur une hypothèse de relation linéaire dans le temps entre la biomasse d'une espèce et l'évolution des conditions environnementales qui lui sont favorables. Ce forçage a été réalisé à partir de scénarios de complexité croissante, afin de reproduire des effets en cascade dans le réseau trophique. Indépendamment de la complexité du scénario de forçage, les résultats montrent une propagation des changement futurs de la biomasse des SPFs vers les bas niveaux trophiques. Les groupes fonctionnels les plus impactés sont les producteurs primaires, le zooplancton et d'autres groupes fonctionnels de même niveau trophique, ces derniers compensant les changements initiaux de biomasse des SPFs. Nous avons également mis en évidence une importante synergie entre la pêche et la mortalité par prédation, limitant l'adaptation de la structure du système face aux pressions extérieures. Cette approche est un premier pas vers une meilleure compréhension de l'importance des effets écosystémiques liés à un changement de distribution, ainsi que des facteurs limitant la résilience du réseau trophique du golfe du Lion dans ce contexte climatique.

  under a niche conservatism hypothesis (i.e. the environmental space defining the niche is speciesspecific and constant in time;[START_REF] Peterson | Species Distribution Modeling and Ecological Niche Modeling: Getting the Concepts Right[END_REF]. Despite complementary developments allowing climate modellers to integrate multicollinearity between species occurrence (e.g. Kissling 2013), SDMs are not adapted for quantitative (i.e. biomass or abundance) modelling of an ensemble of interacting species. However, ecosystem models (e.g. the Ecopath approach; Christensen and Pauly 1992, Christensen and Walters 2004) are largely used[START_REF] Colléter | Global overview of the applications of the Ecopath with Ecosim modeling approach using the EcoBase models repository[END_REF] to this purpose are currently unable to predict late century food-web responses to climate induced changes. Ecosystem models and SDMs are therefore complementary approaches to study climate change effect on marine species and food-webs.

Table V -

 V 1: basic outputs from the adapted Ecopath model with TL = trophic level, Bf = final biomass (t.km -2 ), P/B = production over biomass rate (y -1 ), Q/B = consumption over biomass rate (y -1 ), EE = ecotrophic efficiency, M2 = predation mortality rate (y -1 ), M = natural mortality rate (y -1 ), F/Z = exploitation rate. The blue color represent species forced by climate change. The orange color represent directly impacted trophic boxes.

	Group code Group name	TL	Bf	P/B	Q/B	EE	M2	M	F/Z
	DOL	Dolphins	4.80	0.02	0.02	6.91	0.00		0.02	
	ANG	Anglerfish	4.34	0.04	0.75	6.25	0.73		0.20	0.73
	ABT	Atlantic bluefin tuna	4.15	0.20	0.49	4.05	0.68		0.16	0.68
	HAK	Hake age	4.10	0.38	0.60	2.13	0.66	0.10	0.20	0.50
	CON	European conger	4.04	0.06	0.97	4.43	0.95	0.24	0.05	0.70
	PFF	Pelagic fish (feeding on fish)	3.96	0.11	0.75	7.46	0.02		0.73	0.02
	MHM	Mediterranean horse mackerel	3.96	0.10	0.97	6.90	0.56	0.45	0.42	0.09
	BDF	Bentho-demersal fish (feeding on fish)	3.92	0.06	0.60	3.33	0.89		0.07	0.89
	CUS	Cuttlefish -Squid	3.88	0.07	3.27	9.33	0.89	2.59	0.35	0.10
	AHM	Atlantic horse mackerel	3.83	0.12	1.12	6.60	0.90	0.37	0.11	0.58
	PCO	Poor cod	3.73	0.08	2.04	6.00	0.89	1.00	0.23	0.40
	WHA	Whales	3.71	0.04	0.01	4.09	0.00		0.01	
	SBD	Sea birds	3.70	0.00	0.65 65.00	0.00		0.65	
	WHI	Blue whiting	3.66	0.42	0.60	4.88	0.90	0.54	0.06	
	AMA	Atlantic mackerel	3.54	1.41	0.92	7.05	0.10	0.00	0.82	0.10
	FBC	Fish (feeding on benthic crustaceans)	3.28	0.73	2.08	6.32	0.90	1.70	0.22	0.08
	OCT	Octopuses	3.23	0.05	3.20	8.00	0.86	0.27	0.43	0.78
	PIC	Picarel+	3.22	0.15	0.94 11.40	0.84	0.79	0.15	
	SAR	Round sardinella	3.22	0.08	0.84	9.63	0.94	0.79	0.05	
	SPR	European sprat	3.22	0.06	1.03	4.12	0.77	0.79	0.24	
	ANC	European anchovy	3.22	2.08	0.88	7.96	0.77	0.57	0.20	0.11
	BOG	Bogue	3.19	0.01	1.66 11.81	0.86	0.53	0.23	0.54
	FFP	Fish (feeding on polychaetes)	3.12	0.20	2.13	7.90	0.89	1.61	0.24	0.14
	SBR	Gilthead seabream	3.06	0.03	1.75	5.00	0.82		0.32	0.82
	PIL	European pilchard	2.96	4.27	0.93	8.44	0.62	0.37	0.35	0.23
	MAZ	Macrozooplankton	2.71	0.74 17.81 37.90	0.74 13.23	4.58	
	GEL	Gelatinous	2.69	0.04 17.06 36.29	0.95 16.20	0.86	
	LOB	Lobsters	2.68	0.01	1.30	5.00	0.38		0.80	0.38
	OBI	Other benthic invertebrates	2.27	2.16	1.04	4.00	0.05	0.05	0.99	
	MEZ	Mesozooplankton	2.22	2.04 38.43 78.43	0.85 32.49	5.94	
	ECH	Echinoderms	2.20	0.34	0.40	2.49	0.85	0.28	0.06	0.15
	BCR	Benthic crustaceans	2.16	1.06	8.49 24.98	0.82	7.00	1.49	
	WOR	Worms	2.11	6.18	5.70 29.98	0.61	3.46	2.23	
	MIZ	Microzooplankton	2.05	2.02 41.36 118.18	0.55 22.64 18.72	
	BIG	Bivalves-Gasteropods	2.02	3.40	1.08	4.00	0.32	0.32	0.73	0.03
	SAL	Salema	2.00	0.01	0.49	3.71	0.00		0.49	
	BPH	Benthic macrophytes	1.00	0.35	1.08	0.00	0.75	0.81	0.27	
	POS	Posidonia	1.00	0.22	0.55	0.00	0.80	0.44	0.11	
	MPB	Microphytobenthos	1.00	0.21	4.82	0.00	0.71	3.44	1.38	
	MPH	Microphytoplankton	1.00	5.70 84.29	0.00	0.35 29.14 55.15	
	PPH	Pico-nanophytoplankton	1.00	5.70 97.29	0.00	0.39 38.17 59.12	
	DET	Detritus	1.00 112.20			0.19			
	DIS	Discards	1.00	0.17						

Table

  VI-1). Most of the selected functional traits were associated with reproduction (Table VI-1) to distinguish (i) the rstrategy, that is considered as the most successful for NIS to become invaders (i.e. rapid maturity, external fecundation, high number of gametes; Geburzi and McCarthy 2018) of (ii) the K-strategy (i.e. parental care, slow lifecycle). Additional functional and ecological traits

	were considered to characterise the adaptative potential of NIS (e.g. foraging type, habitat,
	mobility), its resilience in a non-native ecosystem (e.g. native competitors, defence
	mechanisms) and its potential anthropogenic transport and introduction pathways (e.g
	aquarium trade).

Table VI - 1 :

 VI1 Description of the functional and ecological Invasive Potential (IP)

	Parameter	Description	Value	Reference
	Reproduction			
	Long			
	reproduction			
	period			

Table VI - 2 :

 VI2 Description of the environmental parameters considered in the ensemble model procedure, and corresponding references. Hatched cells stand for parameters that we considered as constant over time in our simulations.

	Environmental parameter	Contemporary	Future
	Bathymetry: spatial seafloor depth	Global seafloor topography (Smith and	
	(m)	Sandwell 1997)	
		NASA Goddard Space Flight Center	
	Distance to coast: distance to the	(2009)	
	nearest coast (km)	(https://oceancolor.gsfc.nasa.gov/docs/di	
		stfromcoast/)	
		Levitus' climatology (Levitus 2011)	
	SSS: sea surface salinity	completed with ICES data	
		(http://www.ices.dk/)	
	SBT: mean annual sea bottom		IPSL (Dufresne et al. 2013, Hourdin et al.
	temperature (°C)	AVHRR Very High Resolution	2013),
		Radiometer (Casey et al. 2010)	MPI (Stevens et al. 2013, Giorgetta et al.
	SBTr: mean annual sea bottom	CORA : Coriolis Ocean	2013),
	temperature range (°C)	database for ReAnalysis	CNRM (Voldoire et al. 2013),
	SBTvar: mean monthly sea bottom	(Cabanes et al. 2013)	HadGEM (Jones et al. 2011) and
	temperature variance (°C)		GISS (Schmidt et al. 2014) models.

Table VI - 3 :

 VI3 Biological invasive potential of species. Coloured species were considered in the environmental suitability index assessment.

  The niche centre (ESI value > 0.5, i.e. including most Mediterranean observations) of the six NIS is characterised by a lower SBT limit ranging between 13 °C for P. miles to 18 °C for S. luridus and S. rivulatus while the eastern and western Mediterranean are characterised by a SBT of 19 and 17 °C respectively (FigureVI-1). For all species, the niche centre coincides with lower value of SBT range and SBT var, suggesting a high suitability in areas with low seasonality (e.g. warm winter suitable for tropical species). Finally, we showed that no NIS presented important ESI values (> 0.2) in brackish water, potentially excluding the risk of wide spreading in the Black Sea. Mediterranean observations are located in the lowest temperature values within NIS tolerance, suggesting the need of projections in a context of climate warming (next section).

De forts impacts dans le Sud-Est de la Méditerranée Les

  Après avoir synthétisé les résultats relatifs aux chapitres précédents, nous discuterons des impacts projetés pour la Méditerranée et l'Europe de manière transversale, entre l'ensemble des scénarios d'émissions et des échelles d'études. Dans un second temps, nous aborderons les potentielles mesures à adopter pour mieux anticiper les impacts climatiques identifiés dans cette thèse. Enfin, nous discuterons des limitations de notre approche de modélisation ainsi que les perspectives sous-jacentes qui permettraient de poursuivre les recherches entamées dans le cadre de cette thèse.Lion) ainsi que des activités de pêche qui en dépendent. Concernant les espèces nonindigènes, nos résultats projettent une augmentation de l'adéquation environnementale pouvant aller jusqu'à +0,6 en Méditerranée occidentale (Chapitre 5). Ces projections traduisent des conditions environnementales plus adaptées aux espèces à affinité chaude (i.e.

	reproduction, croissance; Rijnsdorp et al. 2009, Dahlke et al. 2020), permettant l'expansion
	des espèces non-indigènes suite au réchauffement climatique (Geburzi and McCarthy 2018).
	La Méditerranée occidentale devrait potentiellement voir une rétractation de l'aire de
	distribution des espèces natives (Ben Rais Lasram et al. 2010), couplée à un développement
	important des espèces non-native à affinité plus chaudes (e.g. Dimitriadis et al. 2020).
	1.3
	Comme le montrent les Chapitres 2 et 3, ce contexte de changement climatique est à
	l'origine d'une dégradation généralisée des conditions environnementales favorables pour les
	espèces tempérées fortement présentes et exploitées en Méditerranée orientale (FAO 2016).
	En effet, des extinctions locales sont projetées pour plusieurs espèces de petits pélagiques
	(e.g. sardine européenne, sprat ; Chapitre 2) ainsi qu'une forte baisse (jusqu'à -0,5 sur une

1. Des tendances communes en Méditerranée et en Europe

1.1. observations contemporaines et les projections futures du changement climatique révèlent que les changements attendus seront plus importants en Méditerranée que dans les autres mers tempérées

[START_REF] Nykjaer | Mediterranean Sea surface warming 1985-2006[END_REF][START_REF] Seneviratne | Allowable CO 2 emissions based on regional and impact-related climate targets[END_REF]

. L'évolution de la température de surface annuelle moyenne en Méditerranée n'est pas homogène. L'augmentation de température de surface maximale projetée en 2100 est supérieure de 3,6 °C aux valeurs observées en 1990 dans la mer des Baléares mais surtout les mers Ionienne, Egée et Levantine

(Macias et al. 2015, Adloff et al. 2015)

. Des variations de salinité et de production primaire sont aussi projetées sur cette période mais restent négligeables devant leur variabilité spatiale

(Macias et al. 2015[START_REF] Durack | Ocean Salinity and the Global Water Cycle[END_REF], Adloff et al. 2015)

. Ces régions, potentiellement les plus impactées par le changement climatique, sont déjà concernées par de fortes pressions anthropiques

[START_REF] Halpern | A Global Map of Human Impact on Marine Ecosystems[END_REF][START_REF] Micheli | Cumulative Human Impacts on Mediterranean and Black Sea Marine Ecosystems: Assessing Current Pressures and Opportunities[END_REF]

, en particulier la surpêche qui reste trop peu évaluée

(FAO 2016(FAO , 2019))

. échelle de 0 à 1) de l'adéquation environnementale pour la majorité des espèces étudiées à l'horizon 2100 (Chapitres 2 et 3).

. Une expansion importante vers le nord de l'Europe Les

  [START_REF] Huret | Size, permeability and buoyancy of anchovy (Engraulis Encrasicolus) and sardine (Sardina Pilchardus) eggs in relation to their physical environment in the Bay of Biscay[END_REF][START_REF] Dahlke | Thermal bottlenecks in the life cycle define climate vulnerability of fish[END_REF]. Cette relation températurerecrutement a été intégrée dans de nouvelles procédures d'évaluation de stock sous forme d'une variabilité interannuelle dans le recrutement (e.g.[START_REF] Mackenzie | Incorporating environmental variability in stock assessment: predicting recruitment, spawner biomass, and landings of sprat (Sprattus sprattus) in the Baltic Sea[END_REF][START_REF] Tommasi | Improved management of small pelagic fisheries through seasonal climate prediction[END_REF]) et est souvent observée sur les espèces à cycle de vie court comme les petits poissons pélagiques ou les céphalopodes (e.g.[START_REF] Lehodey | Climate Variability, Fish, and Fisheries[END_REF][START_REF] Pierce | A review of cephalopod-environment interactions in European Seas[END_REF]).

	Cependant, ces développements méthodologiques récents basés sur une variabilité
	interannuelle, pertinents pour une approche de précaution, ne permettent pas de projections à
	moyen terme pourtant nécessaires à l'adaptation des acteurs du milieu (Punt et al. 2014, Lee
	et al. 2018, Edgar et al. 2019).
	Face à ces limitations et en parallèle des approches dites « intégrées » (e.g.
	Comme le montrent les Chapitres 2 et 3, l'ensemble des espèces tempérées
	européennes étudiées seront amenées à étendre leurs aires de distribution vers le Nord de 2.2. Stratégie de conservation
	l'Europe au cours du 21 ème siècle, en particulier le long des côtes danoises et norvégiennes. En Le changement climatique impacte également les réseaux trophiques dans leur
	effet, nos résultats montrent une augmentation généralisée de l'adéquation environnementale globalité : comme le montre le Chapitre 4, les changements de distributions et de biomasses
	au cours du 21 ème siècle, jusqu'à +0,5 pour les petits poissons pélagiques et céphalopodes en peuvent entrainer un changement profond de la structure et du fonctionnement d'un réseau
	mer du Nord, le long des côtes norvégiennes et à l'entrée de la mer Baltique (Chapitre 2 et trophique (Hoegh-Guldberg and Bruno 2010, Chaalali et al. 2016) et ainsi altérer sa
	production halieutique

conditions environnementales sur la façade Atlantique européenne seront également amenées à évoluer durant le 21 ème siècle, avec une augmentation attendue de la température de surface d'environ 2°C par rapport à 1985 (IPCC 2014), essentiellement causée par une augmentation des températures moyennes hivernales (i.e. diminution de l'amplitude annuelle; e.g. modèles climatiques CMIP5; Jones et al. 2011). Contrairement à la Méditerranée, les pêcheries atlantiques européennes sont caractérisées par une importante réduction de l'effort de pêche depuis 2000, entrainant une évolution positive du nombre de stocks exploités de manière durable et limitant leur vulnérabilité aux pressions extérieures (ICES 2019). Les céphalopodes (Chapitre 3) ne font pas l'objet d'une évaluation de stock et les petits poissons pélagiques (Chapitre 2) sont à des niveaux d'exploitation moins important qu'en Méditerranée. Toutefois certaines espèces (e.g. chinchards) n'ont pas encore récupérées une biomasse suffisante à une exploitation durable (ICES 2019).

3). Les conditions environnementales, en particulier hivernales, seront amenées à se réchauffer, ce qui correspond à des conditions plus adaptées aux espèces tempérées, permettant une expansion de leur aire de distribution

[START_REF] Dahlke | Thermal bottlenecks in the life cycle define climate vulnerability of fish[END_REF]

. Ce phénomène déjà recrutement des espèces

[START_REF] Romagnoni | The Ecospace model applied to the North Sea: Evaluating spatial predictions with fish biomass and fishing effort data[END_REF][START_REF] Forrest | Do marine ecosystem models give consistent policy evaluations? A comparison of Atlantis and Ecosim[END_REF][START_REF] Smith | Using an Atlantis model of the southern Benguela to explore the response of ecosystem indicators for fisheries management[END_REF]

, les modèles de distribution d'espèces développés dans cette thèse apportent des informations importantes concernant la tolérance des espèces à un ensemble de facteurs environnementaux. Dans le cas de modèles non structurés en âge, l'utilisation de ces informations dans des évaluations de stocks permettrait de prendre en compte non seulement la température mais également d'autres facteurs environnementaux pouvant influencer la croissance et par extension, la biomasse d'une espèce (e.g. production primaire, salinité, saisonnalité). Dans le cas d'une évaluation structurée en âge, une quantification des tolérances environnementales permettrait d'identifier les étapes du cycle de vie critiques au regard des évolutions environnementales

[START_REF] Dahlke | Thermal bottlenecks in the life cycle define climate vulnerability of fish[END_REF]

) et leurs impacts sur l'abondance du stock. Ce type de couplage permettrait de produire des projections à plus long terme et à une échelle spatiale explicite, tout en intégrant une quantification de l'incertitude nécessaire à une approche de précaution sur la gestion des stocks halieutiques actuellement exploités en Europe et en Méditerranée.

  Dans ce contexte, la création d'aires marines protégées, en particulier des aires de protection intégrale (i.e. aucune pêche ou activité anthropique non scientifique;[START_REF] Edgar | Global conservation outcomes depend on marine protected areas with five key features[END_REF][START_REF] Giakoumi | Ecological effects of full and partial protection in the crowded Mediterranean Sea: a regional meta-analysis[END_REF], se présentent comme une solution de conservation face au changement climatique[START_REF] Mcleod | Designing marine protected area networks to address the impacts of climate change[END_REF][START_REF] Hopkins | Perceptions of practitioners: Managing marine protected areas for climate change resilience[END_REF][START_REF] Giakoumi | Exploring the relationships between marine protected areas and invasive fish in the world's most invaded sea[END_REF][START_REF] Bates | Climate resilience in marine protected areas and the 'Protection Paradox[END_REF]). Les aires de protection intégrale permettent d'une part une forte réduction des mortalités anthropiques (e.g. pêche), mais également de reconstruire une biomasse de prédateurs de hauts niveaux trophiques[START_REF] Francour | Mediterranean marine protected areas and non-indigenous fish spreading. -Fish Invasions of the Mediterranean Sea: Change and Renewal: 20[END_REF][START_REF] García-Rubies | Long-Term Recovery Patterns and Limited Spillover of Large Predatory Fish in a Mediterranean MPA[END_REF]. 'efficacité des aires marines protégées est encore sujette à débat, notamment dû aux importants mouvements et au vaste habitat de ces espèces(Game et al. 2009, Davies et al. 

	et d'une réduction de
	l'espace disponible dans l'écosystème (sensu Elton 1927) pour l'arrivée de nouvelles espèces
	(Stachowicz et al. 2002).
	2012). Cependant, une résilience accrue n'est pas synonyme de résistance au changement
	climatique mais seulement un ralentissement de ses impacts. Il est donc impératif de coupler
	la création d'aires marines protégées avec une réduction importante de l'émission de gaz à
	effet de serre (Bruno et al. 2018, Bates et al. 2019) et une gestion des ressources halieutiques

Celle-ci, permet de restaurer une régulation top-down (i.e. des hauts vers les bas niveaux trophiques) pouvant potentiellement limiter l'établissement et l'expansion d'espèces nonnatives

[START_REF] Francour | Mediterranean marine protected areas and non-indigenous fish spreading. -Fish Invasions of the Mediterranean Sea: Change and Renewal: 20[END_REF][START_REF] Mumby | Grouper as a Natural Biocontrol of Invasive Lionfish[END_REF][START_REF] Giakoumi | Exploring the relationships between marine protected areas and invasive fish in the world's most invaded sea[END_REF]

. Structurées en réseau, les aires marines protégées permettent une résilience accrue aux pressions extérieures

[START_REF] Mcleod | Designing marine protected area networks to address the impacts of climate change[END_REF]

, un apport larvaire conséquent pour le renouvellement des stocks

[START_REF] Andrello | Additive effects of climate change on connectivity between marine protected areas and larval supply to fished areas[END_REF] 

et des bénéfices pour les pêcheries locales

[START_REF] Guidetti | Large-Scale Assessment of Mediterranean Marine Protected Areas Effects on Fish Assemblages[END_REF]

). Nos projections de distribution futures ont permis d'identifier les régions géographiques les plus vulnérables aux impacts du changement climatique, ce qui est une information cruciale pour (i) la création de nouvelles mesures de protection spatialisées ou (ii) confirmer la pertinence des zones de protection actuelles (e.g.

[START_REF] Leroy | Forecasted climate and land use changes, and protected areas: the contrasting case of spiders[END_REF]

. Dans les cas des espèces pélagiques, ladaptée

(Cheung et al. 2016a, c, Gaines et al. 2018

) pour limiter les impacts du changement climatique à long terme.

  de Kissling et al. (2012) constituent une piste intéressante pour explorer les impacts du changement climatique sur des ensembles d'espèces en interaction (Figure VII-2). Ce type d'approche est basé sur la définition d'une matrice de co-occurrence entre les espèces modélisées. Celle-ci peut être binaire ou continue et représente les interactions a priori entre espèces (i.e. positive ou négatives ; e.g. taux de prédation, symbiose, compétition). Ce type de matrice est très souvent retrouvé dans les modèles de réseaux trophiques sous forme d'une matrice d'impact (e.g. Christensen and Walters 2004). Dans le cadre d'une modélisation de la distribution des espèces, cette matrice d'interaction est utilisée comme matrice d'erreur résiduelle d'une régression logistique multivariée (Ovaskainen et al. 2010). Chaque espèce est modélisée comme présente dans une cellule géographique donnée si son adéquation environnementale yi excède une valeur cible. Celle-ci peut être modélisée comme une régression ou un modèle linéaire généralisé sous la forme : 𝑦 𝑖 ~ 𝑋 𝑖 . 𝛽 + 𝑒

	s'inscrit dans une approche de précaution, permettant d'estimer une aire d'introduction
	potentielle, en tenant compte d'éventuels phénomènes de décalage de la niche. Cependant,
	cette méthode ne permet pas d'estimer si l'aire d'introduction potentielle pourra être atteinte
	par l'espèce au cours du temps. En effet, les modèles de distribution d'espèces ne prennent
	pas en compte les phénomènes de dispersion, permettant de discriminer une aire de
	distribution potentielle de l'aire de distribution réalisée (Araújo and Guisan 2006). Dans la

. Afin d'estimer le risque d'introduction d'une espèce potentiellement invasive, il est recommandé de considérer l'ensemble de la distribution observée (i.e. native et non-native; Jiménez-Valverde et al. 2011, Raybaud et al. 2015). Appliquée dans le Chapitre 5, cette recommandation même logique que l'essentiel des modèles d'évaluation de stocks halieutiques, les modèles de distributions sont essentiellement mono-spécifiques et ne considèrent pas d'autres espèces en interaction (e.g. prédateurs, proies, compétiteurs, symbiotes), pouvant impacter l'adéquation les travaux 𝑖 Avec yi l'adéquation environnementale, Xi une matrice de variables environnementales, β un vecteur de coefficients de régression et ei l'erreur résiduelle, normalement distribuée. Dans le cas de plusieurs espèces, les erreurs ei sont corrélées et considérées comme la matrice d'interaction entre espèces : pour une corrélation positive entre les ei de deux espèces, si une espèce à un fort yi, l'autre espèce aura plus de chance d'avoir un fort yi également (Kissling et al. 2012). Cependant, deux espèces peuvent avoir une cooccurrence positive sans avoir d'interactions mais en ayant une réponse environnementale commune, ce qui peut être pris en compte dans la matrice de co-occurrence. De même, une co-occurrence peut être considérée a priori ou d'après la distribution observée des espèces si elle est inconnue.

  -2: Evaluation metrics for all environmental parameters combinations Black cells correspond to algorithms with a CBI<0.5. Grey cells correspond to algorithms with a CBI>0.5 but an irrelevant response curve. White cells correspond to validated algorithms considered in the ensemble model. A detailed example is presented in Supplementary Figure II-2 hereafter.

				Algorithms							Mean evaluation metric value
			Environmental parameters	GLM	GBM	GAM	ANN	RF	FDA	MARS	NPPEN	CBI	AUC TSS Sørensen Jaccard
	Mediterranean	mackerel horse	SST, SSTr SST, SSTvar SST, SSTr, SSS SST, SSTvar, SSS SST, SSTr, log_PP SST, SSTvar, log_PP									0,63 0,97 0,57 0,96 0,66 0,93 0,69 0,95 0,68 0,95 0,71 0,94	0,88 0,94 0,82 0,91 0,69 0,85 0,83 0,91 0,81 0,91 0,77 0,89	0,88 0,84 0,75 0,84 0,83 0,80
	Atlantic horse	mackerel									
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Supplementary figure III-2:

Left panels: anomalies for the three temperature-related parameters between [START_REF]Le Nord-Ouest de la Méditerranée épargné ? Les conditions environnementales dans le Nord-Ouest de la Méditerranée sont moins impactées par le réchauffement climatique, avec une augmentation maximale de température de surface environ 1 °C inférieure au bassin Sud-Est (i.e. +2 à[END_REF]-2017and 2090-2099 for scenario RCP8.5: mean Sea Surface Temperature (SST;upper panel), annual range of SST (middle panel), and monthly variance of SST (lower panel). Right panels: expected values for the period 2090-2099 under scenario RCP8.5. .......................................................................................................... Supplementary ................................................................................................. Supplementary figure III-3: Changes in the Environmental Suitability Index (ESI) for the seven SPF species expressed as anomalies between the period 1990-2017 and the period 2030-2039 for RCP2.6 (left panel), RCP4.5 (middle panel) and RCP8.5 (right panel). ................................................................................................ 

Supplementary figure III-4:

Changes in the Environmental Suitability Index (ESI) for the seven SPF species expressed as anomalies between the period 1990-2017 and the period 2050-2059 for RCP2.6 (left panel), RCP4.5 (middle panel) and RCP8.5 (right panel). ................................................................................................ 

Supplementary figure III-5:

Changes in the Environmental Suitability Index (ESI) for the seven SPF species expressed as anomalies between the period 1990-2017 and the period 2090-2099 for RCP2.6 (left panel), RCP4.5 (middle panel) and RCP8.5 (right panel). ................................................................................................ IV- ................................................................................................................................. Supplementary Figure IV-3: Contemporary (1990-2017) environmental suitability index on the entire distribution range of common octopus, common cuttlefish and common squid. Note that a narrow distance to coast threshold has been added for common octopus and common cuttlefish for visual purposes only because of the coarse (i.e. 0.1°) coastal resolution. .............................................................................................................. Supplementary Figure IV-4: Future (2090-2099) environmental suitability projections for Europe,under RCP2.6,4.5 and 8.5 (Sea Surface Salinity). ................................................................................................... projected in the Mediterranean Sea for the contemporary [START_REF]Le Nord-Ouest de la Méditerranée épargné ? Les conditions environnementales dans le Nord-Ouest de la Méditerranée sont moins impactées par le réchauffement climatique, avec une augmentation maximale de température de surface environ 1 °C inférieure au bassin Sud-Est (i.e. +2 à[END_REF]-2020) period and future (2030-2039) period under RCP2.6, 4.5 and 8.5 conditions. ........ Supplementary Figure VI-3 : Environmental Suitability Index (ESI) projected in the Mediterranean Sea for the contemporary [START_REF]Le Nord-Ouest de la Méditerranée épargné ? Les conditions environnementales dans le Nord-Ouest de la Méditerranée sont moins impactées par le réchauffement climatique, avec une augmentation maximale de température de surface environ 1 °C inférieure au bassin Sud-Est (i.e. +2 à[END_REF]( -2020( ) period and future (2050( -2059) period under RCP2.6, 4.5 and 8.5 ) period under RCP2.6, 4.5 and 8.5 [START_REF] Leroy | Without quality presence-absence data, discrimination metrics such as TSS can be misleading measures of model performance[END_REF]). The CBI calculation was performed using a 10-time random cross-validation procedure (30% of the dataset was kept for model evaluation). A SDM was statistically validated for CBI values over 0.5 [START_REF] Faillettaz | Atlantic Multidecadal Oscillations drive the basin-scale distribution of Atlantic bluefin tuna[END_REF]). In addition,
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we assessed the ecological quality of the corresponding response curves [START_REF] Elith | The evaluation strip: A new and robust method for plotting predicted responses from species distribution models[END_REF], discarding spurious responses to environmental factors (e.g. bimodal curves or absence of responses to temperature). Therefore, a statistical algorithm was considered in the ensemble model when both CBI and the corresponding response curves were validated. By performing this two-step evaluation procedure, we selected both the combination of environmental parameter and statistical algorithms best explaining the observed distribution, a crucial step towards robust future projections.

Future projections

Following an ensemble modelling principle [START_REF] Buisson | Uncertainty in ensemble forecasting of species distribution[END_REF], future potential ESI projections were modelled using five GCMs retrieved from the 5 th phase of the Coupled Model Intercomparison Project (CMIP5; Table IV- European pilchard [START_REF] Fréon | Note sur la présence de Sardina pilchardus (walb.) au Sénégal : étude de la biométrie et interprétation[END_REF][START_REF] Nash | Diel fluctuations of a sandy beach fish assemblage at Porto Pim, Faial Island, Azores. -Arquipélago[END_REF][START_REF] Tinti | Mitochondrial DNA Sequence Variation Suggests the Lack of Genetic Heterogeneity in the Adriatic and Ionian Stocks of Sardina pilchardus[END_REF][START_REF] Koutrakis | Length-weight relationships of fishes from three northern Aegean estuarine systems (Greece)[END_REF][START_REF] Bat | Türkiye'nin Orta Karadeniz Kıyısı Balıkları Üzerine Bir Araştırma[END_REF][START_REF] Sever | A Preliminary Study on the Feeding Regime of European Pilchard (Sardina pilchardus Walbaum1792) in Izmir Bay, Turkey, Eastern Aegean Sea. -NAGA[END_REF][START_REF] Reshetnikov | A new case of catching the European pilchard Sardina pilchardus (Clupeidae, Clupeiformes) in the northeastern part of the Black Sea[END_REF][START_REF] Garrido | Diet and feeding intensity of sardine Sardina pilchardus: correlation with satellite-derived chlorophyll data[END_REF][START_REF] Sinovčić | Population structure, size at maturity and condition of sardine, Sardina pilchardus (Walb., 1792), in the nursery ground of the eastern Adriatic Sea (Krka River Estuary, Croatia). -Estuarine[END_REF][START_REF] Erdogan | Age, growth and mortality of European pilchard, Sardina pilchardus in Edremit Bay (northern Aegean Sea, Turkey)[END_REF] Round sardinella [START_REF] Fréon | Unexpected reproductive strategy of Sardinella aurita off the coast of Venezuela[END_REF][START_REF] Sinovcic | Unusual occurrence and some aspects of biology of juvenile gilt sardine (Sardinella aurita Valenciennes, 1847) in the Zrmanja River estuary (eastern Adriatic)[END_REF][START_REF] Boltachev | Findings of new and rare fish species in the coastal zone of the Crimea (the Black Sea)[END_REF] European sprat [START_REF] Ferreiro | Distribution and abundance of teleostean eggs and larvae on the NW coast of Spain[END_REF][START_REF] Avsar | A stock differentiation study of the sprat (Sprattus sprattus phalericus Risso) off the southern coast of the Black Sea[END_REF][START_REF] Dulčić | Larval growth of sprat, Sprattus sprattus phalericus, larvae in the Northern Adriatic[END_REF][START_REF] Tičina | Feeding of adult sprat, Sprattus sprattus, during spawning season in the Adriatic Sea[END_REF][START_REF] Bat | Türkiye'nin Orta Karadeniz Kıyısı Balıkları Üzerine Bir Araştırma[END_REF][START_REF] Costa | River flow influence on the fish community of the Tagus estuary (Portugal)[END_REF][START_REF] Limborg | Genetic population structure of European sprat Sprattus sprattus: differentiation across a steep environmental gradient in a small pelagic fish[END_REF][START_REF] Glover | Microsatellite DNA reveals population genetic differentiation among sprat (Sprattus sprattus) sampled throughout the Northeast Atlantic, including Norwegian fjords[END_REF][START_REF] Bourg | Trophic niche overlap of sprat and commercial small pelagic teleosts in the Gulf of Lions (NW Mediterranean Sea)[END_REF] European anchovy [START_REF] Bembo | AIIozymic and morphometric evidence for two stocks of the European anchovy Engraulis encrasicolus in Adriatic waters[END_REF][START_REF] Dulčić | Growth of anchovy, Engraulis encrasicolus (L.) , larvae in the Northern Adriatic Sea[END_REF][START_REF] Borme | Diet of Engraulis encrasicolus in the northern Adriatic Sea (Mediterranean): ontogenetic changes and feeding selectivity[END_REF][START_REF] Erdogan | Age, growth and mortality of European pilchard, Sardina pilchardus in Edremit Bay (northern Aegean Sea, Turkey)[END_REF][START_REF] Guidetti | The use of otolith microchemistry to investigate spawning patterns of European anchovy: A case study in the eastern Ligurian Sea (NW Mediterranean)[END_REF] Bogue [START_REF] De Groot | The first record of Sarpa salpa (Linnaeus, 1758) in the North Sea with notes on recent captures of Boops boops (Linnaeus, 1758) in the coastal waters of the Netherlands (Pisces, Perciformes, Sparidae)[END_REF][START_REF] Nash | Diel fluctuations of a sandy beach fish assemblage at Porto Pim, Faial Island, Azores. -Arquipélago[END_REF][START_REF] Bat | Türkiye'nin Orta Karadeniz Kıyısı Balıkları Üzerine Bir Araştırma[END_REF][START_REF] Moyano | Larval fish abundance and distribution during the late winter bloom off Gran Canaria Island, Canary Islands[END_REF])
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Supplementary Figure The methodological details concerning the variable pre-selection process presented here are adapted from [START_REF] Leroy | Forecasted climate and land use changes, and protected areas: the contrasting case of spiders[END_REF] and [START_REF] Bellard | Major drivers of invasion risks throughout the world[END_REF] as both studies were used as a baseline for our modelling framework.

Supplementary material II-4

Supplementary figure II-2: example of response curve selection for Mediterranean horse mackerel (SST, SSTvar, log_PP). The response curves presented here corresponds to the mean response of all cross-validation runs for statistically significant algorithms (i.e. CBI > 0.5). The red ellipses indicate patterns which are not in accordance with the ecological niche theory namely (i) bimodal patterns or (ii) the absence of response to an observed gradient.
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Supplementary Figure Middle panels correspond to the differences of the environmental suitability index between ensemble models constructed with and without a data filtration process while randomly selecting pseudo-absences. Right panels correspond to the difference between ensemble models constructed with and without a convexhull pseudo-absence selection process while applying a data filtration process.
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Supplementary Figure 2. Annexes du Chapitre 2

Supplementary material III-1:

Supplementary Table III-1: Overview of the modelling algorithms considered in our ensemble modelling procedure. In accordance with the best practices in species distribution modelling [START_REF] Araújo | Standards for Distribution Models in Biodiversity Assessments[END_REF], Feng et al. 2019), detailed information on the observation data processing, the environmental variable pre-selection and the model evaluation procedures are available in Schickele et al. (2020). All statistical algorithmsbut NPPENwere used according to the pre-tuning and fitting methods (i.e. adapted for ensemble modelling) provided in Biomod2 (Thuiller et al. 2016b) 

Supplementary material III-2:

Supplementary figure III-1: Taylor diagrams quantifying the difference between observation-based contemporary data (grey circle on the bottom of each diagram) and GCM-based (General Circulation Model) future climate conditions. for mean Sea Surface Temperature (SST), annual range of SST, and monthly variance of SST.

Supplementary material III-3:

Supplementary figure III-2: Left panels: anomalies for the three temperature-related parameters between 1990-2017 and 2090-2099 for scenario RCP8.5: mean Sea Surface Temperature (SST; upper panel), annual range of SST (middle panel), and monthly variance of SST (lower panel). Right panels: expected values for the period 2090-2099 under scenario RCP8.5.
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Supplementary Table III 3. Annexes du Chapitre 3
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Supplementary Table IV-1: Additional references used to complete each species observation datasets

Species References

Common octopus

Octopus vulgaris [START_REF] Sakaguchi | Occurrence of planktonic juveniles of Octopus vulgaris in the eastern Iyo-Nada of the Seta inland sea, Japan[END_REF], [START_REF] Domain | Growth of Octopus vulgaris from tagging in Senegalese waters[END_REF], [START_REF] Kim | Reproductive Biology of Common Octopus, Octopus vulgaris in the South Sea of Korea[END_REF], [START_REF] Moreira | Evidence for genetic differentiation of Octopus vulgaris (Mollusca, Cephalopoda) fishery populations from the southern coast of Brazil as revealed by microsatellites[END_REF], [START_REF] Barnes | Marine colonization and biodiversity at Ascension Island and remote islands[END_REF] Common cuttlefish

Sepia officinalis

Bianchi (1992), [START_REF] Ménard | Pelagic cephalopods in the western Indian Ocean: New information from diets of top predators. -Deep Sea Research Part II[END_REF], [START_REF] Muchlisin | Morphometric variations of three species of harvested cephalopods found in northern sea of Aceh Province, Indonesia. -Biodiversitas[END_REF] Common squid

Loligo vulgaris [START_REF] Bianchi | Demersal assemblages of the continental shelf and upper slope of Angola[END_REF], [START_REF] Tserpes | Species distribution in the southern Aegean sea based on bottom-trawl surveys[END_REF], [START_REF] Sifner | COMPOSITION AND DISTRIBUTION OF THE CEPHALOPOD FAUNA IN THE EASTERN ADRIATIC AND EASTERN IONIAN SEA[END_REF] 
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Supplementary 

Supplementary material IV-4

Supplementary Figure IV-3: Contemporary (1990Contemporary ( -2017) ) environmental suitability index on the entire distribution range of common octopus, common cuttlefish and common squid. Note that a narrow distance to coast threshold has been added for common octopus and common cuttlefish for visual purposes only because of the coarse (i.e. 0.1°) coastal resolution.
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Supplementary Figure 

Supplementary material IV-6

Supplementary Table IV-2: effect of the convex hull quantiles on Continuous Boyce Index. With SBT (Sea Bottom Temperature) and SSS (Sea Surface Salinity). Model construction: construction of the baseline model according to the output data presented in Banaru et al. (2009). The objective of this calibration is to avoid all unnecessary fixed Ecotrophic Efficiencies to improve model predictions. The biomasses were changed last as they are retrieved from local and intensive surveys (see details in Banaru et al. 2009). Note that the reference group numbers correspond to the initial model of Banaru et al. (2009).

Common octopus

Octopus vulgaris

Common cuttlefish

Sepia officinalis

Common squid

Loligo vulgaris

Environmental

[1] Calibration of Conger Eel : predation from Whales deleted. The biomass was estimated at 0.06 due to our inability to equilibrate an EE of 4.8. On this particular group, we preferred to change the biomass and not the fishing mortality, the latter being more accurate (i.e. true data, no estimations). Moreover, this species is likely to have underpredicted accessibilities, biasing the estimated biomass.

[2] Calibration of Atlantic horse mackerel : predation report (proportional to the biomass) of 50% towards Mediterranean horse mackerel in order to decrease the EE at 1.274. Finally, we slightly increased the biomass instead of decreasing the fishing mortality for the same reasons.

Supplementary material VI-1

Supplementary Figure VI-1: Observation records of non-indigenous species in the Mediterranean Sea, considered in the species distribution models.

Supplementary material VI-2 :

Supplementary Table VI- 

Supplementary material VI-3 :

Supplementary Table VI-2 : Continuous Boyce Index values for the model evaluations.

The selected SDMs had a CBI>0. 
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