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Impact of climate changes on the phenotype of Moroccan small mammals from Pleistocene to Anthropocene

Keywords: Phenotypic evolution, paleoclimates, rodents, shrews, geometric morphometrics, Morocco

The climate and the environment determine the ecological context in which organisms live, at global and local scale respectively. The first refers to the physical characteristics of the atmosphere, while the second defines the surroundings of living organisms. In response to these external variations, organisms may display phenotypic changes. In this thesis, we explore the impact of both climate and environment on the phenotype of Moroccan small mammals. We consider two aspects of the phenotype: the morphological and the functional aspects. We confront two taxa, rodents and shrews, from El Harhoura 2 cave (Rabat, Morocco), an archeological site of exceptional taxonomic richness dated from late Pleistocene to mid-Holocene. We extend this timeline to current days, providing a phenotypic sequence covering the last 100 ka. In chapter 1, we assess the morphological variation in rodent's lower and upper first molars in relation to local environenmtental changes. We show that local paleoenvironments recorded by faunal assemblages are related with teeth morphology. In chapter 2, we examine the response of a functional trait, shrew's estimated bite force, to local paleoenvironmental changes. The functional trait appears to be a good indicator of transitions between arid and humid environments, supporting that functional traits may be relevant bio-paleoindicators. In chapter 3, we reconstruct global climate changes over the EH2 sequence using a set of paleoclimate simulations corresponding to the stratigraphical layers of EH2. The climate sequence described by simulations allows us to discuss and refine the chronological and paleoenvironmental context of our site. In chapter 4, we explore the covariation between the global climate changes simulated and the morphological and functional traits of rodents and shrews. All phenotypic traits are signifcantly related to climate variation, certainly through available ressources. The impact of climate on the morpho-functional aspects of the shrew mandible is not the same in present days as in the past, suggesting that another selective pressure might currently interfere with climate, as anthropic disturbances. Altogether, this work highlights the complexity of the phenotypic response to external variations (environmental and climatic). Our results support that environmental changes on EH2 triggered minor morphological and functional adjustements, thank to adaptation and phenotypic plasticity, suggesting a potential alternative behavioral response. Climate changes appear to have induced important morphological and functional responses, also through both adaptation and phenotypic plasticity. Standing at the intersection between biology and paleoclimatology, this study introduces a promising new way to address climate in evolutionary biology and archaeology.

Le climat et l'environnement déterminent le contexte écologique dans lequel vivent les organismes, respectivement à l'échelle globale et locale. Le climat fait référence aux caractéristiques physiques de l'atmosphère tandis que l'environnement désigne le milieu de vie. En réponse à ces variations externes, les organismes peuvent présenter des changements phénotypiques. Dans cette thèse, nous explorons l'impact du climat et de l'environnement sur le phénotype des petits mammifères marocains. Nous considérons deux aspects du phénotype : le morphologique et le fonctionnel. Pour ce faire, nous avons étudié les restes de rongeurs et de musaraignes provenant du site archéologique El Harhoura 2 (Rabat, Maroc), exceptionel pour sa richesse spécifique. Ce site est daté du Pléistocène supérieur à l'Holocène moyen, et, pour étendre la chronologie jusqu'à nos jours, du matériel actuel a été ajouté, fournissant une séquence phénotypique couvrant les 100 derniers ka. Le chapitre 1 évalue la variation morphologique des premières molaires inférieures et supérieures des rongeurs en relation avec les changements environnementaux. Nous montrons que ces différences morphologiques sont liées à la variation paléoenvironnementale enregistrée par les assemblages fauniques. Le chapitre 2 examine la réponse d'un trait fonctionnel, la force de morsure estimée des musaraignes, aux changements paléoenvironnementaux. Ce trait semble être un bon indicateur des transitions entre les environnements arides et humides, ce qui confirme le potentiel des traits fonctionnels à être des indicateurs paleoenvironnementaux pertinents. Le chapitre 3 présente une reconstruction des changements climatiques à EH2. Nous avons produit un ensemble de simulations paleoclimatiques correspondant aux couches stratigraphiques de notre site. La séquence climatique décrite par ces simulations nous permet de discuter et d'affiner le contexte chronologique et paléoenvironnemental de EH2. Le chapitre 4 explore la covariation entre les variations climatiques simulées précédemment et les traits morphologiques et fonctionnels des rongeurs et des musaraignes. L'ensemble des traits phénotypiques est significativement impacté par les changements climatiques, certainement via les ressources disponibles. L'impact du climat sur les aspects morphofonctionnels de la mandibule de la musaraigne n'est pas le même aujourd'hui que par le passé, ce qui suggère que d'autres pressions sélectives pourraient actuellement être à l'oeuvre, possiblement liées aux perturbations anthropiques. Dans l'ensemble, ce travail souligne la complexité de la réponse phénotypique aux variations externes. Nos résultats suggèrent que les changements environnementaux à EH2 ont induit des variations morphologiques et fonctionnelles mineures, via adaptation et plasticité phénotypique, impliquant une éventuelle participation du comportement dans la réponse phénotypique. A l'inverse, les changements climatiques semblent avoir induit d'importantes réponses morphologiques et fonctionnelles, par adaptation et plasticité phénotypique. Se situant à l'intersection entre la biologie et la paléoclimatologie, cette étude introduit une nouvelle voie prometteuse d'aborder le climat en biologie évolutive et en archéologie.

Mots clés -Evolution phéntoypique, paléoclimats, rongeurs, musaraignes, morphométrie géométrique, Maroc considérer les variations à plusieurs niveaux de diversité (inter-et intra-spécifique), ce qui en fait une approche pertinente pour caractériser la sélection liée à l'environnement qui agit à ces deux niveaux. Les variations morphologiques et fonctionelles peuvent être efficacement caractérisées via la morphométrie géométrique, un ensemble de méthodes qui permettent une quantification statistique et une visualisation des formes et, ainsi, d'identifier les trajectoires des changements morphologiques.

Au cours de ce travail de thèse, nous avons exploré l'impact du climat et de l'environnement sur le phénotype des petits mammifères marocains. Nous avons considéré deux aspects du phénotype : le morphologique et le fonctionnel. Pour ce faire, nous avons étudié les restes de rongeurs et de musaraignes provenant du site archéologique El Harhoura 2 (Rabat, Maroc), exceptionnel pour sa richesse spécifique. Ce site est daté du Pléistocène supérieur à l'Holocène moyen, et, pour étendre la chronologie jusqu'à nos jours, du matériel actuel a été ajouté, fournissant une séquence phénotypique couvrant les 100 derniers ka.

Les chapitres et leurs principaux résultats

Le chapitre 1 évalue la variation morphologique des premières molaires inférieures et supérieures des rongeurs en relation avec les changements environnementaux locaux.

Comme unité phénotypique sans a priori nous avons utilisé des groupes morphologiques.

Les paléoenvironnements sur El Harhoura 2 ont été très étudiés à travers les assemblages faunistiques et l'étude des isotopes. Globalement, les proxys environnementaux ont révélé une alternance d'environnements relativement humides et arides. Via un protocole d'acquisition semi-automatique, nous démontrons que la variation morphologique des molaires de rongeurs est liée à la variation paléoenvironnementale enregistrée par les assemblages fauniques et les isotopes. Les groupes morphologiques ne sont pas sensibles aux mêmes transitions environnementales et semblent en effet être des groupes écologiques transversaux entre les espèces. Principalement, les rongeurs ayant vécu dans des milieux plus humides présentent des molaires plus érodées, ce qui peut être dû à l'abrasion liée à un régime alimentaire fortement dominé par les plantes. Cependant, ces variations morphologiques ne concernent pas l'axe principal de variation phénotypique : elles ne correspondent pas à la partition faite par les groupes morphologiques, mais induisent des changements de forme au sein d'eux.

Les traits fonctionnels, parce qu'ils ne sont pas soumis aux mêmes pressions de sélection que les traits morphologiques, pourraient présenter une sensibilité différente aux changements climatiques. C'est pourquoi le chapitre 2 examine la réponse d'un trait fonctionnel, la force de morsure des musaraignes, aux changements paléoenvironnementaux locaux. Cette force de morsure est estimée à l'aide d'un modèle un régime plus généraliste est favorisée dans des conditions plus sèches et plus stressantes, à travers des processus de plasticité phénotypique et d'adaptation. L'impact du climat sur les aspects morpho-fonctionnels de la mandibule de la musaraigne n'est pas le même aujourd'hui que par le passé, ce qui suggère que d'autres pressions sélectives pourraient actuellement être à l'oeuvre, possiblement liées aux perturbations anthropiques.

Conclusions

Pour conclure, il est tout d'abord essentiel de revenir sur le sens évolutif et écologique du concept de groupes morphologiques, présent à travers toute la thèse. Les groupes morphologiques représentent des groupes d'individus trans-spécifiques qui diffèrent par leur forme et leurs capacités fonctionnelles. Ils sont distribués le long de l'axe principal de la variation phénotypique. Cet axe principal de variation phénotypique est partagé entre plusieurs espèces et semble lié à l'écologie alimentaire. Cela suggère, au moins en ce qui concerne les espèces étudiées, que les niches alimentaires sont distribuées au niveau de la population et non de l'espèce. Des individus de différentes espèces peuvent partager une même niche alimentaire car ils consomment les mêmes ressources. Au contraire, des congénères peuvent occuper des niches alimentaires différentes et consommer des ressources différentes. Cette partition alimentaire est liée au fait que les espèces étudiées ici ont un régime alimentaire opportuniste.

Dans son ensemble, ce travail suggère que les changements climatiques globaux ont un impact sur la variation morphologique et fonctionnelle principale, alors que les changements environnementaux locaux affectent des axes de variation plus mineurs.

L'environnement et le climat semblent avoir un impact différentiel sur le phénotype des organismes. L'environnement déterminant le milieu physique au sein duquel les organismes vivent, on s'attendrait à ce qu'il détermine le phénotype plus que le climat global et les conditions atmosphériques. Une explication possible est que les variations environnementales ont pu être tempérées par des ajustements comportementaux. Ces derniers permettent à un organisme de s'ajuster aux conditions de son environnement immédiat, et donc d'augmenter sa valeur sélective, sans modifier d'autres aspects de son phénotype tels que sa morphologie, ses capacités fonctionnelles ou sa physiologie. Par conséquent, le découplage environnement/climat que nous avons mis en évidence peut expliquer les différents aspects et intensités de la variation phénotypique.

Introduction

The Earth's climate has changed continuously over time and will continue to do so in the future (e.g., [START_REF] Paillard | Glacial cycles: Toward a new paradigm[END_REF][START_REF] Duplessy | Paléonclimatologie, tome II : enquêter sur les climats anciens[END_REF]Masson-Delmotte et al., in press).

How do living organisms react and eventually cope with these climate changes has been a growing topic in the scientific community over the past decades (e.g., [START_REF] Bown | Mammal extinctions, body size, and paleotemperature[END_REF][START_REF] Angilletta | The temperature-size rule in ectotherms: simple evolutionary explanations may not be general[END_REF][START_REF] Girard | Step-wise morphological trends in fluctuating environments: Evidence in the Late Devonian conodont genus Palmatolepis[END_REF][START_REF] Clavel | Accelerated body size evolution during cold climatic periods in the Cenozoic[END_REF][START_REF] Nogués-Bravo | Cracking the Code of Biodiversity Responses to Past Climate Change[END_REF], especially in the context of ongoing climate change induced by human activity (e.g., [START_REF] Renaud | Morphological evolution of the murine rodent Paraethomys in response to climatic variations (Mio-Pleistocene of North Africa)[END_REF][START_REF] Kaňuščák | Does climate at different scales inlfuence the phenology and phenotype of the River Warbler Locustella fluviatilis?[END_REF][START_REF] Parmesan | Biological Impacts of Climate Change[END_REF][START_REF] Parmesan | Ecological and Evolutionary Responses to Recent Climate Change[END_REF][START_REF] Hendry | Human influences on rates of phenotypic change in wild animal populations[END_REF][START_REF] Bhargava | Impacts of climate change on the amphibians and reptiles of Southeast Asia[END_REF][START_REF] Reed | Interacting effects of phenotypic plasticity and evolution on population persistence in a changing climate: evolution, plasticity, and climate change[END_REF][START_REF] Gardner | Declining body size: a third universal response to warming?[END_REF][START_REF] Boutin | Climate change and mammals: evolutionary versus plastic responses[END_REF][START_REF] Radchuk | Adaptive responses of animals to climate change are most likely insufficient[END_REF]. Since the 17th century, we have entered a period of significant environmental changes, which marks the beginning of a new geological era characterized by human activity domination: the Anthropocene [START_REF] Lewis | Defining the Anthropocene[END_REF].

The veracity of the Anthropocene is supported by a growing set of biotic, sedimentary and geochemical arguments (e.g., [START_REF] Zalasiewicz | Are we now living in the Anthropocene[END_REF][START_REF] Lewis | Defining the Anthropocene[END_REF][START_REF] Young | Patterns, Causes, and Consequences of Anthropocene Defaunation[END_REF]Masson-Delmotte et al., in press). The numerous changes that occurred since our entry into this new era lead to a defaunation phenomenon [START_REF] Young | Patterns, Causes, and Consequences of Anthropocene Defaunation[END_REF] qualified as 6th extinction [START_REF] Ceballos | Biological annihilation via the ongoing sixth mass extinction signaled by vertebrate population losses and declines[END_REF]. Causes are of different nature, notably ecological and climatic, through fragmentation and habitat loss, the introduction of invasive species, the rise in atmospheric, land and water temperatures, etc. (Cassou & Guilyardi INTRODUCTION 2 events such as diversifications and extinctions is undeniable (e.g., [START_REF] Elewa | Mass Extinction -a general view[END_REF][START_REF] Ezard | Interplay Between Changing Climate and Species' Ecology Drives Macroevolutionary Dynamics[END_REF][START_REF] Condamine | Macroevolutionary perspectives to environmental change (H Maherali[END_REF][START_REF] Rolland | Faster Speciation and Reduced Extinction in the Tropics Contribute to the Mammalian Latitudinal Diversity Gradient (C Moritz[END_REF][START_REF] Cyriac | Paleoclimate determines diversification patterns in the fossorial snake family Uropeltidae Cuvier, 1829[END_REF][START_REF] Lewitus | Detecting Environment-Dependent Diversification From Phylogenies: A Simulation Study and Some Empirical Illustrations[END_REF]. However, over short time spans such as the current climate period, macroevolution is rarely the first response to climate changes. The primary responses of organisms are usually mostly related to microevolution and phenotypic plasticity [START_REF] Bown | Mammal extinctions, body size, and paleotemperature[END_REF][START_REF] Sultan | metapopulation structure favors plasticity over local adaptation[END_REF][START_REF] Girard | Step-wise morphological trends in fluctuating environments: Evidence in the Late Devonian conodont genus Palmatolepis[END_REF]Yazdi & Adriaens, 2011;[START_REF] Reed | Interacting effects of phenotypic plasticity and evolution on population persistence in a changing climate: evolution, plasticity, and climate change[END_REF][START_REF] Vedder | Quantitative Assessment of the Importance of Phenotypic Plasticity in Adaptation to Climate Change in Wild Bird Populations (C Moritz[END_REF][START_REF] Boutin | Climate change and mammals: evolutionary versus plastic responses[END_REF][START_REF] Merilä | Climate change, adaptation, and phenotypic plasticity: the problem and the evidence[END_REF][START_REF] Nogués-Bravo | Cracking the Code of Biodiversity Responses to Past Climate Change[END_REF], two processes that generate diversity within species [START_REF] De Jong | Phenotypic Plasticity as a Product of Selection in a Variable Environment[END_REF][START_REF] Fusco | How many processes are responsible for phenotypic evolution?[END_REF]. Microevolution refers to heritable changes within species and populations (e.g., [START_REF] Hansen | Translating between microevolutionary process and macroevolutionary patterns: the correlation structure of interspecific data[END_REF][START_REF] Hendry | An introduction to microevolution: Rate, pattern, process[END_REF][START_REF] Merilä | Explaining stasis: Microevolutionary studies in natural populations[END_REF] while phenotypic plasticity can be defined as all non heritable changes induced by the environment in labile phenotypic traits of an organism [START_REF] Via | Adaptive Phenotypic Plasticity: Target or By-Product of Selection in a Variable Environment?[END_REF][START_REF] Chevin | Phenotypic plasticity and evolutionary demographic responses to climate change: taking theory out to the field (A Hoffmann[END_REF]. Therefore, responses to climate changes can occur at multiple evolutionary scales (macroevolution, microevolution and phenotypic plasticity). Thus, to assess the phenotypic response of organisms to climate changes, we choose to consider the phenotype without a priori about evolutionary scale.

The phenotype refers to all observable and measurable characteristics of an organism, i.e. its shape, size, color, ability to climb or foraging behavior for example [START_REF] Houle | Phenomics: the next challenge[END_REF]. They can be of various nature: morphological, functional, behavioral, physiological or phenological. The phenotype results from evolutionary processes at both intra-and interspecific scales: it is related to microevolution and phenotypic plasticity [START_REF] Holt | The microevolutionary consequences of climate change[END_REF][START_REF] Lande | Adaptation to an extraordinary environment by evolution of phenotypic plasticity and genetic assimilation[END_REF][START_REF] Hoffmann | Climate change and evolutionary adaptation[END_REF][START_REF] Boutin | Climate change and mammals: evolutionary versus plastic responses[END_REF][START_REF] Merilä | Climate change, adaptation, and phenotypic plasticity: the problem and the evidence[END_REF], but also to macroevolution [START_REF] Erwin | Macroevolution is more than repeated rounds of microevolution[END_REF][START_REF] Hautmann | What is macroevolution? (A Smith[END_REF].

The difference between intra-and interspecific levels is not always obvious because evolution is a continuous process. Microevolution and macroevolution are tightly linked processes. Macroevolutionary changes are guided by microevolutionary changes occurring at each generation [START_REF] Hansen | Translating between microevolutionary process and macroevolutionary patterns: the correlation structure of interspecific data[END_REF] and the decoupling between these two processes is debated [START_REF] Simpson | Tempo and Mode in Evolution[END_REF][START_REF] Erwin | Macroevolution is more than repeated rounds of microevolution[END_REF][START_REF] Arnold | The adaptive landscape as a conceptual bridge between micro-and macroevolution[END_REF]; INTRODUCTION 3 processes and addressed phenotypic evolution as a composite process implying both intraor interspecific evolutions.

Morpho-functional traits constitute an important part of the phenotype [START_REF] Arnold | Morphology, Performance and Fitness[END_REF].

They allow organisms to perform ecologically relevant interactions with their environment.

Morphology has been demonstrated to be highly related to the environment: size is greatly related to temperature, precipitation and primary productivity [START_REF] Renaud | Morphological evolution of the murine rodent Paraethomys in response to climatic variations (Mio-Pleistocene of North Africa)[END_REF][START_REF] Wolf | Does weather shape rodents? Climate related changes in morphology of two heteromyid species[END_REF][START_REF] Alhajeri | Association between climate and body size in rodents: A phylogenetic test of Bergmann's rule[END_REF], skull shape displays several adaptations (Yazdi & Adriaens, 2011;[START_REF] Arregoitia | Morphology captures diet and locomotor types in rodents[END_REF][START_REF] Alhajeri | Craniomandibular variation in the taxonomically problematic gerbil genus Gerbillus (Gerbillinae, Rodentia): assessing the influence of climate, geography, phylogeny, and sangilettaize[END_REF], for example a wider tympanic bullae under desert conditions (Huang et al., 2002;Alhajeri, Hunt, & Steppan, 2015), and the shape of teeth as well as the patterns of the tooth enamel reflect their dietary habits (Caumul & Polly, 2005;[START_REF] Mcguire | Geometric morphometrics of vole (Microtus californicus) dentition as a new paleoclimate proxy: Shape change along geographic and climatic clines[END_REF]Hautier, Lebrun, & Cox, 2012;[START_REF] Arregoitia | Morphology captures diet and locomotor types in rodents[END_REF]. Performances (here used as a synonym of functional abilities) are also closely related to the environment. For example, bite force in shrews is related to the hardness and/or the size of the resources consumed [START_REF] Young | Functional equivalence of morphologies enables morphological and ecological diversity[END_REF][START_REF] Young | Morphological diversity and ecological similarity: versatility of muscular and skeletal morphologies enables ecological convergence in shrews: Morphological versatility and evolution[END_REF]Young & Badyaev, 2010), and a more maneuverable flight in bats, adjusted via wing loading, can be advantageous to track more patchy ressources under arid conditions [START_REF] Conenna | Global patterns of functional trait variation along aridity gradients in bats (S Meiri[END_REF].

Variations in morphology and performance can be efficiently characterized throught the use geometric morphometric methods (Zelditch, 2004). They allow one to statistically quantify and visualize shape differences and, thus, to assess directions of shape change trajectories (Zelditch, 2004;[START_REF] Mitteroecker | Advances in Geometric Morphometrics[END_REF]. Since its development in the late 90s (e.g., Bookstein, 1996;[START_REF] Dryden | Statistical shape analysis[END_REF], geometric morphometrics has become a popular approach among biologists and is still in perpetual evolution [START_REF] Adams | A field comes of age: geometric morphometrics in the 21st century[END_REF].

In addition to being greatly related to the environment, morphological and functional traits can provide complementary information as individuals with similar morphology can produce different functional outputs leading to functional divergence [START_REF] Walker | A General Model of Functional Constraints on Phenotypic Evolution[END_REF][START_REF] Holzman | Functional Complexity Can Mitigate Performance Trade-Offs[END_REF][START_REF] Bergmann | Many-to-Many Mapping of Phenotype to Performance: An Extension of the F-Matrix for Studying Functional Complexity[END_REF]. This is the case for herbivorous lizards whose lower jaws do not diverge morphologically from their carnivorous counterpart, but have higher values of mechanical advantage [START_REF] Stayton | Testing hypotheses of convergence with multivariate data: morphological and functional convergence among herbivorous lizards[END_REF]. Conversely, individuals with different morphologies can produce similar functional outputs, resulting in functional convergence [START_REF] Wainwright | Many-to-One Mapping of Form to Function: A General Principle in Organismal Design?[END_REF][START_REF] Alfaro | Evolutionary Consequences of Many-to-One Mapping of Jaw Morphology to Mechanics in Labrid Fishes[END_REF][START_REF] Young | Functional equivalence of morphologies enables morphological and ecological diversity[END_REF]Young et al., , 2010;;[START_REF] Bergmann | Many-to-Many Mapping of Phenotype to Performance: An Extension of the F-Matrix for Studying Functional Complexity[END_REF][START_REF] Cruz | Drivers and patterns of bite force evolution in liolaemid lizards[END_REF]. For example, shrews with different skeletal and muscular morphologies can display overlap in diet, implying similar feedingrelated functional abilities (Young et al., 2010;Cornette et al., 2013). These multiple correspondences linking morphological and functional traits may be explained by the fact that these two kinds of traits are not under the exact same constraints. Indeed, selection can sometimes act primarily on fitness-related performance traits and only secondarily on the underlying morphological traits [START_REF] Garland | Ecological morphology of locomotor performance in squamate reptiles[END_REF][START_REF] Irschick | How does selection operate on whole-organism functional performance capacities? A review and synthesis[END_REF][START_REF] Langerhans | Ecology and evolution of swimming performance in fishes: Predicting evolution with biomechanics[END_REF]. The reverse is also observed, as in the case of feathers that evolved before flight, one of the main functions in which it is involved today [START_REF] Ksepka | Feathered dinosaurs[END_REF]. Form and function relationship is mediated by the fact that performance is not only related to morphology, but also by physiological, muscular and behavioral traits (Herrel et al., 2008a;[START_REF] Chazeau | Proximate determinants of bite force capacity in the mouse lemur: Bite force in mouse lemurs[END_REF]Cornette, Tresset, & Herrel, 2015d;[START_REF] Tseng | Parental behavior drives large bite force in an insular skink population[END_REF][START_REF] Brassard | Masticatory system integration in a commensal canid: interrelationships between bones, muscles and bite force in the red fox[END_REF]. Thus, as morphological and functional traits can be partially decoupled, they could exhibit different responses to climate changes. It is therefore interesting to explore their respective responses to environmental and climate variations.

Paleoclimates and paleoenvironments

It is important to differentiate climate and environment. The climate is defined by the statistics of the physical characteristics of the atmosphere [START_REF] Duplessy | Paléonclimatologie, tome II : enquêter sur les climats anciens[END_REF], while the environment is the surroundings of living organisms (Begon,Townsend,& INTRODUCTION 5 to temperature and water stress [START_REF] Zachos | Trends, Rhythms, and Aberrations in Global Climate 65 Ma to Present[END_REF][START_REF] Longinelli | Isotopic composition of precipitation in Italy: a first overall map[END_REF][START_REF] Levin | A stable isotope aridity index for terrestrial environments[END_REF][START_REF] Cramer | Late Cretaceous-Neogene trends in deep ocean temperature and continental ice volume: Reconciling records of benthic foraminiferal geochemistry ( δ 18 O and Mg/Ca) with sea level history[END_REF]. Carbon isotopes can also reveal variations in the relative presence of C3, C4 and CAM plants (which refer to different metabolic carbon fixation pathways) because they have different signatures (O 'Leary, 1988;[START_REF] Lin | Chapter 4: Research on stable isotope and carbon cycle (1st ed.)[END_REF][START_REF] Smiley | Small-mammal isotope ecology tracks climate and vegetation gradients across western North America[END_REF]. These plant types are characteristic of more temperate, tropical and arid areas, respectively. Indicators such as faunal assemblages (e.g., [START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF][START_REF] Geraads | The rodents from the late middle Pleistocene hominid-bearing site of J'bel Irhoud, Morocco, and their chronological and paleoenvironmental implications[END_REF][START_REF] Garcia-Ibaibarriaga | Paleoenvironmental and paleoclimatic interpretation of the stratigraphic sequence of Lezetxiki II Cave (Basque Country, Iberian Peninsula) inferred from small vertebrate assemblages[END_REF], diversity indices (e.g., [START_REF] Geraads | The rodents from the late middle Pleistocene hominid-bearing site of J'bel Irhoud, Morocco, and their chronological and paleoenvironmental implications[END_REF][START_REF] Faith | The measurement of taxonomic evenness in zooarchaeology[END_REF][START_REF] Ilieș | Early middle Miocene paleoenvironmental evolution in southwest Transylvania (Romania): Interpretation based on foraminifera[END_REF] or palynological records (e.g., [START_REF] Hooghiemstra | Vegetational and climatic changes at the northern fringe of the sahara 250,000-5000 years BP: evidence from 4 marine pollen records located between Portugal and the Canary Islands[END_REF][START_REF] Ibrahim | Late Cretaceous palynology and paleoenvironment of the Razzak-3 well, North Western Desert, Egypt[END_REF][START_REF] Bolaji | Palynological Age Control and Paleoenvironments of the Paleogene Strata in Eastern Dahomey Basin, Southwestern Nigeria[END_REF] rely on animal and plant species' ecological preferences to provide paleoenvironmental reconstructions. All these paleoenvironmental indicators provide a rough estimation of the landscape, such as the plausible type of vegetation, the vegetation coverage, the abundance of water points and the overall temperature and precipitation conditions. They deliver information at a very local geographical scale (the scale of faunal communities or even individuals regarding isotopes), and thus, depict paleoenvironments more than paleoclimates.

The field of climatology, on the other hand, can provide a quantified and integrative estimate of climate. Climate simulations rely on physical models, that are sets of mathematical equations describing the evolution of the Earth system. The first climate models were created in the 40s, along with the first computers [START_REF] Guillermot | Bref historique de la modélisation du climat en France[END_REF]. Since then, the number and complexity of climate models have increased significantly, in parallel with the sophistication of atmospheric measurement devices and the development of supercomputers. Nowadays, global climate models can model the dynamic and thermodynamic of the atmosphere, the ocean and continental and frozen surfaces coupled with water and carbon cycles. Using these models, we can simulate the past climate of a given period by imposing particular boundaries and forcing conditions, i.e. limitations over space and time for certain parameters such as topography, orbital parameters, ice sheet coverage, atmospheric gas concentrations, etc. Those models depict the directions and large-scale patterns of past climate changes [START_REF] Braconnot | Evaluation of climate models using palaeoclimatic data[END_REF]. They give access to the average conditions over a period but also to seasonal variations. They have long been used to investigate past climate changes [START_REF] Kutzbach | The Sensitivity of the African-Asian Monsoonal Climate to Orbital Parameter Changes for 9000 Years B.P. in a Low-Resolution General Circulation Model[END_REF][START_REF] Braconnot | Evaluation of climate models using palaeoclimatic data[END_REF][START_REF] Duplessy | Paléonclimatologie, tome II : enquêter sur les climats anciens[END_REF][START_REF] Schmidt | Using palaeo-climate comparisons to constrain future projections in CMIP5[END_REF][START_REF] Harrison | Evaluation of CMIP5 palaeo-simulations to improve climate projections[END_REF]. The use of climate models in biology remains confined to certain disciplines or topics, such as environmental niche modeling and their predicted evolution under future climate change INTRODUCTION 6 (e.g., [START_REF] Ramasamy | Predicting climate change impacts on potential worldwide distribution of fall armyworm based on CMIP6 projections[END_REF][START_REF] Gür | The future impact of climate and land-use changes on Anatolian ground squirrels under different scenarios[END_REF]Meyer & Pie, 2021) or the past distribution and dispersal events of animal and plant species (e.g., [START_REF] Sepulchre | Links between Solid Earth, Climate Changes, and Biodiversity through Time: Insights from the Cenozoic[END_REF][START_REF] Porada | High potential for weathering and climate effects of non-vascular vegetation in the Late Ordovician[END_REF][START_REF] Pohl | Possible patterns of marine primary productivity during the Great Ordovician Biodiversification Event[END_REF][START_REF] Bernal | Could coastal plants in western Amazonia be relicts of past marine incursions?[END_REF][START_REF] Jaramillo | Drastic Vegetation Change in the Guajira Peninsula (Colombia) During the Neogene[END_REF][START_REF] Salles | Quaternary landscape dynamics boosted species dispersal across Southeast Asia[END_REF].

However, paleoclimatology combined with evolutionary biology could also lead to significant advances in understanding the links between climate and biodiversity in the past.

Rodents and shrews as study cases

We focused on two groups of small mammals: rodents and shrews (Fig 1). Rodents represent 41% of mammalian diversity with currently ~2277 species and are among the most ecologically diverse mammals [START_REF] Nowak | Walker's mammals of the world[END_REF][START_REF] Fabre | A glimpse on the pattern of rodent diversification: a phylogenetic approach[END_REF]Cox & Hautier, 2015). Shrews are less taxonomically diverse (currently ~385 species), but display an important morphological, functional and ecological diversity [START_REF] Young | Functional equivalence of morphologies enables morphological and ecological diversity[END_REF](Young et al., , 2010;;Young & Badyaev, 2010). Both inhabit a great variety of environments. They have a short life span and a short breeding cycle, which confer them a high adaptability. They have a low capacity of dispersion during their lifetime (e.g., of the order of a few dozens, at most hundreds of meters), which makes them very dependent on local conditions. In addition, they have opportunistic diets, feeding on available resources (seeds, fruits, plants and/or more occasionally insects for rodents; insects, invertebrates and/or small vertebrates for shrews) [START_REF] Churchfield | The Natural History of Shrews[END_REF]Cox & Hautier, 2015). These characteristics make them very likely to display rapid responses to environmental and climatic changes.

El Harhoura 2, a relevant model site

We worked on remains from El Harhoura 2 cave (Rabat, Morocco), an archeological site of particular interest because of the incredible abundance of its faunal deposit and its taxonomic richness [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF] The majority of small mammals species identified in this fossil record are still present in Morocco today. The stratigraphy of El Harhoura 2 is divided into 11 layers, among which the chronological and environmental context of eight layers is well known [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] Stoetzel | Adaptations and dispersals of anatomically modern humans in the changing environments of North Africa: the contribution of microvertebrates[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF]Nespoulet & El Hajraoui, 2012;Jacobs et al., 2012;[START_REF] Janati-Idrissi | Datation par ESR-U/th combinées de dents fossiles des grottes d'El Mnasra et d'El Harhoura 2, région de Rabat-Temara. Implications chronologiques sur le peuplement du Maroc atlantique au Pléistocène supérieur et son[END_REF]Ben Arous et al., 2020a,b;Marquer et al., in press). This work focused on these eight layers, which cover a period from late Pleistocene to mid-Holocene (Fig 2C). By extending this timeline until today, it covers the past 100 ka, which have witnessed important climate changes including the last glacial-interglacial transition (~ 12 ka BP) (e.g., [START_REF] Hooghiemstra | Vegetational and climatic changes at the northern fringe of the sahara 250,000-5000 years BP: evidence from 4 marine pollen records located between Portugal and the Canary Islands[END_REF][START_REF]Plio-Pleistocene African Climate[END_REF][START_REF]African climate change and faunal evolution during the Pliocene-Pleistocene[END_REF][START_REF] Houérou | Climate, flora and fauna changes in the Sahara over the past 500 million years[END_REF][START_REF] Carto | Out of Africa and into an ice age: on the role of global climate change in the late Pleistocene migration of early modern humans out of Africa[END_REF][START_REF] Trauth | Trends, rhythms and events in Plio-Pleistocene African climate[END_REF][START_REF] Drake | Ancient watercourses and biogeography of the Sahara explain the peopling of the desert[END_REF][START_REF] Drake | Palaeoclimate in the Saharan and Arabian Deserts during the Middle Palaeolithic and the potential for hominin dispersals[END_REF][START_REF] Blome | The environmental context for the origins of modern human diversity: A synthesis of regional variability in African climate 150,000-30,000 years ago[END_REF][START_REF] Kageyama | Mid-Holocene and Last Glacial Maximum climate simulations with the IPSL model-part I: comparing IPSL_CM5A to IPSL_CM4[END_REF][START_REF] Couvreur | Tectonics, climate and the diversification of the tropical African terrestrial flora and fauna[END_REF]. Thus, it would eventually allow us to compare current climate and environmental changes to past important ones, and to assess if and how the phenotypic response differed since the beginning of the Anthropocene.

Currently, Morocco displays a rich mosaic of climate types because of its geographical location. It is subjected to Mediterranean influences in the north, oceanic in the west, continental in the center, and desertic in the south. El Harhoura 2 cave is located on the coastal strip (Fig 2B), where the oceanic influence dominates. The area is characterized by a Mediterranean climate. Thermal contrasts are moderate (day/night and summer/winter) and the precipitations are irregular and intense. This results in the existence of two distinct seasons: a dry summer and a mild, wet winter. Thus, when we mention more humid or arid climates on El Harhoura 2 throughout this thesis, it never means tropical or desert conditions. Climatic conditions may range from semi-arid (average annual precipitation between 400 and 600 mm) to sub-humid (average annual precipitation between 600 and 800 mm), and the landscape from Mediterranean to steppic at most. An overview of the type of environments that can be encountered in Morocco is presented in Fig 3 .   Paleoenvironments on El Harhoura 2 have been well studied through faunal assemblages [START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF][START_REF] Stoetzel | Adaptations and dispersals of anatomically modern humans in the changing environments of North Africa: the contribution of microvertebrates[END_REF] and isotopes survey [START_REF] Jeffrey | Exploring palaeoaridity using stable oxygen and carbon isotopes in small mammal teeth: a case study from two Late Pleistocene archaeological cave sites in Morocco[END_REF]. However, palynological data for Morocco are lacking. Only few are available for the Maghreb, but they are mainly limited to Tunisia, and only for the last ~40ka. The only things we know are that the late Pleistocene flora in the area are identical to present ones, and only the vegetation boundaries fluctuate along a north-south gradient [START_REF] Wengler | Signification des paléomilieux et évolution du climat au Maghreb. Le Maroc oriental au Pléistocène récent[END_REF].

Overall, environmental proxies revealed an alternation of relatively humid and arid environments [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF]Stoetzel et al., , 2012a,b),b). The succession of paleoenvironments over the El Harhoura 2 sequence is further detailed and discussed throughout the chapters. Because of the mosaic-like structure of the landscape in the region, we may observe a strong decorrelation between the local environment on El Harhoura 2 and the global climate of the area. El Harhoura 2, because of its exceptional richness in micro-mammal remains and the variety of its paleoenvironmental and climate changes, is an ideal case study to investigate the relationship between both the phenotype and the environment, and the phenotype and the climate.

Objective and thesis structure

In this thesis, we explored the phenotypic response of small mammals from El Harhoura 2 through both their morphological and functional traits to environmental and climate changes over the last 100ka. To do so, we use a bi-disciplinary approach combining evolutionary biology and paleoclimatology. This thesis is divided into four chapters, each addressing a different aspect of our problematic (Fig 4).

In chapter 1, we address the impact of local environmental changes on rodent's teeth morphology. We present a taxon-free phenotypic approach that is used in all our analyses. This chapter is an article accepted with minor revisions in the Journal of Mammalian Evolution.

In chapter 2, we investigate the impact of local environmental changes on a functional trait: shrew's estimated bite force. This chapter is an article published in the Biological Journal of the Linnean Society.

In chapter 3, we explore the global climate changes that occurred over the El Harhoura 2 sequence through paleoclimate modeling. We assess the consistency between them and local environmental changes. This chapter is an article in review in Climate of the Past.

Finally, in chapter 4, we examine the impact of global climate changes on rodent's teeth morphology, shrew's mandible morphology and shrew's estimated bite force. This chapter is an article in preparation. 

Introduction

Environmental changes affect the surroundings of living organisms (vegetation, landscapes, etc.). Those changes can be gradual or abrupt, and often morphological variations at adaptative and/or phenotypical scale are observed in response to these new environmental conditions [START_REF] Lande | Adaptation to an extraordinary environment by evolution of phenotypic plasticity and genetic assimilation[END_REF][START_REF] Hoffmann | Climate change and evolutionary adaptation[END_REF][START_REF] Clavel | Accelerated body size evolution during cold climatic periods in the Cenozoic[END_REF].

Most studies raising the issue of phenotypic evolution adopted species as phenotypic units to characterize phenotypic variation (e.g., [START_REF] Hendry | Human influences on rates of phenotypic change in wild animal populations[END_REF][START_REF] Bhargava | Impacts of climate change on the amphibians and reptiles of Southeast Asia[END_REF][START_REF] Reed | Interacting effects of phenotypic plasticity and evolution on population persistence in a changing climate: evolution, plasticity, and climate change[END_REF][START_REF] Gardner | Declining body size: a third universal response to warming?[END_REF][START_REF] Boutin | Climate change and mammals: evolutionary versus plastic responses[END_REF][START_REF] Radchuk | Adaptive responses of animals to climate change are most likely insufficient[END_REF]. However individuals belonging to the same species may display distinct phenotypic responses to environmental conditions, especially in a complex environmental context [START_REF] Sultan | metapopulation structure favors plasticity over local adaptation[END_REF]. The concept of species itself, albeit discussed, defined as morphologically or genotypic similar grouping of individuals, implies the existence of individuals with intermediate morphologies [START_REF] Mayr | Systematics And The Origin Of Species[END_REF][START_REF] Simpson | The species concept[END_REF][START_REF] Mallet | A species definition for the Modern Synthesis[END_REF]Wheeler & Meier, 2000;[START_REF] Baker | Speciation in mammals and the genetic species concept[END_REF]. Those intermediate morphotypes can display a variety of responses to environmental changes. When the addressed problematic aims to identify patterns and/or characterize processes at another scale than species (as intraspecific scale) this partition may not be appropriate. In our case, that kind of approach is therefore not the most suitable way to evidence phenotypic evolution on multiple scales. In order to detect phenotypic responses to environmental changes, we thus need to adopt a taxonomy-free approach.

In the context of our study, morphology is a potential candidate criterion to define those taxonomy-free units. Morphology as a phenotypic unit is particularly used in the field of study of foraminifera (e.g., [START_REF] Nagy | Environmental significance of foraminiferal morphogroups in Jurassic North sea deltas[END_REF][START_REF] Tyszka | Response of Middle Jurassic benthic foraminiferal morphogroups to dysoxic/anoxic conditions in the Pieniny Klippen Basim Polish Carpathians[END_REF][START_REF] Alperin | Benthic foraminiferal morphogroups on the argentine continental shelf[END_REF][START_REF] Alegret | End-Cretaceous marine mass extinction not caused by productivity collapse[END_REF][START_REF] Khare | Cluster analysis of benthic foraminiferal morpho-groups from the western margin of India reflects its depth preference[END_REF]. This shape-based approach lays on setting morphological groups (MGs) instead of taxa as biodiversity units. This approach groups individuals solely on the basis of their morphology. It splits shape variability according to the main pattern of shape variation. In the context of foraminifera, [START_REF] Murray | Distribution and Ecology of Living Benthic Foraminiferids[END_REF][START_REF] Murray | Ecology and Applications of Benthic Foraminifera[END_REF] defined MGs as phylogenetically-independent groups of forms with similar test morphology. Since a test's form is closely related to their environment, this MG approach allows one to infer climatic conditions [START_REF] Alperin | Benthic foraminiferal morphogroups on the argentine continental shelf[END_REF]. Conversely, it can thus be a relevant way to characterize phenotypic responses to environmental changes when studied organisms are known to be good environmental indicators. The concept of MGs has been successfully extended to other study frameworks, such as soil biocrust in [START_REF] Read | Biocrust morphogroups provide an effective and rapid assessment tool for drylands (S Wan[END_REF] where they concluded MGs to be functional response groups to environmental disturbances. Moreover, the MG approach presents demonstrated advantages: 1) it allows rapid and ecologically informative survey of big morphological datasets; 2) it enables comparisons of assemblages of different ages; 3) taxonomic identification is not required; 4) MGs are independent of systematic relationship [START_REF] Murray | Distribution and Ecology of Living Benthic Foraminiferids[END_REF][START_REF] Nagy | Environmental significance of foraminiferal morphogroups in Jurassic North sea deltas[END_REF][START_REF] Murray | Ecology and Applications of Benthic Foraminifera[END_REF][START_REF] Read | Biocrust morphogroups provide an effective and rapid assessment tool for drylands (S Wan[END_REF]. We extended Murray's definition and defined MGs as phylogenetic independent grouping of forms with similar morphology.

This study focuses on the Moroccan archeological site of El Harhoura 2 (EH2), a coastal cave located in the Rabat-Témara region. This site is of particular interest for the study of short-term phenotypic evolution related to environmental variations [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] Stoetzel | Pleistocene and holocene small vertebrates of El Harhoura 2 cave (Rabat-Témara, Morocco): an annotated preliminary taxonomic list[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF]Stoetzel et al., , 2012b;;[START_REF] Stoetzel | Adaptations and dispersals of anatomically modern humans in the changing environments of North Africa: the contribution of microvertebrates[END_REF][START_REF] Stoetzel | Systematics and evolution of the Meriones shawii/grandis complex (Rodentia, Gerbillinae) during the Late Quaternary in northwestern Africa: Exploring the role of environmental and anthropogenic changes[END_REF]. This region is submitted to complex climatic influences coming from the Atlantic Ocean to the West, the arid Sahara to the South, and the Mediterranean region to the North. EH2 covers a time period from the Late Pleistocene to the Holocene, during which important climatic fluctuations occurred in the area (e.g., [START_REF] Drake | Ancient watercourses and biogeography of the Sahara explain the peopling of the desert[END_REF][START_REF] Blome | The environmental context for the origins of modern human diversity: A synthesis of regional variability in African climate 150,000-30,000 years ago[END_REF][START_REF] Drake | Palaeoclimate in the Saharan and Arabian Deserts during the Middle Palaeolithic and the potential for hominin dispersals[END_REF][START_REF] Kageyama | Mid-Holocene and Last Glacial Maximum climate simulations with the IPSL model-part I: comparing IPSL_CM5A to IPSL_CM4[END_REF][START_REF] Scerri | The North African Middle Stone Age and its place in recent human evolution[END_REF][START_REF] Couvreur | Tectonics, climate and the diversification of the tropical African terrestrial flora and fauna[END_REF]. This variable climatic context resulted in a succession of relatively humid/arid and open/closed environments at EH2 [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF]Stoetzel et al., , 2012b,a),a). This cave revealed an exceptional richness in small terrestrial vertebrate remains accumulated through owl pellets and/or carnivore feces which have been intensively studied over the past decade (e.g., Michel et al. 2009;[START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] Stoetzel | Pleistocene and holocene small vertebrates of El Harhoura 2 cave (Rabat-Témara, Morocco): an annotated preliminary taxonomic list[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF]Stoetzel et al. , 2012b;;Cornette et al. 2015;[START_REF] Stoetzel | Adaptations and dispersals of anatomically modern humans in the changing environments of North Africa: the contribution of microvertebrates[END_REF]).

Among the small mammals of EH2, rodents are well represented in every layer. They are the most diverse group of living mammals [START_REF] Carleton | Order Rodentia[END_REF] and are known for being good paleoenvironmental indicators (e.g., [START_REF] Avery | Micromammals as paleoenvironmental indicators and an interpretation of the late Quaternary in the Southern Cape Province[END_REF][START_REF] Fernandez-Jalvo | Taphonomy and palaeoecology of Olduvai Bed-I (Pleistocene, Tanzania)[END_REF][START_REF] Mcguire | Geometric morphometrics of vole (Microtus californicus) dentition as a new paleoclimate proxy: Shape change along geographic and climatic clines[END_REF], Belmaker and Hovers 2011[START_REF] Arregoitia | Morphology captures diet and locomotor types in rodents[END_REF][START_REF] Royer | New bioclimatic models for the quaternary palaearctic based on insectivore and rodent communities[END_REF][START_REF] López-García | Rodents as indicators of the climatic conditions during the Middle Pleistocene in the southwestern Mediterranean region: implications for the environment in which hominins lived[END_REF]. Rodents' morphology can thus reflect ecological similarities.

Among most mammals, teeth display higher homoplasy than osteological parts [START_REF] Evans | High-level similarity of dentitions in carnivorans and rodents[END_REF][START_REF] Brocklehurst | Dental characters used in phylogenetic analyses of mammals show higher rates of evolution, but not reduced independence[END_REF]. Thus, rodents teeth may be a good proxy for rodents phenotype. Shape based grouping of fossil rodent incisors have been shown to reflect dietary ecology [START_REF] Paine | The ecomorphology of southern African rodent incisors: Potential applications to the hominin fossil record (C Charles[END_REF], and molar crowns are strongly related to environment through diet [START_REF] Wolf | Does weather shape rodents? Climate related changes in morphology of two heteromyid species[END_REF][START_REF] Mcguire | Geometric morphometrics of vole (Microtus californicus) dentition as a new paleoclimate proxy: Shape change along geographic and climatic clines[END_REF][START_REF] Coillot | Correlated changes in occlusal pattern and diet in stem murinae during the onset of the radiation of old world rats and mice[END_REF][START_REF] Cano | Dietary ecology of murinae (Muridae, Rodentia): a geometric morphometric approach (L Viriot[END_REF]Gomes Rodrigues, 2015a;[START_REF] Selig | Mammalian molar complexity follows simple, predictable patterns[END_REF].

We studied the phenotypic evolution of the rodents of EH2 cave through a MG approach to answer the following questions: did local environmental changes impact the phenotype of rodents? Do short-term phenotypic evolution occurred at different scales -intra-/ interspecific -under changing environments? We used two complementary models: first lower molars (m1) and first upper molars (M1). In murine rodents', both display slightly different evolutionary rates of size and shape [START_REF] Renaud | Influence of biotic and abiotic environment on dental size and shape evolution in a Late Miocene lineage of murine rodents (Teruel Basin, Spain)[END_REF]. First, we tested the influence of the environment on overall shape and size. Then, MGs were identified using a non-subjective grouping method: unsupervised clustering [START_REF] Hastie | The elements of statistical learning: data mining, inference, and prediction[END_REF]. For each dataset four shape indicators were computed to evaluate phenotypic diversity: number of MGs, relative abundance in MGs, MGs disparity and MGs mean shapes. MGs represent the main pattern of shape variation. We expect them not necessarily to reflect species, but to be representative of response groups toward environmental changes. The relative abundance in MGs (i.e. the relative proportion of representatives of each MG) may reveal shifts in morphs that dominate a population. Thus, the impact of environmental changes on the relative abundance in MGs will reveal if the environment drive or not the main pattern of shape variation in molars. Number of MGs and disparity should detect periods of decreasing/increasing/stable phenotypic diversity.

Variations in mean shape should point out shifts in selected shapes and eventually convergence/divergence of MGs shapes in constraining environments. However, the MG approach often underestimate diversity and can be costly in information [START_REF] Read | Biocrust morphogroups provide an effective and rapid assessment tool for drylands (S Wan[END_REF].

Then, to assess confidence in our approach we compared its ability to characterize phenotypic evolution to widely used biodiversity indices in ecology and archeology (number of species, Shannon index and Simpson index) (e.g. [START_REF] Avery | Micromammals as paleoenvironmental indicators and an interpretation of the late Quaternary in the Southern Cape Province[END_REF][START_REF] Geraads | The rodents from the late middle Pleistocene hominid-bearing site of J'bel Irhoud, Morocco, and their chronological and paleoenvironmental implications[END_REF][START_REF] Meunier | Mise à jour de la liste des rongeurs d'Algérie, biogéographie et implications paléoécologiques[END_REF].

Material and Methods

El Harhoura 2 cave

The stratigraphy of the cave is structured in 11 layers numbered from top to bottom (Fig

1)

. Eight levels (L1 to L8) are well studied from their microfauna [START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF][START_REF] Stoetzel | Mus in Morocco: a Quaternary sequence of intraspecific evolution: Quaternary Evolution of Mus in Morocco[END_REF][START_REF] Stoetzel | Systematics and evolution of the Meriones shawii/grandis complex (Rodentia, Gerbillinae) during the Late Quaternary in northwestern Africa: Exploring the role of environmental and anthropogenic changes[END_REF] and well dated (Jacobs et al., 2012;Ben Arous et al., 2020a;Ben Arous et al., 2020b), and were used in this study. The small mammal taxonomic study of the site reveals the presence of at least eight rodent species: Apodemus sylvaticus, Lemniscomys barbarus, Mus spretus, Dipodillus campestris, Meriones shawii/, Meriones grandis, Jaculus cf. orientalis and Eliomys cf. munbyanus [START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF][START_REF] Stoetzel | Mus in Morocco: a Quaternary sequence of intraspecific evolution: Quaternary Evolution of Mus in Morocco[END_REF][START_REF] Stoetzel | Systematics and evolution of the Meriones shawii/grandis complex (Rodentia, Gerbillinae) during the Late Quaternary in northwestern Africa: Exploring the role of environmental and anthropogenic changes[END_REF]. We were not able to include Jaculus cf. orientalis and Eliomys cf. munbyanus, due to the lack of wellpreserved teeth remains. Local paleoenvironmental information from EH2 is based on large and small vertebrates recovered from the archeological levels [START_REF] El Hajraoui | Préhistoire de la région de Rabat-Témara[END_REF][START_REF] Stoetzel | Pleistocene and holocene small vertebrates of El Harhoura 2 cave (Rabat-Témara, Morocco): an annotated preliminary taxonomic list[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF]Stoetzel et al., , 2012b[START_REF] Stoetzel | Context of modern human occupations in North Africa: Contribution of the Témara caves data[END_REF][START_REF] Campmas | Were Upper Pleistocene human/non-human predator occupations at the Témara caves (El Harhoura 2 and El Mnasra, Morocco) influenced by climate change?[END_REF][START_REF] Stoetzel | Adaptations and dispersals of anatomically modern humans in the changing environments of North Africa: the contribution of microvertebrates[END_REF] (Michel et al., 2009;[START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF]Jacobs et al., 2012;[START_REF] Janati-Idrissi | Datation par ESR-U/th combinées de dents fossiles des grottes d'El Mnasra et d'El Harhoura 2, région de Rabat-Temara. Implications chronologiques sur le peuplement du Maroc atlantique au Pléistocène supérieur et son[END_REF]Nespoulet & El Hajraoui, 2012;Ben Arous et al., 2020a, 2020b). Three dating methods were used: AMS-14C based on organic remains, US-ESR (Combined uranium series and Electron Spin Resonance) and OSL (Optical Stimulated Luminescence). Light blue layers: humid and semi-open environment; dark blue layers: humid and closed environment; light yellow layers: arid and open environment; dark yellow layers: arid and semi-open environment. Layers unused in this study are in grey (modified from [START_REF] Terray | The contribution of functional traits to the understanding of palaeoenvironmental changes[END_REF].

Data collection

We used 1133 m1 and 990 M1 housed at the Musée de l'Homme, Paris, France and the Institut National des Sciences de l'Archéologie et du Patrimoine, Rabat, Morocco. The sample is composed of six of the eight species present at EH2: Meriones shawii, Meriones grandis (referred in the following as the Meriones shawii/grandis complex because of their morphological proximity [START_REF] Stoetzel | Systematics and evolution of the Meriones shawii/grandis complex (Rodentia, Gerbillinae) during the Late Quaternary in northwestern Africa: Exploring the role of environmental and anthropogenic changes[END_REF]), Mus spretus and Dipodillus campestris in abundance and occasionally Lemniscomys barbarus and Apodemus sylvaticus. The abundance of teeth per layer is indicated in Table 1. Teeth photographs were taken using Nikon digital camera D 5500 coupled with AF-S Micro NIKKOR 60 mm and macro extension tubes. Picture taking was standardized: teeth were always placed so that the occlusal surface is horizontal. We obtained two categories of pictures: in situ teeth (when teeth are set in the mandible or the maxilla) and individualized teeth (when teeth are no longer encased in the bone). In the first case, masks of teeth were manually extracted using the software Gimp v 2.10.6 (The GIMP Development Team, 2018). In the second case, masks extraction was semi-automatized using the software ImageJ 1.52j [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF], through the use of the segmentation procedure of the MorphoLibJ plugin [START_REF] Legland | MorphoLibJ: integrated library and plugins for mathematical morphology with ImageJ[END_REF] which automatically detects objects on a picture. Difference between those two acquisition methods was tested and was not statistically significant (Table S1). The data acquisition protocol is summarized in Fig. 2. Finally, we extracted outlines from the masks using the library Momocs [START_REF] Bonhomme | Landmark Methods for Forms Without Landmarks: Localizing Group Differences in Outline Shape[END_REF] in the free software R (R Development Core Team, 2018).

Fig. 2 Acquisition protocol from picture taking to masks extraction. The protocol depends on whether the teeth are individualized or not. Individualized teeth are no longer embedded in the bone. In situ teeth are those that are still set into the mandible or the maxilla.

Geometric morphometric analyses

Teeth shape was approximated through the 2D outlines of the teeth in occlusal view.

Outlines have been taken at the base of the molar crown, which is less affected by age. This is especially the case for Meriones which have semi-hypsodont characteristics. As a consequence the occlusal surface and pattern varies importantly with the age of the individual (as discussed in [START_REF] Stoetzel | Systematics and evolution of the Meriones shawii/grandis complex (Rodentia, Gerbillinae) during the Late Quaternary in northwestern Africa: Exploring the role of environmental and anthropogenic changes[END_REF]. Shape analyses were performed under the free software R (R Development [START_REF] Core | R: A language and environment for statistical computing[END_REF]. Fourier analysis is an efficient method to describe teeth morphology (Renaud, 1999) and is less sensitive to wear than landmarksbased approach [START_REF] Renaud | Morphological evolution of the murine rodent Paraethomys in response to climatic variations (Mio-Pleistocene of North Africa)[END_REF][START_REF] Renaud | First upper molar and mandible shape of wood mice (Apodemus sylvaticus) from northern Germany: ageing, habitat and insularity[END_REF].

The registration process proposed in this article relies on an algorithm of Functional Generalized Procrustes Analysis (FGPA) developed by David Nerini, one of our collaborator. It is an extension of the GPA algorithm that can be found in Dryden and Mardia (1998) (p. 90) but adapted in case where the outline of an object is considered as a continuous closed curve. The idea behind this landmark free method is to avoid the delicate choice of the number and the position of landmarks.

Consider an observed closed contour of tooth arriving as 𝑀 pairwise observations (𝑥 $ , 𝑦 $ ), … , (𝑥 ) , 𝑦 ) ). We first consider that a contour line can be expressed as two curves *𝑋(𝑡), 𝑌(𝑡). that are supposed to be a linear combination of 𝐾 known basis functions such that:

𝑋(𝑡) = α $ ϕ $ (𝑡) + ⋯ + α 5 ϕ 5 (𝑡) Y(𝑡) = β $ ϕ $ (𝑡) + ⋯ + β 5 ϕ 5 (𝑡),
where the α 8 s and β 8 s are coefficients that must be estimated with regression on the sampled data. The time index 𝑡 arbitrarily belongs to [0; 2𝜋]. The basis functions ϕ 8 , 𝑘 = 1, ⋯ , 𝐾 are chosen by the practitioner and constitute a Fourier basis in our case. Other choices (B-splines, polynomials, …) can be relevant as well. The regression procedure is the same as that used in classical regression but in the functional case (see [START_REF] Ramsay | Modelling functional responses with multivariate covariates[END_REF] for more details). The number 𝐾 of basis coefficients is arbitrarily fixed in such a way that a sufficient amount of curve variability is captured. In our case, we used 30 basis coefficients.

Once every contour line is expressed through its estimated Fourier coefficients, it is possible to apply the FGPA algorithm using these coefficients as inputs. Registration of closed curves involves translating, rescaling, rotating and changing the phase of the configurations relative to each other so as to minimize an objective function (a total sum of squares). The registration of the starting point (phase changing) between curves is the main difference compared to the original algorithm and is essential as shown in Once the contour lines have been registered, classical shape analyses can be achieved on the registered Fourier coefficients. We used all Fourier coefficients in following statistical analyses.

All subsequent treatments have been applied on the two datasets (m1 and M1) separately.

To reduce data dimensionality in further analyses we performed principal component analyses on both datasets using the PCA function of the FactoMineR package [START_REF] Lê | FactoMineR: an R Package for multivariate analysis[END_REF]. We retained 95% of the shape variability, the latest principal components being usually considered as neglectable (Baylac & Frieß, 2005). In total, we used 20 principal components for the m1 dataset and 20 for the M1 dataset. As an estimate of the size, we used the surface area of the masks.

Clustering analyses

In order to partition datasets on the basis of their main pattern of shape variation and without any prior information, we performed unsupervised clustering analyses. We choose to explore two complementary clustering protocols (summarized in Fig 4 ):

1. Method 1 partitions the global variability into MGs and gives an overview of MGs evolution over time by retaining identity between MGs from one layer to another. The clustering was applied on the overall datasets.

2. Method 2 partitions variability on each layer separately. The clustering was applied independently on each layer. Thus, it does not allow us to follow MGs evolution over time because the relationship between MGs determined on different layers is not known.

Consequently, part of our analyses could not be performed on MGs found with method 2.

Clustering analyses were performed using unsupervised morphological K-nearest neighbors method (KNN). KNN is a non-parametric classification (i.e. a method that is not based on statistical distributions) and therefore was applicable to both of our approaches (each of them implying highly varied sample sizes). KNN classification is based on the assumption: "tell me who your neighbors are, and I will tell you who you are". In other words, each shape object is affected to its nearest neighbors' clusters. Unsupervised KNN is implemented in the clues function of the clues package [START_REF] Wang | CLUES: A non-parametric clustering method based on local shrinking[END_REF].

The dissimilarity measure used is Euclidean. In clues the number of clusters and K (the number of neighbors to consider) are estimated by the algorithm. The number of clusters is obtained thanks to a partition procedure preceded by a local shrinking procedure, in which data points are "shrinked" toward a cluster center [START_REF] Wang | CLUES: A non-parametric clustering method based on local shrinking[END_REF]. Then K is selected between 1 to n-1 (n being the number of objects) based on the more robust clustering result [START_REF] Wang | CLUES: A non-parametric clustering method based on local shrinking[END_REF]. This robustness is assessed by the Silhouette index (SI) [START_REF] Kaufman | Finding groups in data. an introduction to cluster analysis[END_REF] which measures the strengths of clusters. SI is determined for each data point. It is comprised between -1 and 1. If SI>0 the data point is closer to its assigned cluster than to other clusters. If SI<0 the data point is misassigned to its cluster. If SI=0 the data point is at equal distance from its assigned cluster and neighboring clusters. To ensure that points are correctly allocated to clusters the average SI is calculated and must be strictly positive [START_REF] Wang | CLUES: A non-parametric clustering method based on local shrinking[END_REF]. Clustering results and species are presented on PCA per layer in Figure S1, S2, S3 and S4. Size differences between MGs were tested using an one-factor ANOVA (analysis of variance) performed with the aov function of the stats library.

Fig. 4 Protocols of the two clustering methods.

Global shape and size variation

First, we assessed the impact of local environmental changes on the overall shape and size variation. We performed a multivariate analysis of variance (MANOVA) to test if shape is different depending on the environment using the manova function of the stats library, followed by pairwise Hotelling's T 2 tests (the multivariate alternative to the t-test) using [START_REF] Curran | Package 'Hotelling[END_REF]. Regarding size, we performed an one-factor analysis of variance (ANOVA) using the aov function of the stats library, followed by pairwise t-tests using the pairwise.t.test function of the stats library.

To correct results for multiple testing we applied Bonferroni's criteria which consists in identifying the number of tests n, then performing each of the n tests not at the α level of significance, but at the α/n level. Visualisations of shape and size differences between environments are presented.

We studied more extensively the impact of local environmental changes on four shape indicators: number of MGs, relative abundances in MGs, MGs disparity and MGs mean shape.

Number of MGs

Number of MGs is the number of significant distinct morphological units in a dataset. It was obtained directly from the clustering analysis. We visualized variation in the number of MGs over time.

Relative abundance in MGs

MGs represent the main pattern of shape variation. Thus, the relative abundance in MGs may reveal shifts in the main morphs that composed a population. On each layer, we computed the percentage of individuals belonging to each groups. This indicator is only computed for MGs obtained with method 1, as MGs of method 2 have no continuity between layers. We tested the statistical significance of the variation in MGs abundances between types of environments and between EH2 layers by performing Friedman tests. This test is a rank sum test often used as an alternative to the one-factor ANOVA on paired samples when the normality assumptions are not met. We used the friedman.test function from the stats library.

Disparity

Disparity is the range of morphological variety in a group. It indicates changes in the amount of variation of a morphotype [START_REF] Gould | Wonderful life: the Burgess Shale and the nature of history[END_REF][START_REF] Gould | The disparity of the Burgess Shale arthropod fauna and the limits of cladistic analysis: why we must strive to quantify morphospace[END_REF][START_REF] Wills | Disparity as an evolutionary index: a comparison of Cambrian and Recent arthropods[END_REF][START_REF] Foote | The evolution of morphological diversity[END_REF]. When considered independently of phylogenetic relationships a good estimate of disparity is to quantify the amount of occupied morphospace [START_REF] Wills | Disparity as an evolutionary index: a comparison of Cambrian and Recent arthropods[END_REF]. As disparity estimator we used the median of the distances from the centroid of the group, a variance measure relatively insensitive to outliers [START_REF] Guillerme | Disparities in the analysis of morphological disparity[END_REF].

Disparity was obtained thanks to the function dispRity.per.group from package DispRity [START_REF] Guillerme | dispRity : a modular R package for measuring disparity (T Poisot[END_REF]. This function contains a bootstrap procedure to reduce effect of sample composition, a common issue when studying disparity [START_REF] Butler | How do geological sampling biases affect studies of morphological evolution in deep time? A case study of Pterosaur (Reptilia: Archosauria) disparity: geological sampling biases and disparity[END_REF]. Regarding sample size, variance is generally not biased by it [START_REF] Foote | The evolution of morphological diversity[END_REF] and no sample size correction has been applied. We tested the statistical significance of disparity variation between the types of environments and between EH2 layers. Regarding method 1 we performed Friedman tests using the friedman.test function from the stats library. Regarding method 2 we performed Kruskal-Wallis tests, a test similar to the Friedman test but adapted to independent samples. We used the Kruskal.test function from the stats library.

MGs mean shapes

Mean shape reflects changes in the global shape of a group over time. It could detect shape divergence in groups in some layers. To quantify shape variations we built a distance tree between mean shapes per MG per layer. We computed Mahalanobis distances and built the tree using the neighbor joining algorithm, an agglomerative clustering method. The distance between groups in the tree is proportional to the morphological differences. To do that, we used the functions dist from the package stats and nj from the package ape (Paradis, Claude, & Strimmer, 2004). Visualizations of mean shapes per MG were also obtained.

The neighbor joining distance trees are only computed for MGs obtained with method 1, as MGs of method 2 have no continuity between layers. For each MG, we also tested the statistical significance of mean shapes variation between the types of environments and between EH2 layers. We performed MANOVA using the manova function of the stats library. When the MANOVA between environmental types was significant, we conducted pairwise Hotelling's T 2 tests using the hotelling.test function from the Hotelling library [START_REF] Curran | Package 'Hotelling[END_REF] and corrected them by applying Bonferroni's criteria.

Biodiversity indices

Biodiversity indices are frequently used in ecology, and some of them as the Shannon and Simpson indices are also often applied to rodents fossil assemblages [START_REF] Avery | Micromammals as paleoenvironmental indicators and an interpretation of the late Quaternary in the Southern Cape Province[END_REF][START_REF] Geraads | The rodents from the late middle Pleistocene hominid-bearing site of J'bel Irhoud, Morocco, and their chronological and paleoenvironmental implications[END_REF][START_REF] Meunier | Mise à jour de la liste des rongeurs d'Algérie, biogéographie et implications paléoécologiques[END_REF]. Those indices compute quantitative parameters about the structure of specific diversity of a faunal assemblage (as species richness, diversity and specific dominance). We choose three diversity indicators:

1. Number of taxa over time.

2. Shannon-Weaver index (H'), which allows estimation of the diversity of a community of organism. A value close to 0 indicates that only one species is represented or that most of organisms belong to one same species. The index is maximal when many species are represented and when organisms are well distributed among species [START_REF] Blondel | Avifaune et végétation. Essai d'analyse de la diversité[END_REF][START_REF] Hill | Diversity and Evenness: A Unifying Notation and Its Consequences[END_REF]. This index is sensitive to variations of abundance in rare species [START_REF] Peet | The Measurement of Species Diversity[END_REF] and highly sensible to sample size when it is composed of less than 25 individuals (Cruz-Uribe, 1988) (which is not the case here).

Simpson index (D)

, which measures the probability that two randomly selected individuals are of the same species. We used the unbiased Simpson index (D') which is corrected for sample size, as suggested in [START_REF] Faith | The measurement of taxonomic evenness in zooarchaeology[END_REF]. It ranges from 0 (when diversity is maximal) to 1 (when diversity is minimal). The transformation 1-D' provides values that are easier to manipulate and interpret [START_REF] Pielou | An introduction to mathematical ecology[END_REF][START_REF] Hill | Diversity and Evenness: A Unifying Notation and Its Consequences[END_REF]. This index is sensitive to variations of abundance in more important species [START_REF] Peet | The Measurement of Species Diversity[END_REF].

They were computed for rodents and the whole terrestrial microvertebrates based on data from [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF] and [START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF]Stoetzel et al. ( , 2012b)).

Results

Clustering analyses

Clustering results for both methods and both datasets are summarized in Table 2. All values of SI means are in the range of (0,1), meaning data points are rightly assigned to their clusters.

With method 1, we identified three MGs in the m1 dataset. MG1 contains mainly Mus spretus teeth, but also some Dipodillus campestris, Meriones shawii/grandis and Apodemus sylvaticus teeth. MG2 and MG3 contain mostly Meriones shawii/grandis teeth, but also some Dipodillus campestris and Mus spretus teeth. In the M1 dataset, two MGs were identified. MG1 is transgeneric and contains Mus spretus and Meriones shawii/grandis teeth, while MG2 is mainly composed of Meriones shawii/grandis teeth.

MGs display significant different size for m1 (anova: p-value < 2e-16 ***; df = 2; F = 355) and M1 (anova: p-value < 2e-16 ***; df = 1; F = 70.57).

For method 2, we identified up to three MGs per layer in the m1 dataset. Except for L7, all layers display only two MGs. Half of the MGs is transgeneric, while the other half is mainly composed of Meriones shawii/grandis teeth. In the M1 dataset, up to five MGs were identified. As for m1, half of the MGs is transgeneric, while the other half is mainly composed of Meriones shawii/grandis teeth. MGs display significant different size for m1 (anova: p-value < 2e-16 ***; df = 1; F = 145.9) and M1 (anova: p-value < 2e-16 ***; df = 1; F = 95.82). The detailed composition of each MG is available in Table S2, Table S3, Table S4 and Table S5. S6.

Number of MGs

Variation over time in the number of MGs is presented in They are computed using both method 1 and method 2. For clarity, each analysis result is referred as "dataset-method", as in m1-method1. The number of MGs increases in m1- 

Relative abundance in MGs

The relative abundances of MGs are presented in Fig. 8 MGs mean shape and relative abundance in MGs over the eight studied stratigraphic layers of EH2 (method 1). Environmental conditions [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] El Hajraoui | Préhistoire de la région de Rabat-Témara[END_REF] tests are presented in Table S7.

Biodiversity indices

Biodiversity indices over the eight studied stratigraphic layers of EH2 are presented in 

Discussion

We aimed to assess phenotypic evolution in EH2 cave rodents relatively to local environmental changes. To do so, we studied shape variation of rodents' teeth over time through an approach that set MGs instead of taxa as phenotypic units. First, we will discuss the evidenced phenotypic variation over time and through environmental changes. Then, we will discuss our methodological approach. Environmental conditions [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] El Hajraoui | Préhistoire de la région de Rabat-Témara[END_REF] 

Phenotypic variations under changing environments

We evidenced significant variations in the shape of rodents molars related to local environmental changes. Molars of individuals that lived under more humid environments display less marked outlines. This shape pattern indicates a more flat teeth surface, and thus more worned teeth. [START_REF] Renaud | Impact of wear and diet on molar row geometry and topography in the house mouse[END_REF] evidenced in the house mouse that softer food could induce more wearing, probably through tooth-tooth attrition or by a different tooth row occlusion. As rodents are opportunistic feeders [START_REF] Nowak | Walker's mammals of the world[END_REF]Cox & Hautier, 2015), they may include softer invertabrates present under humid conditions to their diet.

In addition, rodents may eat more plants under humid conditions, when vegetation can thrive, than under arid conditions, where they migth rely on others food ressources. An herbivorous dominated diet may lead to more worn and flat teeth because of plants abrasivity (Ungar et al., 2021a).

We also evidenced environmental-related size variations. Molars of individuals from more humid and closed environments are much smaller than those of individuals from others environments. A humid and closed environments suggest a more abundant vegetation and a denser cover. A smaller size might ease mobility in dense environments, and be advantageous to escape from predators [START_REF] Rieder | Structural changes in vegetation coincident with annual grass invasion negatively impacts sprint velocity of small vertebrates[END_REF].

These morphological variations, despite being significant, are not related to the main pattern of shape variation in molars. Indeed, the relative abundance in MGs, which represents the main pattern of morphological variation, is not related to environmental changes. However, mean shape variation within MGs is significantly different between environments. These results suggest that the shape response to local environmental changes occur within MGs. Relative abundance in MGs is nevertheless significant for m1 over the EH2 sequence. It might be related to other(s) selective pressure(s), as competition, which has been show to have a greater influence on molar shape than climate in the insular mouse (Ledevin et al., 2016).

The main significant disparity variation consists in an increase from L8 to L4a followed by a huge diversity drop between L4a and L3 and then by an increase until L1 (around the Late Pleistocene-Holocene transition). It is illustrated by the disparity variations of the three MGs of m1-method1 and of MG2 of M1-method1, meaning important changes in the amount of variation within concerned morphotypes. The Shannon index of terrestrial microvertebrates displays similar variation over time. This supports the idea that rodent teeth might be a good proxy to estimate variation in microvertebrate diversity. Moreover, it demonstrates that the exclusion of some rare species from our sampling (Jaculus cf orientalis and Eliomys cf munbianus) does not affect significantly our results.

Despite being significant over the EH2 sequence, none of the variation in disparity are signicantly related to environmental changes. This is surprising, as commonly variation in disparity has an ecomorphological meaning through the functional significance of morphological features [START_REF] Ricklefs | Ecological and evolutionary inferences from morphology: an ecological perspective[END_REF][START_REF] Van Valkenburgh | Ecomorphological analysis of fossil vertebrates and their paleocommunities[END_REF]. In the case of teeth, because morphological changes can be related to environment through diet [START_REF] Wolf | Does weather shape rodents? Climate related changes in morphology of two heteromyid species[END_REF][START_REF] Mcguire | Geometric morphometrics of vole (Microtus californicus) dentition as a new paleoclimate proxy: Shape change along geographic and climatic clines[END_REF][START_REF] Coillot | Correlated changes in occlusal pattern and diet in stem murinae during the onset of the radiation of old world rats and mice[END_REF][START_REF] Cano | Dietary ecology of murinae (Muridae, Rodentia): a geometric morphometric approach (L Viriot[END_REF]Gomes Rodrigues, 2015a;[START_REF] Pineda-Munoz | Inferring diet from dental morphology in terrestrial mammals (N Cooper, Ed.)[END_REF], changes in disparity/diversity patterns are supported to reflect environmental variations [START_REF] Erwin | Disparity: morphological pattern and developmental context[END_REF]. Moreover, the fact that similar disparity trends in our results are displayed by two morphological features (m1 and M1) and are shared between MGs that include diverse species (Meriones shawii/grandis, Dipodillus campestris and Mus spretus) suggests that it is driven by (an) external disturbance(s).

Moreover, other clades than rodents are also impacted: variations in shrew species composition have also been observed in the same layers (Cornette et al., 2015c). Either disturbances of another nature -ecological or anthropogenic -must have caused those phenotypic changes, or there have been environmental changes that could not be detected through the usual markers used in paleoenvironmental inferences.

This mismatch might be explained by the fact that paleoenvironmental inferences can sometimes be questionable. At EH2, paleoclimatic fluctuations assessment were based on standard analyses of microvertebrate assemblages and were complemented by stable carbon ( 13 C) and oxygen ( 18 O) isotopes analyses on Meriones shawii/grandis teeth [START_REF] Jeffrey | Exploring palaeoaridity using stable oxygen and carbon isotopes in small mammal teeth: a case study from two Late Pleistocene archaeological cave sites in Morocco[END_REF]. These analyses indicated that L11 to L7 (dated to MIS 5) encountered more humid conditions than today, while L6 to L3 (dating from MIS 5 to 3) were subjected to conditions similar to the present ones. This suggests a relatively open environment throughout the Late Pleistocene. L2 (dated to MIS 2) appears more arid, which is consistent with the MIS 2 aridification of the region. We thus observed some discrepancies with the previous paleoecological data, notably in L7, L6 and L5. Isotopic results indicate relatively humid conditions in L7 and L5 and more arid ones in L6, while faunal communities indicate the opposite. These discrepancies could be explained by different phenomena. One of these could be the differences in the signals recorded from a set of species communities and those recorded from individuals within a single species (which can adapt differently to environmental changes) [START_REF] Stoetzel | Quaternary terrestrial microvertebrates from mediterranean northwestern Africa: State-of-the-art focused on recent multidisciplinary studies[END_REF]. Consequently, the paleoenvironmental signal at the individual or species/MG scales may be different than at the community scale.

Regarding the m1 dataset, the MG comprising Mus spretus (MG1) displays more similar mean shapes per layers than other MGs. This suggests a high morphological stability of this MG over time and environmental changes. It is consistent with the continuous presence of this species over the EH2 sequence, with no significant changes in terms of abundance over time [START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF], and a stability in morphology and size of molars from the Late Pleistocene to the Middle Holocene [START_REF] Stoetzel | Mus in Morocco: a Quaternary sequence of intraspecific evolution: Quaternary Evolution of Mus in Morocco[END_REF]. This may be related to either a strong adaptability of this generalist species to environmental changes and/or a continuous presence of suitable habitats for this species in the Rabat-Temara region through the Late Quaternary [START_REF] Lalis | Out of Africa: demographic and colonization history of the Algerian mouse (Mus spretus Lataste)[END_REF]. Geometric morphometric analysis of Meriones molars have shown that during the Late Pleistocene both M. shawii and M. grandis were present in western Morocco [START_REF] Stoetzel | Systematics and evolution of the Meriones shawii/grandis complex (Rodentia, Gerbillinae) during the Late Quaternary in northwestern Africa: Exploring the role of environmental and anthropogenic changes[END_REF]. Few changes occurred throughout this period despite several climatic changes, indicating that suitable habitats probably always occurred in the region, as it was the case for Mus spretus. But during the Middle Holocene, paleontological and morphometric analyses have highlighted a change in the faunal spectrum and species distribution accompanied by a clear demographic collapse [START_REF] Lalis | Phylogeography and demographic history of Shaw's Jird (Meriones shawii complex) in North Africa[END_REF][START_REF] Stoetzel | Systematics and evolution of the Meriones shawii/grandis complex (Rodentia, Gerbillinae) during the Late Quaternary in northwestern Africa: Exploring the role of environmental and anthropogenic changes[END_REF]. We therefore suggest that during the humid period of the Middle Holocene, when Mediterranean forests expanded, the semi-arid open steppe habitats, more suitable for Meriones, decreased drastically in the northern half of Morocco leading to population collapses and changes in their geographic distribution. Consequently, we hypothesize that Mus spretus may have been less affected by environmental changes than Meriones shawii/grandis and that the identified disturbance(s) in L4a must be of a climatic nature. This is supported by isotopes studies that display a higher δ 13 C than the normal values observed at EH2, possibly indicating an important change in vegetation at this time [START_REF] Jeffrey | Exploring palaeoaridity using stable oxygen and carbon isotopes in small mammal teeth: a case study from two Late Pleistocene archaeological cave sites in Morocco[END_REF]. Another possibility would be to relate this change in fauna with predator activity. Presence of variable non-human predators (especially canids, such as jackal and fox, and birds of prey) have been attested at EH2 cave and are suspected to be the main agent of modification for faunal remains [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] Campmas | Were Upper Pleistocene human/non-human predator occupations at the Témara caves (El Harhoura 2 and El Mnasra, Morocco) influenced by climate change?[END_REF][START_REF] Campmas | Which predators are responsible for faunal accumulations at the Late Pleistocene layers of El Harhoura 2 Cave (Témara, Morocco)?[END_REF]. Even if the microvertebrate diversity does not appear to be related to predator shift between levels [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF], microevolutionary trends might have been affected, thereby influencing macroevolutionary trends [START_REF] Hansen | Translating between microevolutionary process and macroevolutionary patterns: the correlation structure of interspecific data[END_REF].

The combination of the different shape indicators can allow us to formulate hypotheses about evolution scenarios. This is the case for the phenotypic changes in M1-method1 that occurs in L3, and especially MG2. In this layer, there is a disparity drop combined with a mean shape convergence between the two MGs. Mean shapes represent clumps of forms in the occupied morphospace, and disparity the dispersal of those clumps. It is known that morphological clumps can represent local optima surrounded by less fit alternatives [START_REF] Erwin | Disparity: morphological pattern and developmental context[END_REF]. Shift in mean shapes should then happen when there is shift in ecology and so in optima. Moreover, changes in disparity patterns can reveal patterns of morphological selectivity [START_REF] Erwin | Disparity: morphological pattern and developmental context[END_REF]. Thus, reduction in disparity combined with a mean shape shift towards a particular morphotype can be interpreted as the selection of a form that is advantageous with respect to environmental conditions. Then, we can hypothesize that a morphological selective event occurred in L3, resulting in a shape convergence between the two MGs.

In L7 in m1-method 2 and M1-method 2 an increase in the number of MGs coupled with a decrease in the disparity of some MGs is observed. The presence of a new morphotype might have reinforced competition for resources resulting in each morphotype in a convergence toward its mean shape, reducing each group's disparity. Faunal variations in this layer were also observed in shrews with a particular species composition in the layer (Cornette et al., 2015c). It might be explained by a particularly arid and open environment at this time [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] El Hajraoui | Préhistoire de la région de Rabat-Témara[END_REF]. However, isotope studies disagree with this hypothesis and suggest more humid conditions [START_REF] Jeffrey | Exploring palaeoaridity using stable oxygen and carbon isotopes in small mammal teeth: a case study from two Late Pleistocene archaeological cave sites in Morocco[END_REF]. The hypothesis of an arid climate in L7, as in L5, is mainly supported by species abundance and the presence of Jaculus cf. orientalis. But this steppic species can also be considered as an indicator of more continental conditions (i.e. shoreline retreat caused by a sea-level drop) rather than particularly arid conditions. Consequently, some arguments question the paleoenvironmental inferences in L7 based on faunal communities, even if it is almost undeniable that an environmental change occurred.

In L6, MG1 of M1-method1 display a huge disparity drop. An important fact to underline is that L7 and L6 (as for L4a and L3) are very close layers in datation (Jacobs et al., 2012;[START_REF] Janati-Idrissi | Datation par ESR-U/th combinées de dents fossiles des grottes d'El Mnasra et d'El Harhoura 2, région de Rabat-Temara. Implications chronologiques sur le peuplement du Maroc atlantique au Pléistocène supérieur et son[END_REF]Ben Arous et al., 2020a, 2020b). Thus, it is not excluded that these phenotypic variation have a unique cause. We must also have to keep in mind that two species, which we know are present in these deep layers, have not been included in this study (Jaculus cf. orientalis in L5 and L7 and Eliomys cf. munbyanus in L5 and L8).

Therefore, the importance of these trends might be under-estimated by this bias in the sampling.

Lower and upper molars, two complementary models

Shapes of the two biological objects -m1 and M1 -globally reflects similar evolutionary patterns as is has been observed in other rodents species (e.g. [START_REF] Renaud | Morphological evolution of the murine rodent Paraethomys in response to climatic variations (Mio-Pleistocene of North Africa)[END_REF]. More diversity was identified among m1, but more varied trends was displayed by M1. This last result is expected as M1 are known for being more reflective of environmental variations than m1 (Renaud, 1999;[START_REF] Cano | Dietary ecology of murinae (Muridae, Rodentia): a geometric morphometric approach (L Viriot[END_REF]. Statistical tests of mean shape differences between environmental types show indeed that M1 are more sensible to environmental changes than m1. But also, eventually less informative because they are less specific to particular environmental transitions. Each of the biological models allowed us to detect different particular trends: different phenotypic responses within one species in the case of m1, and for M1 a morphological selective event in L3. Those two phenotypic proxies thus provide complementary information leading to a better understanding of rodents' phenotypic evolution.

Biological interpretation of the MGs

The MGs are taxon-free groups of specimens with more similar teeth shape and significant different size. They revealed to be also characterized by phenotypic evolutionary characteristics. For example, MGs of m1-method1 display different mean shapes similarities between layers. This could be interpreted as different degrees of morphological stability over time and through varied environments. MG1 displays more similar mean shapes, possibly implying high resistance to external variations. Conversely MG2 have more different mean shapes between layers, suggesting that this MG may be more plastic.

Moreover, MGs are not equally sensible to all environmental changes, suggesting that they are responsive to different environmental parameters. Thus, MGs seem to have different responses to disturbances. They might be interpreted as taxon-free ecological response groups, which can be expected from the fact that rodents are ecological opportunists with flexible diet and habitat preference [START_REF] Nowak | Walker's mammals of the world[END_REF][START_REF] Alhajeri | Ecological and Ecomorphological Specialization Are Not Associated with Diversification Rates in Muroid Rodents (Rodentia: Muroidea)[END_REF].

We detected more phenotypic variations than what is evidenced by conventional indicators of biodiversity, although our results remain consistent with the latter. This may be explained by the fact that during the Late Quaternary environmental changes were less abrupt in North Africa than in Europe and no major faunal turnover was observed. The geographical location of the EH2 cave also implies that fauna and vegetation are strongly influenced by the Atlantic climate, which was probably the case during the whole Quaternary. This includes lesser variations in humidity and temperature on the coast than in the interior of the continent, as well as regional faunal differences [START_REF] Stoetzel | Adaptations and dispersals of anatomically modern humans in the changing environments of North Africa: the contribution of microvertebrates[END_REF][START_REF] Stoetzel | Quaternary terrestrial microvertebrates from mediterranean northwestern Africa: State-of-the-art focused on recent multidisciplinary studies[END_REF]. In sum, only minor changes in microvertebrate communities were observed throughout the EH2 sequence [START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF][START_REF] Stoetzel | Late Cenozoic micromammal biochronology of northwestern Africa[END_REF][START_REF] Stoetzel | Adaptations and dispersals of anatomically modern humans in the changing environments of North Africa: the contribution of microvertebrates[END_REF]. This means that a 'common pool' of species was preserved through time with only a few differences in the composition and proportions of species. Microvertebrates underwent low amplitude environmental changes, although alternations between arid and humid periods was recorded at EH2. The landscapes would have been characterized by a mosaic of habitats with only the relative cover of the different habitats changing over time. Most of these changes have certainly been too subtle to be detected by the classic biodiversity indices.

In an archeological context this approach may represent another way of apprehending phenotypic diversity. It is recognized that in archeology global diversity is often underestimated because of the difficulty to identify some taxa [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF]. Moreover, even regarding current taxa taxonomy can be unstable as for the Meriones shawii/grandis complex, the systematic of which was very controversial during a long time [START_REF] Carleton | Order Rodentia[END_REF][START_REF] Darvish | Morphological comparison of fourteen species of the genus Meriones Illiger, 1811 (Rodentia: Gerbillinae) from Asia and North Africa. Iran[END_REF][START_REF] Lalis | Phylogeography and demographic history of Shaw's Jird (Meriones shawii complex) in North Africa[END_REF][START_REF] Stoetzel | Systematics and evolution of the Meriones shawii/grandis complex (Rodentia, Gerbillinae) during the Late Quaternary in northwestern Africa: Exploring the role of environmental and anthropogenic changes[END_REF]. The MG approach is independent of identification, and in some cases unsupervised clustering proved to better evaluate phenotypic diversity than species [START_REF] Quenu | Geometric morphometrics and machine learning challenge currently accepted species limits of the land snail Placostylus (Pulmonata: Bothriembryontidae) on the Isle of Pines, New Caledonia[END_REF]. Moreover, the association of geometric morphometrics and machine learning has repeatedly proven its ability for phenotype discrimination [START_REF] Dubey | Potential of Artificial Neural Networks in Varietal Identification using Morphometry of Wheat Grains[END_REF][START_REF] Bocxlaer | Comparison of morphometric techniques for shapes with few homologous landmarks based on machine-learning approaches to biological discrimination[END_REF]Cornette et al., 2015c;[START_REF] Guillaud | Is vertebral form a valid species-specific indicator for salmonids? The discrimination rate of trout and Atlantic salmon from archaeological to modern times[END_REF][START_REF] Mapp | Otolith shape and size: The importance of age when determining indices for fish-stock separation[END_REF][START_REF] Soda | Artificial neural networks and geometric morphometric methods as a means for classification: A case-study using teeth from Carcharhinus sp. (Carcharhinidae)[END_REF][START_REF] Fang | Beak identification of four dominant octopus species in the East China Sea based on traditional measurements and geometric morphometrics[END_REF][START_REF] Quenu | Geometric morphometrics and machine learning challenge currently accepted species limits of the land snail Placostylus (Pulmonata: Bothriembryontidae) on the Isle of Pines, New Caledonia[END_REF]. As a consequence, it might be a complementary local diversity indicator to species, as it does not carry the same information and potentially represent ecological groups.

However, this approach has the disadvantage of being a relative rather than an absolute characterization of phenotypic diversity, which sometimes could lead to an underestimation of the overall diversity when compared with other localities [START_REF] Read | Biocrust morphogroups provide an effective and rapid assessment tool for drylands (S Wan[END_REF]. Moreover, we have to keep in mind that Jaculus cf. orientalis (present in L5 and L7) and Eliomys cf.

munbyanus (present in L5 and L8) were not considered in the present study because of the lack of usable teeth for geometric morphometric analyses, which could have led to an underestimation of the diversity in the deepest levels.

Herein, the MG approach was addressed through two complementary methods. The major difference between the two is that: method 1 partitions the variability once on the overall dataset while method 2 does it layer by layer. By pooling remains from different layers, the partitioning protocol of method 1 implies that phenotypic evolution occurring in MGs over time is less important than the phenotypic difference between MGs. It is questionable whether this hypothesis is fully satisfied. First, the number of MGs varies greatly between the two methods. Then, phenotypic evolution has already been brought to light over the studied time interval (i.e. between layers). Indeed, morphological differences have been observed in remains of one same taxon between old and recent layers. Those differences have been imputed to the presence of "primitive" morphological characters in old layers [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF]). Yet, the overall similarity of trends between the two methods suggests that it is doubtful that these phenotypic changes are equally or more important than phenotypic differences between MGs. The case of EH2 rodents seems to meet in some extent the assumption implied by method 1. However, this is not the case for any data set, and the MG approach will only be applicable to a limited number of cases.

Conclusion

We evidenced phenotypic variations in response to local environmental changes. MGs appear to be phenotypic response units representing ecological groups that are transversal between species. Local environmental changes do not impact the main pattern of shape variation, but induce changes within MGs. However, the impact of the environment on the phenotype might be underestimated. Discrepancies between paleoenvironmental proxies suggest the existence of some uncertainties in paleoenvironmental inferences that might blur the environmental signal. A lead for future investigations may be to look at functional characteristics of MGs in addition to morphological ones. Because they represent more directly the ability of individuals to perform ecological relevant tasks they might allow one to obtain a better characterization of the phenotypic responses to environmental changes.

Supplementary material

Fig. S1 Clustering results of method 1 and 2 and species of lower molars (m1) presented on the PCA split per layer. Layers 1 to 4a are presented. 

Table. S1

Statistical tests of the difference between the two acquisition methods (manual and semi-automatized). Test A: one m1 of Mus spretus was acquired twenty times (ten times with the manual acquisition method, and ten with the semi-automatized method). Test B: ten teeth (m1 and M1) of Mus spretus were acquired two times (one time with the manual acquisition method, and one with the semi-automatized method). In both tests, difference between the two acquisition methods was tested using a MANOVA (multivariate analysis of variance) with the MANOVA function of the Momocs package [START_REF] Bonhomme | Landmark Methods for Forms Without Landmarks: Localizing Group Differences in Outline Shape[END_REF]. NS is indicated when the result is non-statistically significant.

Wilks'Lambda P-value

Test A 0.055 0.077 NS In the previous chapter, we evaluated the response of morphological traits to local environmental variations and defined a phenotypic approach through the characterization of MGs. The MGs are characterized by different shape and size and do not respond to the same environmental changes: they seem to act as ecological groups. We demonstrated that shape is partly related to local environmental changes, but that these changes do not drive to the main pattern of shape variation evidenced by morphological groups. Indeed, these responses occur within MGs and local environmental changes do not significantly affect variation in disparity or relative abundance in MGs. Morphological traits are impacted by local environmental changes, but less than expected. Functional traits, that may be under different constraints than morphological traits, might display a stronger response to local environmental changes. In chapter 2, we explore how a functional trait, estimated bite force, is related to local environmental changes depicted by paleoenvironmental indicators from the literature. Because modularity may explain the relationship between the variation in mandible shape and the variation in estimated bite force, we also investigate variations in the degree of modularity of the mandible. In further MGs analyses in this thesis we use only method1. Indeed, in chapter 1 trends are overall similar between method 1 and method 2, method 1 evidenced more statistically significant phenotypic variations and because MGs identity between layers is preserved, it allows one to explore more phenotypic indicators.

Test B 0.83 0.95 NS
Diagram showing how chapter 2 fits into the thesis problematic.

Introduction

Performance traits, provide a direct link between ecology, morphology, and fitness [START_REF] Arnold | Morphology, Performance and Fitness[END_REF][START_REF] Wainwright | Functional morphology as a tool in ecological research[END_REF]. They reflect the ability of individuals to perform ecologically relevant tasks [START_REF] Irschick | How does selection operate on whole-organism functional performance capacities? A review and synthesis[END_REF] and are subjected to selection (Irschick et al., 2008). In animals, performance traits are dependent on skeletal structures, variation in muscular anatomy, contractile physiology, and variation in biomechanical traits such as lever arms. Consequently, the relationship between morphological and functional traits is complex [START_REF] Wainwright | Functional morphology as a tool in ecological research[END_REF][START_REF] Irschick | How does selection operate on whole-organism functional performance capacities? A review and synthesis[END_REF]. Different morphological traits can generate similar functional outputs by redundancy [START_REF] Alfaro | Evolutionary Consequences of Many-to-One Mapping of Jaw Morphology to Mechanics in Labrid Fishes[END_REF], which may lead to functional convergence in organisms living in environments requiring similar performance abilities [START_REF] Wainwright | Many-to-One Mapping of Form to Function: A General Principle in Organismal Design?[END_REF][START_REF] Young | Functional equivalence of morphologies enables morphological and ecological diversity[END_REF]Young et al., , 2010)). Conversely, one morphological trait can affect different performance traits through trade-offs and facilitation. Trade-offs occur when there is a conflicting demand on a phenotypic trait through its differential implication in several performance traits [START_REF] Garland | Ecological morphology of locomotor performance in squamate reptiles[END_REF][START_REF] Van Damme | Evolution of lizard locomotion: Context and constraint[END_REF][START_REF] Walker | A General Model of Functional Constraints on Phenotypic Evolution[END_REF][START_REF] Walker | An Integrative Model of Evolutionary Covariance: A Symposium on Body Shape in Fishes[END_REF][START_REF] Langerhans | Trade-off between steady and unsteady swimming underlies predator-driven divergence in Gambusia affinis[END_REF][START_REF] Holzman | Functional Complexity Can Mitigate Performance Trade-Offs[END_REF][START_REF] Vanhooydonck | Push and bite: trade-offs between burrowing and biting in a burrowing skink (Acontias percivali)[END_REF].

Facilitation, on the other hand, occurs when a similar demand is exerted on a phenotypic trait by several different performance traits [START_REF] Walker | A General Model of Functional Constraints on Phenotypic Evolution[END_REF]. Therefore, a complex "manyto-many" morphology-performance relationship may exist [START_REF] Bergmann | Many-to-Many Mapping of Phenotype to Performance: An Extension of the F-Matrix for Studying Functional Complexity[END_REF], implying that morphological and functional traits may not respond similarly to changes in the environment. Thus, functional traits may be relevant candidates to function as ecological indicators, complementary to morphological traits.

Feeding is the function related to dietary ecology [START_REF] Schwenk | Form, Function, and Evolution in Tetrapod Vertebrates[END_REF]. Bite force is a performance trait implicated in feeding. It is a performance trait directly linked to diet through the mechanical demands imposed by variation in the mechanical properties of food items [START_REF] Anderson | Bite force in vertebrates: opportunities and caveats for use of a nonpareil whole-animal performance measure: bite force in vertebrates[END_REF]Herrel et al., 2008;[START_REF] Dumont | Built to bite: cranial design and function in the wrinkle-faced bat[END_REF][START_REF] Santana | Mechanics of bite force production and its relationship to diet in bats: Bite force and diet in bats[END_REF]Maestri et al., 2016). Changes in diet associated with bite force are considered one of the main drivers of diversification in mammals [START_REF] Christiansen | Bite forces and evolutionary adaptations to feeding ecology in Carnivores[END_REF][START_REF] Monteiro | Evolutionary patterns and processes in the radiation of phyllostomid bats[END_REF]. Thus, bite forces may be a powerful ecological proxy and have been widely used to characterize dietary ecology in vertebrates (e.g. [START_REF] Freeman | Specialized Insectivory: Beetle-Eating and Moth-Eating Molossid Bats[END_REF][START_REF] Losos | The evolution of convergent structure in caribbean anolis communities[END_REF][START_REF] Herrel | Evolution of bite performance in turtles: Evolution of bite force in turtles[END_REF][START_REF] Huber | Analysis of the bite force and mechanical design of the feeding mechanism of the durophagous horn shark Heterodontus francisci[END_REF][START_REF] Kerr | Can functional traits help explain the coexistence of two species of Apodemus?[END_REF].

Studies on bite force in fossil taxa are common as they may provide insights into the behavioural ecology of extinct taxa (e.g. [START_REF] Erickson | Bite-force estimation for Tyrannosaurus rex from tooth-marked bones[END_REF][START_REF] Therrien | Feeding behaviour and bite force of sabretoothed predators[END_REF][START_REF] Wroe | Bite club: comparative bite force in big biting mammals and the prediction of predatory behaviour in fossil taxa[END_REF][START_REF] Lappin | Bite force in the horned frog (Ceratophrys cranwelli) with implications for extinct giant frogs[END_REF][START_REF] Rinderknecht | Bite force and body mass of the fossil rodent Telicomys giganteus (Caviomorpha, Dinomyidae)[END_REF]. However, to our knowledge, estimates of bite force have only rarely been applied to better understand paleoenvironmental variation. Commonly, such inferences rely on community compositions and/or the characterization of particular morphotypes (e.g., [START_REF] Fernandez-Jalvo | Taphonomy and palaeoecology of Olduvai Bed-I (Pleistocene, Tanzania)[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF][START_REF] Comay | Predictive modelling in paleoenvironmental reconstruction: The micromammals of Manot Cave, Israel[END_REF][START_REF] Royer | New bioclimatic models for the quaternary palaearctic based on insectivore and rodent communities[END_REF][START_REF] López-García | Rodents as indicators of the climatic conditions during the Middle Pleistocene in the southwestern Mediterranean region: implications for the environment in which hominins lived[END_REF]. These approaches associate a particular biological feature to a specific environment. However, an organism's dietary ecology can be more accurately inferred from bite force than by categorical ecological classifications [START_REF] Santana | Mechanics of bite force production and its relationship to diet in bats: Bite force and diet in bats[END_REF].

Thus, bite force has a strong potential to contribute meaningfully to understand paleoenvironmental variation.

Functional aspects are also important determinants of morphological integration. This concept defines the covariation patterns that exist between morphological traits [START_REF] Badyaev | Extreme environmental change and evolution: stressinduced morphological variation is strongly concordant with patterns of evolutionary divergence in shrew mandibles[END_REF], 2004;[START_REF] Young | Evolutionary persistence of phenotypic integration: influence of developmental and functional relationships on complex trait evolution[END_REF]Klingenberg, 2008;Klingenberg & Marugán-Lobón, 2013). As a result of selection on performance, traits implicated in a same function interact strongly, making them vary together (Klingenberg, 2008). This may be particularly the case when they are linked through muscle insertions providing physical and mechanical links between structures [START_REF] Cheverud | Pleiotropic effects of individual gene loci on mandibular morphology[END_REF][START_REF] Mezey | Is the Genotype-Phenotype Map Modular?: A Statistical Approach Using Mouse Quantitative Trait Loci Data[END_REF][START_REF] Klingenberg | Developmental integration in a complex morphological structure: how distinct are the modules in the mouse mandible?[END_REF][START_REF] Klingenberg | Integration and Modularity of Quantitative Trait Locus Effects on Geometric Shape in the Mouse Mandible[END_REF].

Thus, changes in the strength of integration in the feeding apparatus could be related to changes in bite force. Moreover, the less the modules in a structure like the mandible covary together (i.e. the more modular they are), the more disparate are the organisms that can be produced [START_REF] Goswami | The macroevolutionary consequences of phenotypic integration: from development to deep time[END_REF]. Modularity patterns may consequently also be related to bite force disparity. Moreover, changes in modularity are known to respond to environmental stresses [START_REF] Badyaev | Extreme environmental change and evolution: stressinduced morphological variation is strongly concordant with patterns of evolutionary divergence in shrew mandibles[END_REF]. In the light of these facts, modularity in the feeding apparatus may also be a relevant indicator for understanding variation in paleoenvironments.

The Moroccan archaeological site El Harhoura 2 (EH2) is located in the Rabat-Témara region, on the North-Atlantic coast of Morocco. It is divided into 11 archeo-stratigraphical levels covering a time period from the Late Pleistocene to the Holocene. Phenotypic evolution related to environmental variation has been extensively studied at this site [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] Stoetzel | Pleistocene and holocene small vertebrates of El Harhoura 2 cave (Rabat-Témara, Morocco): an annotated preliminary taxonomic list[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF]Stoetzel et al., , 2012b[START_REF] Stoetzel | Mus in Morocco: a Quaternary sequence of intraspecific evolution: Quaternary Evolution of Mus in Morocco[END_REF][START_REF] Stoetzel | Adaptations and dispersals of anatomically modern humans in the changing environments of North Africa: the contribution of microvertebrates[END_REF][START_REF] Stoetzel | Systematics and evolution of the Meriones shawii/grandis complex (Rodentia, Gerbillinae) during the Late Quaternary in northwestern Africa: Exploring the role of environmental and anthropogenic changes[END_REF]. Small mammals such as rodents and shrews are a relevant model to consider paleoenvironmental variation (e.g. [START_REF] Valenzuela | Evolving ecosystems: ecological data from an Iron Age small mammal accumulation at Alorda Park (Catalonia, Spain)[END_REF][START_REF] Mcguire | Geometric morphometrics of vole (Microtus californicus) dentition as a new paleoclimate proxy: Shape change along geographic and climatic clines[END_REF][START_REF] Escudé | Why all vole molars (Arvicolinae, Rodentia) are informative to be considered as proxy for Quaternary paleoenvironmental reconstructions[END_REF][START_REF] Arregoitia | Morphology captures diet and locomotor types in rodents[END_REF]. The biogeography and ecological characteristics of species (such as diet, habitat, soil), as well as the global composition of the small vertebrate communities in the different studied levels, allowed paleoenvironmental inferences at EH2 (e.g. [START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF][START_REF] Stoetzel | Mus in Morocco: a Quaternary sequence of intraspecific evolution: Quaternary Evolution of Mus in Morocco[END_REF][START_REF] Stoetzel | Systematics and evolution of the Meriones shawii/grandis complex (Rodentia, Gerbillinae) during the Late Quaternary in northwestern Africa: Exploring the role of environmental and anthropogenic changes[END_REF]. Among the remains recovered at EH2, shrew mandibles have been given peculiar attention (Cornette et al., 2015a,c). Mandible shape is known for being highly plastic and often varies with environmental conditions in these animals [START_REF] Badyaev | Extreme environmental change and evolution: stressinduced morphological variation is strongly concordant with patterns of evolutionary divergence in shrew mandibles[END_REF]Caumul & Polly, 2005;Cornette et al., 2015a,c;[START_REF] Souquet | Back to the wild: does feralization affect the mandible of non-commensal house mice (Mus musculus domesticus)?[END_REF].

In the present study, we sought to understand the relationship between the morphology of the mandible in shrews, its modularity, and the estimated bite force over time. We further explored whether a functional trait (bite force) can provide relevant information for the understanding of paleoenvironments. Our approach is divided in three steps. 1) To evaluate global morphological diversity, shrews were divided into morphological groups (MGs).

This characterization of biodiversity was chosen instead of species. MGs allow to consider variations at several levels of diversity (inter-and intra-specific), which makes it a relevant approach to characterize environment-related selection which acts at both levels [START_REF] Erwin | Macroevolution is more than repeated rounds of microevolution[END_REF][START_REF] Lande | Adaptation to an extraordinary environment by evolution of phenotypic plasticity and genetic assimilation[END_REF][START_REF] Boutin | Climate change and mammals: evolutionary versus plastic responses[END_REF][START_REF] Hautmann | What is macroevolution? (A Smith[END_REF]. We expected identified MGs to be functional response units to changes in the environment, as has been suggested in previous studies [START_REF] Read | Biocrust morphogroups provide an effective and rapid assessment tool for drylands (S Wan[END_REF][START_REF] Khare | Cluster analysis of benthic foraminiferal morpho-groups from the western margin of India reflects its depth preference[END_REF]. 2) Bite force was estimated through the mechanical potential. Because performance and morphology are not strictly related, selection can apply differently at both levels of organization [START_REF] Irschick | How does selection operate on whole-organism functional performance capacities? A review and synthesis[END_REF]. Thus, quantifying variation in the mechanical potential may allow us to detect selection events undetectable through morphological proxies. 3) Finally, variation in modularity was characterized. An increase in modularity in shrew mandibles may allow morphological diversification within a population utilizing the same resources irrespective of selection on function [START_REF] Young | Functional equivalence of morphologies enables morphological and ecological diversity[END_REF](Young et al., , 2010) and as such be associated with variation in the environment.

Material and methods

El Harhoura 2 cave and data collection

El Harhoura 2 cave (33°57'08.9'' N / 6°55'32.5'' W) is an archaeological site located on the Moroccan Atlantic coast, a few km south of Rabat. The cave was occupied by Middle Stone Age, Later Stone Age, and Neolithic human populations and has yielded numerous archaeological material as well as the remains of large and small vertebrates [START_REF] Nespoulet | Palaeolithic and Neolithic Occupations in the Témara Region (Rabat, Morocco): Recent Data on Hominin Contexts and Behavior[END_REF][START_REF] El Hajraoui | Préhistoire de la région de Rabat-Témara[END_REF][START_REF] Stoetzel | Context of modern human occupations in North Africa: Contribution of the Témara caves data[END_REF]. From top to bottom, the stratigraphy of EH2 cave is structured in 11 layers. Eight of these levels are well dated and were included in this study (L1, L2, L3, L4a, L5, L6, L7, L8) (Jacobs et al., 2012;Jacobs & Roberts, 2012;[START_REF] Janati-Idrissi | Datation par ESR-U/th combinées de dents fossiles des grottes d'El Mnasra et d'El Harhoura 2, région de Rabat-Temara. Implications chronologiques sur le peuplement du Maroc atlantique au Pléistocène supérieur et son[END_REF][START_REF] Arous | Combined US-ESR dating of fossil teeth from El Harhoura 2 cave (Morocco): New data about the end of the MSA in Temara region[END_REF], 2020a).

Paleoenvironmental data were deduced from faunal communities [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF]Stoetzel et al., , 2012b[START_REF] Stoetzel | Context of modern human occupations in North Africa: Contribution of the Témara caves data[END_REF]. An alternation of humid and arid periods has been documented

and the landscape was mainly dominated by steppes with an increase in more wooded areas Crocidura russula but C. lusitania, C. tarfayensis and C. whitakeri were also present (Cornette et al., 2015a,c). Among archaeological remains complete mandibles are rare and most of the material is fragmented. Nevertheless, mandible fragments also carry relevant morphological and paleoenvironmental information (Cornette et al., 2015a,c) and can be used to increase the sample. Here we used complete mandibles (Clpt) and three types of mandible fragments (A, B, C). Chosen fragments are those whose shape best enables species to be distinguished (Cornette et al., 2015a). Fragmentation patterns are illustrated in Fig 2 . Extant material (Act) of the same four species from the Rabat area was added to extend the time line to present day. The number of complete and fragmented mandibles studied is indicated in Table 1. Data acquisition is described in Cornette et al. (2015a).

Geometric morphometrics

Two dimensional geometric morphometric analyses were used. All mandibles could not be analyzed together because remains from various fragmentation patterns are not directly comparable. We performed separate shape analyses for each fragment type (Cplt, A, B and C) following the same protocol. Mandibles were analyzed through a landmark and sliding semi-landmark based approach allowing the description of the shape of biological relevant areas without anatomical landmarks (Bookstein, 1996;Zelditch, 2004;Gunz, Mitteroecker, & Bookstein, 2005;Cornette et al., 2013). Landmark locations for each fragment type are indicated in Fig 2 . Semi-landmarks were slid to minimise the bending energy. Generalized

Procrustes Analyses (GPA) were performed on each data set (Cplt, A, B and C) to remove effects of translation, rotation, and scale and make objects comparable (Rohlf & Slice, 1990).. Resulting shape coordinates are the Procrustes residuals. These two last steps were performed using the gpagen function of the geomorph package (Adams & Otárola-Castillo, 2013) in R version 3.6.3 (2020-02-29). To reduce data dimensionality, principal component analyses were performed on Procrustes residuals for each data set (Cplt, A, B and C) and we retained 95% of shape variation for the following analyses (Baylac & Frieß, 2005). All analyses were performed using R version 3.6.3 (2020-02-29). 

Morphological groups

To assess shape diversity, mandibles were partitioned into morphological groups. First, complete mandibles (Clpt) were clustered based on their shape. To do so a morphological K-nearest neighbor method (KNN) was used. This method is adapted to small datasets, as is the case here, because it is a non-parametric classification. In this algorithm, each shape object is assigned to its nearest neighbor cluster. [START_REF] Wang | CLUES: A non-parametric clustering method based on local shrinking[END_REF] proposes an unsupervised KNN, meaning that the number of clusters is inferred from the data itself, favoring the most robust partitioning of the dataset.

The robustness of the clusters is assessed by the Silhouette index (SI) [START_REF] Kaufman | Finding groups in data. an introduction to cluster analysis[END_REF] which measures the strength of the clusters. SI is comprised between -1 and 1. The more SI is close to 1 (i.e. SI>0), the more data points are correctly assigned to their clusters, and conversely the more SI is close to -11 (i.e. SI<0), the more data points are mis-assigned [START_REF] Wang | CLUES: A non-parametric clustering method based on local shrinking[END_REF].

Table . 1 Abundance of remains studied (complete and fragmented mandibles). To visualize the morphological groups identified, the morphospace of complete mandibles (Cplt) was plotted using the three first axes of the principal component analysis computed on the Cplt data set. Deformations along axes were computed using the function "PlotRefToTarget" from the "geomorph" package (Adams & Otárola-Castillo, 2013).

Layer Clpt A B C TOTAL Act 16 - - - 16 
L1 2 1 - 2 5 L2 2 4 1 2 9 L3 3 1 1 1 6 L4a 2 1 - 1 4 L5 10 - 2 3 
Thin-plate spline deformation grids representing differences between the extreme shapes of each axis and the global mean shape of Cplt mandibles were generated.

Next, we tested the robustness of the morphological groups identified on complete mandibles (Clpt) for each fragmentation pattern. Artificial A, B and C fragments were computed from complete mandibles (Clpt) and strengths of the clusters based on fragments were assessed using SI. This was achieved using the get_Silhouette function of the clues package [START_REF] Wang | CLUES: A non-parametric clustering method based on local shrinking[END_REF].

Finally, the belonging of true A, B and C mandible fragments to the morphological groups was determined a posteriori using the KNN classification algorithm with the knn function of the class package [START_REF] Venables | Modern Applied Statistics with S (Fourth Edition)[END_REF]. Mean shapes of each morphological group were computed from complete mandibles (Clpt) using the functions "mshape" and "warpRefOutline" of the "Geomorph" package (Adams & Otárola-Castillo, 2013).

Mechanical potential

The mechanical potential as used in this study is the ratio of the muscle moment arm to the jaw outlever. As such it is dependent on the geometry of the skull and mandible and the insertion of the masticatory muscles (Herrel et al., 2008a;[START_REF] Chazeau | Proximate determinants of bite force capacity in the mouse lemur: Bite force in mouse lemurs[END_REF][START_REF] Manhães | Bite force and evolutionary studies in phyllostomid bats: a meta-analysis and validation[END_REF][START_REF] Ginot | Skull Size and Biomechanics are Good Estimators of In Vivo Bite Force in Murid Rodents: in vivo bite force estimation in murid rodents[END_REF][START_REF] Ginot | Morphometric models for estimating bite force in Mus and Rattus : mandible shape and size perform better than lever-arm ratios[END_REF]. In particular, mandible shape is known for being a good estimator of bite force (Brassard et al., 2020a,c). As a proxy for overall mechanical potential, we choose the mechanical potential of the temporalis muscle.

This is one of the main muscles involved in bite force generation in shrews (Herrel et al., 2008a;[START_REF] Santana | Mechanics of bite force production and its relationship to diet in bats: Bite force and diet in bats[END_REF]Brassard et al., 2020a). It was estimated based on the moment arm of the temporalis, computed from the mandible shape. The biomechanical model is presented in Fig 3 . It is defined as MP = A / B, where: A is the moment arm of the temporalis, B the jaw out-lever and MP the mechanical potential of the temporalis. MP was computed for complete mandibles (Clpt) from Procrustes residuals.

However, MP does not reflect the phenotype in nature: because it is computed from Procrustes residuals, it does not account for size variation in the data set, nor for compensatory effects of musculature. Moreover, it only considers a single force -the temporalis muscle -which is applied uniformly [START_REF] Young | Functional equivalence of morphologies enables morphological and ecological diversity[END_REF]. All these parameters are important drivers of the mechanical potential, in particular size [START_REF] Wroe | Bite club: comparative bite force in big biting mammals and the prediction of predatory behaviour in fossil taxa[END_REF][START_REF] Freeman | A simple morphological predictor of bite force in rodents[END_REF]Herrel et al., 2008a;[START_REF] Chazeau | Proximate determinants of bite force capacity in the mouse lemur: Bite force in mouse lemurs[END_REF][START_REF] Manhães | Bite force and evolutionary studies in phyllostomid bats: a meta-analysis and validation[END_REF][START_REF] Ginot | Skull Size and Biomechanics are Good Estimators of In Vivo Bite Force in Murid Rodents: in vivo bite force estimation in murid rodents[END_REF][START_REF] Ginot | Morphometric models for estimating bite force in Mus and Rattus : mandible shape and size perform better than lever-arm ratios[END_REF]Brassard et al., 2020a). In order to increase the accuracy of our estimate of bite force, we corrected MP to take size into account.

Fig. 3 Biomechanical model used to estimate the mechanical potential of the temporalis muscle (MP) from mandible shape. V is the vector that starts at mid distance between landmarks 3 and 5 and has for direction the intersection between the line passing through landmarks 3 and 4 and the parallel of the line passing through landmarks 2 and 3 passing through 5. A is the moment arm of the temporalis (the distance between the landmark 2 and the vector). B is the jaw out-lever (the distance between landmarks 1 and 2). M1 and M2 are the definitions of the two hypothesized modules of the mandible from the literature [START_REF] Cheverud | Pleiotropic effects of individual gene loci on mandibular morphology[END_REF][START_REF] Mezey | Is the Genotype-Phenotype Map Modular?: A Statistical Approach Using Mouse Quantitative Trait Loci Data[END_REF][START_REF] Klingenberg | Developmental integration in a complex morphological structure: how distinct are the modules in the mouse mandible?[END_REF][START_REF] Klingenberg | Integration and Modularity of Quantitative Trait Locus Effects on Geometric Shape in the Mouse Mandible[END_REF] and landmarks implicated (C fragmentation pattern). M1: ascending ramus module; M2: alveolar region module.

It is known that MP is linearly correlated to mandible/skull size in some mammals, including shrews [START_REF] Nogueira | Morphological correlates of bite force and diet in the skull and mandible of phyllostomid bats[END_REF]Cornette et al., 2015b;[START_REF] Manhães | Bite force and evolutionary studies in phyllostomid bats: a meta-analysis and validation[END_REF][START_REF] Ginot | Skull Size and Biomechanics are Good Estimators of In Vivo Bite Force in Murid Rodents: in vivo bite force estimation in murid rodents[END_REF]Brassard et al., 2020a). As MP is computed from mandible shape, this means that it has an allometric component, i.e. even if MP is size-free, a part of the MP results from the influence of size. To confirm this assumption in our data set, we tested it on complete mandibles (Cplt) by performing a regression of the log-transformed centroid size on the log-transformed MP using the lm function of the stats package.

Centroid size (Csize) is a size estimator widely used in geometric morphometrics. It is defined as the square root of squared distances of all landmarks of a mandible from its centroid (Klingenberg, 2016).

Corrected MP (cMP) was subsequently expressed as: cMP = MP + f(size) (1), where MP is the mechanical potential and f(size) the part of cMP due to size. It is also known that log10 bite force is linearly correlated to size [START_REF] Wroe | Bite club: comparative bite force in big biting mammals and the prediction of predatory behaviour in fossil taxa[END_REF][START_REF] Chazeau | Proximate determinants of bite force capacity in the mouse lemur: Bite force in mouse lemurs[END_REF][START_REF] Manhães | Bite force and evolutionary studies in phyllostomid bats: a meta-analysis and validation[END_REF][START_REF] Ginot | Morphometric models for estimating bite force in Mus and Rattus : mandible shape and size perform better than lever-arm ratios[END_REF]Brassard et al., 2020a). Thus, for cMP to be a good estimator of bite force, log-transformed cMP must also be linearly correlated to size.

So, in (1) we have f(size) = a*size + b (2). The objective here is to determine a and b.

We assume that the allometric part of MP is proportional to the influence of size on MP.

Thus, a and b of (2) can be found by performing a linear regression of size on MP. However, our data have a temporal component that we need to consider, otherwise, we may lose part of this temporal information as MP and size are both related to time. We performed a multivariate regression of size and time on MP. Log-transformed values of MP and Csize were used. a and b of (2) were defined with the parameters of this regression: a as the coefficient of log(Csize) and b as the intercept. We obtained: log(cMP) = log(MP) + a*log(Csize) + b (3).

To evaluate whether cMP is a good estimator of bite force, we assessed its reliability on a dataset of simulated data:

1. 1000 bite forces and associated sizes were simulated. Values were randomly generated according to a normal distribution using the rnorm function of the stats package, with for bite forces the constraint of a mean of 0.3 and a standard deviation of 0.15, and for size a mean of 3500 and a standard deviation of 500. Those constraints aimed to generate a dataset as close as possible to what is observed for the species present in our data set.

2. MP was computed using (3), where cMP was replaced by bite force values and with a and b arbitrarily fixed (to represent the "real" relation between MP, bite force and size in the simulated dataset). 30 couples of a and b were randomly generated using the rnorm function of the stats package and tested. They were computed in order to be similar to the a and b found previously. As the correlation between log10 bite force and size is strictly positive [START_REF] Wroe | Bite club: comparative bite force in big biting mammals and the prediction of predatory behaviour in fossil taxa[END_REF][START_REF] Chazeau | Proximate determinants of bite force capacity in the mouse lemur: Bite force in mouse lemurs[END_REF][START_REF] Manhães | Bite force and evolutionary studies in phyllostomid bats: a meta-analysis and validation[END_REF][START_REF] Ginot | Morphometric models for estimating bite force in Mus and Rattus : mandible shape and size perform better than lever-arm ratios[END_REF]Brassard et al., 2020a), a should be strictly positive and was generated with the constraint of a mean of 3 and a standard deviation of 3. b was generated with the constraint of a mean of 0 and a standard deviation of 5, to test positive and negative values. Tested couples of a and b are presented in Table S1. To simulate measurement error, Gaussian noise was added to computed MP (error tested at 0.01, 0.05 and 0.1).

3. cMP were calculated using (3), with a and b found previously.

4.

For each pair of values in the simulated dataset, we tested whether the relation between the bite force of individuals was respected by cMPs (for example, if we have two individuals X and Y such that: bite force X > bite force Y, we must also have cMP X > cMP Y). Thus, variation in cMP reflects, in a relative way, variation in bite force. Mean, min and max scores of reliability among the 30 a and b couples were computed for the three measurement error estimates.

To obtain the cMP of fragmented mandibles (A, B and C) we predicted it from the cMP of complete ones (Clpt) according to the following protocol. First, to evaluate the reliability of the prediction, we performed covariation analyses between artificial fragments generated from the complete mandibles (Clpt) corresponding to fragmentation patterns (A, B and C) and cMP. We used two-block Partial Least Squares Analyses (2B-pls) which assesses the covariance between two sets of variables. This step was done using the two.b.pls function of the geomorph package (Adams & Otárola-Castillo, 2013), which performs a 2B-pls adapted to shape data. Then, cMP of fragmented mandible was predicted using the plsr function of the pls package [START_REF] Mevik | The pls Package: Principal Component and Partial Least Squares Regression in R[END_REF]. This function allows prediction based on the covariation between the two variables.

Shapes associated with the strongest and weakest cMP were computed. Those shapes were estimated based on the linear regression of cMP on shapes of complete mandibles (Cplt) using procD.lm of the geomorph package (Adams & Otárola-Castillo, 2013). They were then computed with the warpRefOutline function of the same package.

Changes of cMP through time were investigated in two ways:

1) global cMP per layer. Differences between layers were tested through pairwise comparisons testing using the pairwise.t.test function of the stats package which correct for multiple testing.

2) cMP per morphological group per layer.

For both, standard deviation was computed on each layer as a measure of variance.

Modularity

As the abundance of complete mandibles (Clpt) per layer was not sufficient, the modularity analysis was performed based on the C fragmentation pattern on complete (Clpt) and C fragments. We divided the mandible into two modules a priori according to the hypothesized primary developmental modules defined in the literature [START_REF] Cheverud | Pleiotropic effects of individual gene loci on mandibular morphology[END_REF][START_REF] Mezey | Is the Genotype-Phenotype Map Modular?: A Statistical Approach Using Mouse Quantitative Trait Loci Data[END_REF][START_REF] Klingenberg | Developmental integration in a complex morphological structure: how distinct are the modules in the mouse mandible?[END_REF][START_REF] Klingenberg | Integration and Modularity of Quantitative Trait Locus Effects on Geometric Shape in the Mouse Mandible[END_REF] 

(Fig 3).

To quantify the modular structure of the mandible, we computed the Covariance Ratio (CR) per layer. CR compares the global covariation between hypothesized modules relatively to the covariation within those modules [START_REF] Adams | Evaluating modularity in morphometric data: challenges with the RV coefficient and a new test measure (P Peres-Neto[END_REF]. The modularity hypothesis (independence of the hypothesized modules) is verified when CR<1. This measure is unaffected by sample size or the number of variables [START_REF] Adams | Evaluating modularity in morphometric data: challenges with the RV coefficient and a new test measure (P Peres-Neto[END_REF]. It was performed using the modularity.test function of the geomorph package (Adams & Otárola-Castillo, 2013).

Results

Morphological groups

Three morphological groups were detected among complete mandibles (Clpt). We obtained an SI=0.15, meaning that the morphological partitions obtained with the clustering are correct. This partitioning was also valid for A, B, and C fragments (A fragments: SI=0.1;

B fragments: SI=0.09; C fragments: SI=0.1).

Fig. 4 Principal component analysis on complete mandibles (Cplt).

A visualization of the morphological groups on the principal component analysis of complete mandibles (Cplt) and their deformations along major axes is presented in 

Mechanical potential

Log-transformed MP revealed to be weakly and negatively correlated to log-transformed Csize (R 2 =0.014, P=0.0029**, 52 degrees of freedom). The multivariate regression (3) was also significant (R 2 =0.12, P=0.023*, 50 degrees of freedom). We obtained a=0.30

(coefficient of log-transformed Csize) and b=- 3.47 (intercept). The reliability scores of cMP based on the simulated data are indicated in Table 2. 

Modularity

Changes in CR over time are presented in Fig 7C . CR was not statistically significant in L2 and L4a. There are two main changes in CR values, first a slight increase in L7 (CR=0.86, P<0.05) followed by a strong increase from L5 to L3, with a peak in L3 (CR=0.95, P<0.05).

Discussion

In this study, we aimed [START_REF] Battistini | Biogeography and ecology in Madagascar[END_REF] to investigate the relationship between shrew mandible morphology, modularity, and estimated biting forces (cMP) over time and [START_REF] Wittaker | Island biogeography. ecology, evolution, and conservation[END_REF] to evaluate whether a performance trait (bite force) could provide relevant information in the understanding of paleoenvironments. To do so, we explored mandible shape diversity in archaeological shrews, and computed the covariation ratio and estimated mechanical potential over time. First, we discuss the meaning of morphological groups and the benefits of this approach. Next, we focus on the relation between mandible shape and mechanical potential. Finally, we address the variation in these traits over time and compare them to environmental inferences from the literature to assess their potential relevance for paleoenvironmental studies.

Morphological groups

Over the considered period, up to three morphological groups of mandibles were found among the four shrews species present at EH2 (Crocidura russula, C. whitakeri, C. tarfayensis and C. lusitania) (Cornette et al., 2015a,c). The assessed morphological diversity is consequently above the species level. Simplification of information is a risk of the morphological group approach [START_REF] Read | Biocrust morphogroups provide an effective and rapid assessment tool for drylands (S Wan[END_REF], but it provides access to a partition of variability that is potentially more informative ecologically than taxonomically when the studied biological object is sensitive to environmental change [START_REF] Alperin | Benthic foraminiferal morphogroups on the argentine continental shelf[END_REF][START_REF] Read | Biocrust morphogroups provide an effective and rapid assessment tool for drylands (S Wan[END_REF][START_REF] Khare | Cluster analysis of benthic foraminiferal morpho-groups from the western margin of India reflects its depth preference[END_REF], which is the case for shrew mandibles [START_REF] Badyaev | Extreme environmental change and evolution: stressinduced morphological variation is strongly concordant with patterns of evolutionary divergence in shrew mandibles[END_REF]Young et al., 2010). The morphological groups reveal variations in the number of morphotypes independent of the number of species. For example, in the recent layers of EH2 (from L4a until today) only one or two morphological groups are present per layer whereas all four species are still present suggesting morphological convergence across these species (Cornette et al., 2015c). The morphological groups are characterized by different functional outputs and in their response to environmental changes. Except in L5, they display a different cMP and show different trends over time, especially from L4a and L3. To sum up, morphological groups are characterized by differences in morphology, functional output, and their response to environmental change. Thus, they represent morphological and functional response units to external variation.

Nevertheless, because we used only three of the five types of mandible fragments that were used in Cornette et al. (2015a, c), we reduced the initial sampling which can result in a potential loss of diversity. However, unused fragments were the least informative and reliable and could have introduced uncertainties into the results of this study which is why we chose to exclude them.

Mandible shape and mechanical potential

The relation between rostrum elongation and mechanical potential is intuitive as a longer rostrum increases the jaw out-lever and consequently results in a lower mechanical potential. This is illustrated by the negative correlation between MP and mandible size.

This type of relation between MP and mandible size has also been observed in other mammals (e.g. Casanovas-Vilar & van Dam (2013) for squirrels, Nancy A., (1982) for felids). This implies that the smallest specimens have a higher mechanical potential than the largest ones. Mechanical potential and size are both important drivers of bite force.

These results suggest that the relative importance of these drivers varies between small and large specimens. Conformations may be a more important driver of bite force than size in small specimens compared to large ones. Nevertheless, the weakness of this correlation suggest that the specimens used here are rather uniform in size.

Concerning the mandibular branch, our results are consistent with [START_REF] Young | Functional equivalence of morphologies enables morphological and ecological diversity[END_REF] who

found that a high mechanical potential was associated with a greater distance between the condylar and the coronoid processes. This is related to muscles of the masticatory apparatus: the coronoid process is the place of insertion of the temporalis muscle, the condylar process of the external pterygoid and the angular process of the internal pterygoid and the masseter. They all participate in generating bite force and impact bone shape in shrews [START_REF] Furió | The paleobiology of the extinct venomous shrew Beremendia (Soricidae, Insectivora, Mammalia) in relation to the geology and paleoenvironment of Dmanisi (Early Pleistocene, Georgia)[END_REF]Cornette et al., 2015c).

In the light of the previous, the mean shapes of morphological groups display morphological features that can be related to their mechanical potential. The group displaying the highest mechanical potential (in blue on Fig 4, 5 and 7) is the one with the shortest mandibular body and the closest condylar and coronoid processes, which are morphological and functional particularities related to hard diet specialists in shrews [START_REF] Young | Functional equivalence of morphologies enables morphological and ecological diversity[END_REF]. Conversely the group with the weakest mechanical potential (in grey Modularity might be a key concept to understand the link between morphological and functional variation. Three main decreases in modularity (i.e. increases in CR) are observed in the sequence at EH2 in L7, L5, and L3. In L7, the three morphological groups display unusual variability in cMP (it is important to note that this is the layer with the largest sample). In L5, the three morphological groups show remarkably similar cMPs, meaning similar functional outputs. Finally, in L3, the two morphological groups display highly divergent functional outputs. Each decrease in modularity (i.e., increase in CR) in the mandible is associated with an increase in the ability of a form to produce more diverse functional outputs, allowing either divergence (as in L7 and L3) or convergence (as in L5) in the cMP. These are in contradiction with Young et al. (2010) and [START_REF] Young | Functional equivalence of morphologies enables morphological and ecological diversity[END_REF], who found that extensive modularity allowed shrews with more diverse morphologies to produce a similar functional output. However, Young et al. (2010) underlined that adaptive responses are highly variable, even at a population level, which may explain the difference observed in comparison to our results. Maybe the adaptive strategy here implies a different relation between mechanical potential and the modularity of the mandible. A possibility might involve variation in skull shape which was not studied here (Cornette et al., 2015c).

Mechanical potential as a paleoenvironmental indicator

When considering both global and per morphological group changes in cMP, four important functional variations were detected over time in L7, in L5, during L4a-L3 and in L2. Three of these (in L7, L5 and L2) match transitions from humid to arid environments [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF].

In L7 we observed a high morphological diversity (with the presence of the three morphological groups), the co-existence of highly diverse cMPs (Fig 7A andB) and a decrease in modularity (Fig 7C). An increase in the diversity in cMP could be caused by a release of selective pressures on this trait, allowing shrews with diverse abilities to survive.

This could be due to the availability of more diverse resources in the environment of L7 than in those of other layers. However, the environment in L7 is characterized by an open and dry environment of arid steppes, and seems to present less ecological diversity than some other layers [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] El Hajraoui | Préhistoire de la région de Rabat-Témara[END_REF]. Another hypothesis might be that a lack of resources drives character displacement in shrews with forms becoming highly specialized in the consumption of different resources. Moreover, the masseter and the medial pterygoid muscles also participate in generating bite force (Herrel et al., 2008a;[START_REF] Santana | Mechanics of bite force production and its relationship to diet in bats: Bite force and diet in bats[END_REF]Brassard et al., 2020c,a). Yet, these muscles are implicated in the consumption of different types of resources, as in bats where the masseter allows the consumption of more soft resources [START_REF] Santana | Mechanics of bite force production and its relationship to diet in bats: Bite force and diet in bats[END_REF]. Moreover, functional variation is accompanied by a decrease in modularity. Variation in the degree of covariation between mandibular modules in shrews may be related to stressful environmental conditions (Badyaev & Foresman, 2000, p. 200). In the light of this fact, it is more likely that during the period covered by L7, shrews endured particularly stringent environmental conditions, with fewer and/or different available resources than before. As shrews are opportunistic, they might have switched their diet during this period inducing a release on the functioning of the temporalis muscle. However, as L7 is the layer with the largest sample this may bias our observations.

In L5, the cMP of two morphological groups greatly increases and the cMP of the three This functional convergence is not associated with a convergence of the morphological groups, which is not surprising as those two types of convergence (functional and morphological) can be independent [START_REF] Stayton | Testing hypotheses of convergence with multivariate data: morphological and functional convergence among herbivorous lizards[END_REF] Here we have a case of functional redundancy: three distinct morphologies producing similar functional outputs [START_REF] Alfaro | Evolutionary Consequences of Many-to-One Mapping of Jaw Morphology to Mechanics in Labrid Fishes[END_REF]. This is observed in environmental conditions requiring similar performance abilities: distinct morphologies are then able to adapt to similar functional demands [START_REF] Wainwright | Many-to-One Mapping of Form to Function: A General Principle in Organismal Design?[END_REF][START_REF] Young | Functional equivalence of morphologies enables morphological and ecological diversity[END_REF]Young et al., , 2010)). This functional convergence could be explained by an increase in the selective pressures caused by fewer or different resources compared to previous layers, as the transition to L5 is towards a more arid environment [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] El Hajraoui | Préhistoire de la région de Rabat-Témara[END_REF].

In L4a, the morphological group of soft diet shrews is not present anymore. It must have disappeared during the previous arid period during which soft resources may have been scarce. It is known that the insect cuticle becomes harder under dryer environments [START_REF] Klocke | Water as a major modulator of the mechanical properties of insect cuticle[END_REF]. The cMP of the two remaining groups diverged distinctly. The supposed strong selection pressure(s) leading previously to the functional convergence in L5 must have eased. This is congruent with existing environmental inferences, as the environment in L4a is hypothesized to be very similar with conditions in L6 [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] El Hajraoui | Préhistoire de la région de Rabat-Témara[END_REF]. In L3, the divergence between cMP of the two groups increases. We can hypothesize that those two shrew morphotypes were subject to functional divergence. Each group of shrews may have specialized in the acquisition of a different food resource. The group displaying high cMP specializing in hard, large objects, requiring mechanical potential with an important contribution from the temporalis, and the other group specializing on softer, smaller items, which requires less contribution of the temporalis.

This divergence might be caused by competition occurring among shrews. Such a competition has been suggested between Crocidura russula and other shrews species at EH2 at the exact same period (Cornette et al., 2015c), and shrew dietary specialization might be a response to competition [START_REF] Smith | Food Specificity in Interspecies Competition[END_REF]. In L2, a second diversity drop is observed with the disappearance of the group of hard diet specialists. As in L5, this event occurred following an arid period during which less diverse resources may have been available. Only the group of generalist shrews is continuously present up to present.

Interestingly, extant shrews display a particularly weak cMP. This may be caused by the recent deterioration of climatic conditions linked to the increase of human pressure [START_REF] Lewis | Defining the Anthropocene[END_REF]. Once again, it might be explained by a release of selective pressures on the temporalis resulting from a switch in diet [START_REF] Santana | Mechanics of bite force production and its relationship to diet in bats: Bite force and diet in bats[END_REF]. Another explanation might be a selection towards weaker cMP. This is counter-intuitive, however, as selection for lower performance likely only occurs when the trait is energetically expensive to maintain or involved in trade-offs with other more relevant trait [START_REF] Irschick | How does selection operate on whole-organism functional performance capacities? A review and synthesis[END_REF]. The energy previously allocated to the mechanical potential of the temporalis might have been reallocated to another performance trait under stronger selection in the novel environment.

Conclusion

To conclude, results of the present study illustrate the relevance of functional traits to detect paleoenvironmental transitions. Estimated bite forces showed variation in relation to In the two previous chapters we assessed the response of morphological traits, rodent's teeth shape, and a functional trait, shrew's estimated bite force to local environmental variations. We evidenced that both morphological and functional variations are related to local environmental changes, but less than expected. Indeed, these responses mainly occur within MGs and do not concern the main axis of phenotypic variability. Thus, local environmental changes do not seem to be the main drivers of phenotypic variation. Maybe global climate changes are a more important driver of the phenotype than local environmental changes, and are related to the main axis of phenotypic variation. To explore this hypothesis, we need first to characterize the global climate changes over the EH2 sequence. One way to access global paleoclimate variations is through paleoclimate modeling. In this chapter, we reconstruct the climate state on each layer of EH2 with the help of a dedicated set of state-of-the-art paleoclimate simulations. We illustrate how paleoclimate simulations can contribute significantly to refine the chronological and paleoenvironmental contexts of archeological and paleontological sites. To do so, we confront the climate sequences resulting from two datation methods, combined US-ESR and OSL and assess the consistency between the climate sequence described by simulations and paleoenvironmental proxies.

Diagram showing how chapter 3 fits into the thesis problematic.

Introduction

Reconstructing paleoenvironments is a key step to assess the ecological context and understand the evolutionary history of past organisms, and, hence, the link between their phenotype and environment. Commonly used methods to infer paleoenvironments rely on the organisms themselves, such as the qualitative presence/absence of species (e.g., [START_REF] Tchernov | The Faunal Sequence of the Southwest Asian Middle Paleolithic in Relation to Hominid Dispersal Events[END_REF][START_REF] Avery | Pleistocene micromammals from Wonderwerk Cave, South Africa: practical issues[END_REF][START_REF] Denys | Taphonomy of Small Predators multi-taxa accumulations: palaeoecological implications[END_REF], the association of certain taxa with their preferred modern habitat (e.g., [START_REF] Fernandez-Jalvo | Taphonomy and palaeoecology of Olduvai Bed-I (Pleistocene, Tanzania)[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF], their relative abundances (e.g., [START_REF] Peters | Species-Abundance Models: An Ecological Approach to Inferring Paleoenvironment and Resolving Paleoecological Change in the Waldron Shale (Silurian)[END_REF][START_REF] Matthews | Predators, prey and the palaeoenvironment[END_REF]Belmaker & Hovers, 2011b;[START_REF] Comay | From micromammals to paleoenvironments[END_REF] or variations in the amount of stable isotopes in organic tissues (e.g., [START_REF] Anderson | Stable isotopes of oxygen and carbon and their application to sedimentological and palaeoenvironmental problems[END_REF][START_REF] Tieszen | Natural variations in the carbon isotope values of plants: Implications for archaeology, ecology, and paleoecology[END_REF][START_REF] Royer | What does the oxygen isotope composition of rodent teeth record? Earth Planet[END_REF]. These approaches allow one to characterize the local environment in which organisms lived.

However, drastic discrepancies can be observed between these proxies (e.g., [START_REF] Jeffrey | Exploring palaeoaridity using stable oxygen and carbon isotopes in small mammal teeth: a case study from two Late Pleistocene archaeological cave sites in Morocco[END_REF][START_REF] Davis | The temporal scale of diet and dietary proxies[END_REF]. Relying on the chronological context can also help to understand global environmental conditions. However, depending on the dating method used, the age of the stratigraphic layers may vary and this also leads to discrepancies in the chronoclimatic reconstructions (Ben Arous et al., 2020a).

Besides paleoenvironmental reconstructions, paleoclimate modeling is another field for which one of the objectives is to describe past environments. To do so, it uses a climate model to simulate paleoclimates using physical laws that describe the dynamics and thermodynamics of the atmosphere, ocean, and continental and frozen surfaces coupled with water and carbon cycles. These models efficiently describe the time evolution and large-scale patterns of past climate changes [START_REF] Braconnot | Evaluation of climate models using palaeoclimatic data[END_REF]. They characterize past climates through quantified variables and have long been used to investigate past environmental changes [START_REF] Kutzbach | The Sensitivity of the African-Asian Monsoonal Climate to Orbital Parameter Changes for 9000 Years B.P. in a Low-Resolution General Circulation Model[END_REF][START_REF] Braconnot | Evaluation of climate models using palaeoclimatic data[END_REF][START_REF] Duplessy | Paléonclimatologie, tome II : enquêter sur les climats anciens[END_REF][START_REF] Schmidt | Using palaeo-climate comparisons to constrain future projections in CMIP5[END_REF][START_REF] Harrison | Evaluation of CMIP5 palaeo-simulations to improve climate projections[END_REF]. Conversely to paleoenvironment proxies, paleoclimate simulations are much more influenced by large scale climate processes because they rely on the global dynamic of the Earth's climate system.

We propose to combine these two fields and to use climate simulations to discuss and refine the environmental and chronological context of El Harhoura 2 (EH2) cave, an archeological site located on the North-Atlantic coast of Morocco. What are the paleoclimate changes described by climate simulations over the sequence at EH2? Are they consistent with paleoenvironmental inferences available in the literature made from faunal assemblages and isotopes? To answer these questions, we produced a set of climate simulations corresponding to EH2 stratigraphic layers. In order to discuss the chronological framework, we assessed the consistency between the climatic sequences described by simulations according to the varied dating methods and paleoenvironmental proxies from previous studies, such as isotopes and faunal assemblages. We thus expect that the congruence between paleoclimate simulations and paleoenvironmental proxies will allow us to distinguish between those two dating hypotheses. We then discussed the previously raised discrepancies between the different paleoenvironmental proxies in the light of the results of climate simulations.

Material and methods

El Harhoura 2 cave

The archeological site EH2 is located on the Moroccan Atlantic coast in the Rabat-Témara region (33°57'08.9" N / 6°55'32.5" W). Dating, stratigraphic and paleoenvironmental informations are summarized in Fig 1 . This site is dated from the Late Pleistocene to the mid-Holocene. Its stratigraphy is currently divided into 11 layers (each layer is abbreviated in "L" followed by the layer number), among which the first eight are well studied and considered in this paper. These layers have revealed an impressive taxonomic richness and delivered an important amount of large and small vertebrate remains (Michel et al., 2009b;[START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF]Stoetzel et al., , 2012b)). The site was used several times as a model to explore the relationship between the past diversity, the phenotype of organism and their environments [START_REF] Stoetzel | Pleistocene and holocene small vertebrates of El Harhoura 2 cave (Rabat-Témara, Morocco): an annotated preliminary taxonomic list[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF](Stoetzel et al., , 2012a[START_REF] Stoetzel | Mus in Morocco: a Quaternary sequence of intraspecific evolution: Quaternary Evolution of Mus in Morocco[END_REF][START_REF] Stoetzel | Systematics and evolution of the Meriones shawii/grandis complex (Rodentia, Gerbillinae) during the Late Quaternary in northwestern Africa: Exploring the role of environmental and anthropogenic changes[END_REF][START_REF] Campmas | Were Upper Pleistocene human/non-human predator occupations at the Témara caves (El Harhoura 2 and El Mnasra, Morocco) influenced by climate change?[END_REF]Cornette et al., 2015c;[START_REF] Terray | The contribution of functional traits to the understanding of palaeoenvironmental changes[END_REF].

At EH2, paleoenvironments have mainly been inferred based on two different kinds of proxies: species presence and isotopes. Regarding species presence, environments were reconstructed using palaeoecological indices such as the Taxonomic habitat index (THI), which is a method based on the habitat preference of small vertebrates [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF][START_REF] Stoetzel | Context of modern human occupations in North Africa: Contribution of the Témara caves data[END_REF]. The presence and/or abundance of particular taxa can also be a strong indicator of certain types of environment, such as amphibians for more humid contexts, or gerbils and jerboas for more arid contexts. Isotope-based inferences were performed by [START_REF] Jeffrey | Exploring palaeoaridity using stable oxygen and carbon isotopes in small mammal teeth: a case study from two Late Pleistocene archaeological cave sites in Morocco[END_REF] on Meriones teeth from Layers 2 to 8 of EH2. They provide varied indications about paleoenvironments such as aridity, relative humidity, seasonal variations and vegetal cover [START_REF] Longinelli | Isotopic composition of precipitation in Italy: a first overall map[END_REF][START_REF] Navarro | Oxygen isotope compositions of phosphate from arvicoline teeth and Quaternary climatic changes, Gigny, French Jura[END_REF][START_REF] Royer | What does the oxygen isotope composition of rodent teeth record? Earth Planet[END_REF]. Some inconsistencies were observed between species and isotopes based proxies on certain stratigraphic layers of the site [START_REF] Jeffrey | Exploring palaeoaridity using stable oxygen and carbon isotopes in small mammal teeth: a case study from two Late Pleistocene archaeological cave sites in Morocco[END_REF][START_REF] Stoetzel | Quaternary terrestrial microvertebrates from mediterranean northwestern Africa: State-of-the-art focused on recent multidisciplinary studies[END_REF]. On two layers (5 and 7), while THI indicates arid conditions, isotopes suggest a more humid and temperate climate. Given the mosaic-like landscape described at EH2 and the fact that the two methods do not deliver the same information (more global for faunal communities, at the scale of a limited number of individuals of a single species for isotopes), such inconsistencies are not surprising, but they make it difficult to reliably infer the global environmental conditions of the site.

The current climatic context of EH2 is complex. Morocco, due to its geographical location, has a rich mosaic of climate types [START_REF] Sobrino | Toward remote sensing methods for land cover dynamic monitoring: Application to Morocco[END_REF]. In particular, the Rabat-Témara region, where the cave is located, is under various climatic influences: from the Atlantic Ocean in the west, the arid Sahara in the south and the Mediterranean region in the north. Its climate is marked by a strong annual and interannual variability with a hot and dry summer during which precipitations are almost absent and evaporation is particularly high, and a cool and short winter, which is also the rainy season [START_REF] Sobrino | Toward remote sensing methods for land cover dynamic monitoring: Application to Morocco[END_REF]Lionello, Malanotte, & Boscolo, 2006). The site has also recorded important climatic fluctuations over time (e.g., [START_REF] Hooghiemstra | Vegetational and climatic changes at the northern fringe of the sahara 250,000-5000 years BP: evidence from 4 marine pollen records located between Portugal and the Canary Islands[END_REF][START_REF]Plio-Pleistocene African Climate[END_REF][START_REF]African climate change and faunal evolution during the Pliocene-Pleistocene[END_REF][START_REF] Houérou | Climate, flora and fauna changes in the Sahara over the past 500 million years[END_REF][START_REF] Carto | Out of Africa and into an ice age: on the role of global climate change in the late Pleistocene migration of early modern humans out of Africa[END_REF][START_REF] Trauth | Trends, rhythms and events in Plio-Pleistocene African climate[END_REF][START_REF] Drake | Ancient watercourses and biogeography of the Sahara explain the peopling of the desert[END_REF][START_REF] Drake | Palaeoclimate in the Saharan and Arabian Deserts during the Middle Palaeolithic and the potential for hominin dispersals[END_REF][START_REF] Blome | The environmental context for the origins of modern human diversity: A synthesis of regional variability in African climate 150,000-30,000 years ago[END_REF][START_REF] Kageyama | Mid-Holocene and Last Glacial Maximum climate simulations with the IPSL model-part I: comparing IPSL_CM5A to IPSL_CM4[END_REF][START_REF] Couvreur | Tectonics, climate and the diversification of the tropical African terrestrial flora and fauna[END_REF]. The Late Pleistocene -Holocene period (Marine Isotopic Stages (MIS) 5 to 1) is marked by significant global climate changes, which resulted in a succession of relatively humid/arid and open/closed environments at EH2 [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF]Stoetzel et al., , 2012a,b),b). As a result, paleolandscapes of the Late Pleistocene are described as open steppe or savanna-like lands with patches of shrubs, woodlands and water bodies, the latter expanding during wet periods, especially during the mid-Holocene. Fig. (radiocarbon dating) (Nespoulet & El Hajraoui, 2012;Marquer et al., in press). However, important discrepancies appear between methods when applied to the same layer, as for the L3 dated at approximately 40 ka using combined US-ESR, but at 60 ka using OSL (Fig 1).

In addition, when two consecutive layers are dated with different methods, those dating can be inconsistent with the relative position of the layers as it is the case for the L6 dated at 108 ka using OSL and the L7 dated at 62 ka using combined US-ESR (Fig 1).

Thus, two dating hypotheses emerge by combining dates consistent with the relative position of the layers. These dating hypotheses are referred to in this paper as DH1 and DH2 (DH for Dating Hypothesis) and are presented in Fig1.

Paleoclimate simulations

Pre-existing ensemble of global coupled simulations Climate simulations representative of key periods identified in EH2 layers were available to infer the climatic conditions at EH2. They have been run with different versions of the IPSL (IPSL for Institut Pierre-Simon Laplace) global coupled model [START_REF] Marti | Key features of the IPSL ocean atmosphere model and its sensitivity to atmospheric resolution[END_REF][START_REF] Dufresne | Climate change projections using the IPSL-CM5 Earth System Model: from CMIP3 to CMIP5[END_REF][START_REF] Boucher | Presentation and Evaluation of the IPSL-CM6A-LR Climate Model[END_REF]. All versions consider the interactive coupling between ocean, atmosphere, land-surface and sea-ice components, as well as an interactive carbon cycle. The exact complexity, spatial and vertical resolutions vary depending on model version. The different simulations also differ by prescribed Earth's orbit parameters, atmospheric trace gases composition and ice-sheet configuration in order to represent the climate conditions of the different periods (Table 1). First, we used a total of six preexisting global coupled simulations:

-For the climate in L1 we used the reference mid-Holocene IPSL simulation (mean age estimated at ~6ka) run as part of the PMIP4-CMIP6 ensemble of simulations [START_REF] Kageyama | The PMIP4 contribution to CMIP6 -Part 4: Scientific objectives and experimental design of the PMIP4-CMIP6 Last Glacial Maximum experiments and PMIP4 sensitivity experiments[END_REF][START_REF] Braconnot | Impact of dust in PMIP-CMIP6 mid-Holocene simulations with the IPSL model[END_REF]. It is called CM6mh in the following and has been performed with IPSL-CM6A-LR [START_REF] Boucher | Presentation and Evaluation of the IPSL-CM6A-LR Climate Model[END_REF]. The atmosphere has a resolution of 144 points in longitude, 143 points in latitude and -For the climate in L5 (DH2), L6 (DH2), L7 (DH2) and L8 (DH1, DH2) we used the lig115k simulation (MIS5d, mean age estimated at ~115ka) (Sicard personal communication) performed with IPSL-CM5A2-LR 96x96xL39 [START_REF] Sepulchre | IPSL-CM5A2 -an Earth system model designed for multi-millennial climate simulations[END_REF]. This model version is close to IPSL-CM5A-LR , but benefits from a retuning of the model to correct a model cold bias.

Unfortunately, these simulations are not directly comparable because they were performed using different versions of the IPSL model. Indeed, we will illustrate that these different versions, when used to simulate the current climate, showed different biases when compared to observations. This is due to the fact that the various versions of the model are characterized by different physical representations, resolutions and tuning as detailed above. The differences between these simulations for the periods of interest for EH2 (Fig

1)

could then result from the difference in bias between the various versions of the model rather than representing significant climate differences between periods.

Thus, in order to make more reliable comparisons between periods, we ran an entirely new set of simulations for the key periods of EH2: midH (for the mid-Holocene period), earlyH (for the early Holocene period), midMIS3 (for the mid MIS3 period), lateMIS4 (for the late MIS4 period), midMIS4 (for the mid MIS4 period) and MIS5d (for the MIS5d period).

Configuration details for this new set of simulations are summarized in Table 1.

Model

To be consistent, we ran these new simulations using a unique model: LMDZOR6A. This model is a sub-configuration of the coupled model IPSL-CM6v1.11-LR, it integrates only the atmosphere-land surface component of the IPSL-CM6A-LR coupled model. It was chosen because it best simulates the regional climate in our area of interest (Fig S1 andS2).

It also has the finest spatial and vertical resolution and an improved representation of atmospheric and land surface processes.

First, with LMDZOR6A, we produced a control simulation Ctrl, which is similar to an existing clim_pdControl experiment (also performed with LMDZOR6A; see 1). Note also that boundary conditions files of pre-existing (coupled) simulations were interpolated on a 143x144xL79 grid to be compatible with the grid of LMDZOR6A.

Sea-surface boundary conditions

When using the atmospheric component LMDZOR6A alone, the SSTs have to be prescribed. However, no SST reconstructions are available for the periods of interest for EH2. Consequently, we imposed the simulated SSTs for these periods from the pre-existing coupled simulations. However, these SSTs are subjected to different biases due to different model versions as noted above, and these different SST biases may deteriorate the simulation of other variables of interest and complicate the intercomparison between our new LMDZOR6A simulations.

To explore the consequences of these SST biases on the simulated climatology of other variables of interest for EH2, we first ran three test simulations with LMDZOR6A:

Ctrl_CM5ASST, Ctrl_CM5A2SST and Ctrl_CM6ASST (see Table 1). They are similar to

Ctrl except that we replaced the default SSTs (the AMIP SSTs) with the SSTs simulated by each of the three coupled model versions for the current climate. We found significant differences between the results of Ctrl_CM5ASST, Ctrl_CM5A2SST and Ctrl_CM6ASST, which can be attributed exclusively to the differences in the SST biases (see discussion and These tests demonstrate that the SSTs from the pre-existing coupled simulations must be corrected before using them as boundary conditions in our new LMDZOR6A simulations.

To this end, we first estimated the SST biases of the three coupled model versions by In total, we ran ten LMDZOR6A simulations as summarized in Table 1. The length of all these new simulations is 50 years. Three monitoring variables were first used to validate the (energy budget of the) simulations: bils (surface total heat flux), nettop (net dn radiative flux at top of the atmosphere) and mrso (total soil moisture). Bils and nettop allow to ensure that the energy balance of the system has reached equilibrium, and mrso allows to verify the stabilization of the hydrological reservoir. On average, the model reaches equilibrium after eight years of simulation and at local scale on EH2 after 17 years (Fig S3). This fast adjustment is due to the fact that LMDZOR6A is an atmospheric model. Consequently, we worked on the last 30 years of each LMDZOR6A simulation. 

New simulations Name

Ctrl

Same as clim_pdControl

Same as clim_pdControl

Same as clim_pdControl

Same as clim_pdControl

Same as clim_pdControl

Gaz concentration Carbon dioxide (ppm)

Same as clim_pdControl

Same as clim_pdControl

Same as clim_pdControl

Same as clim_pdControl

Geography

Same as clim_pdControl

Same as clim_pdControl

Same as clim_pdControl

Same as clim_pdControl

Same as CM6mh

Same as CM5AEH01

Same as MIS3mB6

Same as MIS4dB6

Same as MIS4mB6

Same as lig115k

Vegetation

Same as clim_pdControl

Same as clim_pdControl

Same as clim_pdControl

Same as clim_pdControl

Same as CM6mh

Same as CM5AEH01

Same as MIS3mB6

Same as MIS4dB6

Same as MIS4mB6

Same as lig115k

* The term "orbital parameters" refers to variations in the eccentricity of the Earth and longitude of perihelion as well as changes in its axial inclination (obliquity).

Table. 1.

Forcing and boundary conditions of the ten simulations produced in this study.

Climate variations through EH2 sequence

We then focused on describing the climate at EH2 cave and its variations over time according to the two dating hypotheses DH1 and DH2. To characterize the large scale climate over the area, we worked on the mean annual cycle of the four grid cells containing EH2. From simulations Ctrl, midH, earlyH, midMIS3, lateMIS4, midMIS4 and MIS5d, we extracted nine outputs variables that are likely to directly or indirectly (through available resources) influence organisms morphology. We selected: tsol (temperature at surface) [START_REF] Gillooly | Effects of Size and Temperature on Metabolic Rate[END_REF]Yom-Tov & Geffen, 2006;[START_REF] Ebrahimi-Khusfi | Vegetation response to changes in temperature, rainfall, and dust in arid environments[END_REF], precip (precipitations) (Yom-Tov & Geffen, 2006;[START_REF] Alhajeri | Association between climate and body size in rodents: A phylogenetic test of Bergmann's rule[END_REF][START_REF] Ebrahimi-Khusfi | Vegetation response to changes in temperature, rainfall, and dust in arid environments[END_REF], qsurf (specific humidity) [START_REF] Hovenden | Relative humidity has dramatic impacts on leaf morphology but little effect on stomatal index or density in Nothofagus cunninghamii (Nothofagaceae)[END_REF][START_REF] Alhajeri | Association between climate and body size in rodents: A phylogenetic test of Bergmann's rule[END_REF], w10m (wind speed at 10 meters) [START_REF] Mcneil | Behavioral Ecology of Pheromone-Mediated Communication in Moths and Its Importance in the Use of Pheromone Traps[END_REF][START_REF] Tanner | Hurricane Effects on Forest Ecosystems in the Caribbean[END_REF][START_REF] Chapman | Animal Orientation Strategies for Movement in Flows[END_REF][START_REF] Pellegrino | Weather Forecasting by Insects: Modified Sexual Behaviour in Response to Atmospheric Pressure Changes (CR Lazzari[END_REF], sols (solar radiation at surface) [START_REF] Monteith | Solar Radiation and Productivity in Tropical Ecosystems[END_REF][START_REF] Fyllas | Solar radiation and functional traits explain the decline of forest primary productivity along a tropical elevation gradient (DrN Swenson[END_REF], drysoil_frac (fraction of visibly dry soil) [START_REF] Paz | Root depth and morphology in response to soil drought: comparing ecological groups along the secondary succession in a tropical dry forest[END_REF] and humtot (total soil moisture) [START_REF] Paz | Root depth and morphology in response to soil drought: comparing ecological groups along the secondary succession in a tropical dry forest[END_REF]. Two additional variables were computed. The diurnal temperature range tsol_ampl_day [START_REF] Alhajeri | Association between climate and body size in rodents: A phylogenetic test of Bergmann's rule[END_REF] computed from tsol_max (day maximum temperature) and tsol_min (day minimum temperature) as: tsol_max -tsol_min; and the hydric stress hyd_stress (Martínez-Blancas & Martorell, 2020) computed from evapot (potential evaporation) and evap (evaporation) as: evapot -evap. List of abbreviations and units for these variables are provided in Table 2. For each variable, we worked on a seasonal cycle averaged computed on the last 30 years of simulation. More precisely, we explored variations in monthly means (mean value of the variable) and monthly standard deviations (amplitude of seasonal variation).

Climate variations over the EH2 sequence are presented on a common scale to ease the reading and better visualize covariation between climate variables (all climate variables were centered and reduced). In addition, to visualize climate proximity/differences between EH2 layers we used principal component analysis [START_REF] Jolliffe | Principal component analysis: a review and recent developments[END_REF]. It allows us to visualize EH2 layers into a climate-space (of reduced dimension) by presenting the data along the leading principal components of the analysis. These are new uncorrelated variables that successively maximize variance. They are computed from the eigenvectors and eigenvalues of the covariance/correlation matrix (correlation matrix in our case, as all the variables are standardized). The proximity of layers in the climate-space simply represents the similarity between the climate of the layers. We tested the congruence between paleoenvironmental information available in the literature and our results from climatic simulations. As climate variables, we used the principal components obtained before, and as paleoenvironmental proxies we used isotopes (δ 18 O and δ 13 C) means [START_REF] Jeffrey | Exploring palaeoaridity using stable oxygen and carbon isotopes in small mammal teeth: a case study from two Late Pleistocene archaeological cave sites in Morocco[END_REF], reconstructed mean annual precipitations [START_REF] Jeffrey | Exploring palaeoaridity using stable oxygen and carbon isotopes in small mammal teeth: a case study from two Late Pleistocene archaeological cave sites in Morocco[END_REF] and percentages of represented habitats indicated by the THI [START_REF] Stoetzel | Context of modern human occupations in North Africa: Contribution of the Témara caves data[END_REF] presented in Fig 1 . First, to test the global covariance between climate simulations and paleoenvironmental proxies we carried out a two-block Partial Least Squares (2B-pls) analysis, a method for exploring the patterns of covariation between two sets of variables [START_REF] Sampson | Neurobehavioral Effects of Prenatal Alcohol: Part II. Partial Least Squares Analysis I[END_REF][START_REF] Streissguth | The enduring effects of prenatal alcohol exposure on child development: Birth through seven years, a partial least squares solution[END_REF]. Axes of maximum covariance between the two blocks are generated, thus reducing data dimensionality. A coefficient (r-PLS) is computed and represents the strength of covariation. The r-PLS is in the range of (0,1). The closer the r-PLS is to one, the stronger the covariation. P-values indicating the statistical significance of r-PLS were calculated based on 1000 permutations against the null hypothesis (absence of covariation between the two sets of variables). Then, to refine our results, we performed pairwise correlation tests. Regarding the THI, the oasis habitat was not tested because its percentage of presence does not vary over the EH2 sequence.

All operations on NetCDF files (the standard file format for the outputs of the IPSL models)

were performed using CDO (Climate Data Operators) (Schulzweida, 2019). Maps, plots CHAPTER 3 92 and analyses were produced using the R free software (R Development [START_REF] Core | R: A language and environment for statistical computing[END_REF] and the libraries ncdf4 (http://dwpierce.com/software), raster [START_REF] Hijmans | raster: Geographic analysis and modeling with raster data[END_REF],

FactoMineR [START_REF] Lê | FactoMineR: an R Package for multivariate analysis[END_REF], corrplot [START_REF] Wei | R package 'corrplot': Visualization of a Correlation Matrix[END_REF] and ggplot2 (Wickham, 2015).

Results

Paleoclimate simulations

In Fig 2 we first present the differences in SST biases between the three model versions for the current climate (see Table 1 for details of the models) of North Africa and Europe.

Regarding IPSL-CM6A-LR, there is a global cold bias up to -4°C and a hot bias in boreal summer on the Mediterranean Sea compared to AMIP's SST. IPSL-CM5A-LR shows a rather homogeneous and stronger cold bias up to -6°C. As for IPSL-CM5A2-LR, which has been tuned for reducing the severe cold bias found in IPSL-CM5A-LR, the bias is more dependent on seasonality with a cold bias still up to -5°C in boreal winter and spring, and a hot bias over Europe during boreal summer and autumn. upper), and DH2 (Dating Hypothesis 2; lower). Climate variables are centered and reduced and share a common scale. Maximum/minimum refers to the maximum/minimum value for all simulations. "L" is the abbreviation for Layer, "Act" for Actual, "m" for mean and "sd" for standard deviation. 

Discussion

We have illustrated in this chapter that paleoclimate simulations allow us to discuss several important climate changes at EH2 over the Late Pleistocene to mid-Holocene period. The described climate transitions vary significantly depending on the chronological framework.

Regarding DH1, there is an alternation of two main climate types. The climate of L1, L2

and L8 is relatively similar to the current climate Act, dry and hot with significant seasonal variation, defined as semi-arid. On the contrary, the climate of L3, L4a and L5 is more humid and colder with important and irregular precipitations, like a temperate climate. The succession revealed by DH2 is quite different, with the presence of three main climate types and rapid transitions between them. The climate from L8 to L5 is dry, the climate of L3 and L4a is humid with important precipitations and the climate in L2, L1 and Act is semiarid.

The climate sequences described by DH1 and DH2 are not equally congruent with paleoenvironmental proxies from the literature. Indeed, several statistically significant correlations and covariation were found between the climate of DH1 and the paleoenvironmental proxies, while none were found for DH2. Thus, our results suggest that, with respect to EH2, combined US-ESR dating may be more reliable than OSL dating.

As this dating process relies on quartz grains and that their chronology and origin is difficult to establish in the context of karstic coastal caves (as discussed in Ben Arous et al. (2020a)), OSL ages might have been overestimated.

Isotopes are correlated to particular climate variables of DH1. Both δ 18 O and δ 13 C are mainly related to seasonal variation in temperature and water stress. It is known that a high amount of δ 18 O is an indicator of aridity [START_REF] Longinelli | Isotopic composition of precipitation in Italy: a first overall map[END_REF][START_REF] Levin | A stable isotope aridity index for terrestrial environments[END_REF].

As the temperature increases, evaporation is more intense and because 16 O is a lighter isotope than 18 O, it will evaporate preferentially. Then the ratio between 16 The large differences between the climate simulations and the fact that they provide a physical consistent view of the relationships between the different climatic variables allow us to discuss the inconsistencies existing between paleoenvironmental proxies at EH2. The two major ones concern L5 and L7. In both cases, isotope surveys and mean annual precipitation reconstructions from Jeffrey ( 2016) indicate humid conditions with important precipitation. On the contrary, the THI as well as the presence of the steppic species Jaculus cf. orientalis (often used as an indicator of particularly arid conditions) and the scarcity of aquatic species support a dry climate [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] Stoetzel | Context of modern human occupations in North Africa: Contribution of the Témara caves data[END_REF]. Large mammals would also support this last hypothesis, with an increase in the representation of gazelles and alcelaphines, and a decrease in the representation of bovines in both layers (Stoetzel et al., 2012a[START_REF] Stoetzel | Context of modern human occupations in North Africa: Contribution of the Témara caves data[END_REF]. Unfortunately, no combined US-ESR ages are available for L7 to date.

Considering that climate conditions in L8 are dry with less precipitations than currently, we could hypothesize a similar climate for L7. In that case, this would support inferences from faunal assemblages. Nevertheless, we cannot exclude that a microclimatic event could

have induced particular climatic conditions on L7. Concerning L5, the climate described by DH1 agrees with isotope surveys [START_REF] Jeffrey | Exploring palaeoaridity using stable oxygen and carbon isotopes in small mammal teeth: a case study from two Late Pleistocene archaeological cave sites in Morocco[END_REF]. These conclusions are supported by the abundance of Crocidura russula, a shrew species associated with Mediterranean climates (Cornette et al., 2015c). In addition, Jaculus cf. orientalis can also be considered as an indicator of more continental conditions, such as the distance from the coastline, rather than a marker of arid environments.

An important difference is noticed between the climate described by DH1 and the THI.

DH1 describes an arid climate on L1, in contradiction with the composition of small and large mammal communities that indicates a humid environment. This inconsistency could be explained by the location of EH2: the cave is subjected to a complex climatic influence, as described previously. Because global climate models describe general climate characteristics, in L1 period, the region could have been arid, but a local climate phenomenon could have generated a wet environment in the surroundings of EH2.

While our results seem conclusive, it is important to notice that our approach has some limitations. First, the climate model used has many forced parameters: sea ice temperature, aerosol concentration and vegetation are prescribed in the model and are not allowed to vary. Therefore, the vegetation feedback for example is not included in the model.

The second issue relates to the compatibility of the spatial and temporal resolution of a climate simulation and a stratigraphic layer of an archeological site. The spatial resolution of the atmospheric grid of the IPSL-CM6A-LR model is 157 km on average (Boucher et al., 2020). Consequently, the four cell grids used in this study cover a quite wide area.

Conversely, EH2 represents a precise locality, and most species whose presence was recorded have a lifetime dispersal range largely inferior to 157km (e.g., the jird Meriones shawii has a home range estimated between 200-1000 m 2 [START_REF] Ghawar | Spatiotemporal dispersal of Meriones shawi estimated by radio-telemetry[END_REF]). Then, the climate described by current global simulations might be a bit too coarse to faithfully describe microclimate variations at EH2. This may induce a mismatch between climate variables and other paleoenvironmental proxies.

The difference in temporal resolution between a stratigraphic layer and a paleoclimate simulation raises even more concerns. The older the dated layer, the higher the dating uncertainty is. For EH2, this uncertainty goes until 11 ka on L8. If we compare the dates estimated by different methods, the difference is much more significant. For example, it is the case for L3 dated at ~40 ka by combined US-ESR and at ~60 by OSL (i.e. a difference of 20 ka). Radical climate changes can occur in 20 ka: ~60 ka places L3 in a ice age while ~40 ka places it in an interglacial. As this paper demonstrates by comparing DH1 and DH2, those differences in estimated dates can result in completely different climate sequences.

EH2 was an ideal case of investigation because a lot of studies focusing on the dating of its stratigraphic layers are available in the literature (e.g., Jacobs et al., 2012;[START_REF] Janati-Idrissi | Datation par ESR-U/th combinées de dents fossiles des grottes d'El Mnasra et d'El Harhoura 2, région de Rabat-Temara. Implications chronologiques sur le peuplement du Maroc atlantique au Pléistocène supérieur et son[END_REF]Ben Arous et al., 2020a,b). However, for archeological and paleontological sites, whose chronological framework is less referenced, it can lead to a completely wrong climate description. Furthermore, layers are not necessarily snapshots representing the faunal assemblages, cultural presence, etc. of specific moments in the past. A layer is a stratigraphic/sedimentary unit that can cover shorter or longer periods and undergoes microclimatic variations that cannot be disentangled.

Conclusion

The use of climate simulations allowed us to provide a quantified description of the paleoclimate at El Harhoura 2. Our results enabled us to discuss the validity of the varied dating methods used: in our case, the climate sequence corresponding to combined US-ESR ages was much more consistent with paleoenvironmental inferences from the simulations than those corresponding to OSL ages. Regarding discrepancies between paleoenvironmental inferences based on faunal assemblages and isotopic studies, our results are more consistent with conclusions drawn from the latter. But more than that, they highlighted the difference in scale between the information provided by each of these indicators. This study demonstrates that the combination of different sources of environmental data and climate simulations has a great potential for refining the paleoenvironmental and chronological context of archeological and paleontological sites. 

Introduction

Evidences about past global climate changes driving macroevolutionary changes such as extinctions and diversifications in mammals are numerous (e.g., [START_REF] Douady | The Sahara as a vicariant agent, and the role of Miocene climatic events, in the diversification of the mammalian order Macroscelidea (elephant shrews)[END_REF][START_REF] Blois | Small mammal diversity loss in response to late-Pleistocene climatic change[END_REF][START_REF] Finarelli | Diversity dynamics of Miocene mammals in relation to the history of tectonism and climate[END_REF]. However, the impact of these global climate changes on the phenotype of organisms is less known, while the phenotypic response is one of the primary responses to climate changes [START_REF] Karell | Climate change drives microevolution in a wild bird[END_REF][START_REF] Boutin | Climate change and mammals: evolutionary versus plastic responses[END_REF][START_REF] Merilä | Climate change, adaptation, and phenotypic plasticity: the problem and the evidence[END_REF]. Exploring those phenotypic responses in the past is the key for understanding the responses of organisms since the entry into the Anthropocene, the current geological era, characterized by human-induced climate change [START_REF] Zalasiewicz | Are we now living in the Anthropocene[END_REF][START_REF] Lewis | Defining the Anthropocene[END_REF]. In this chapter, we investigated what are the phenotypic responses of North African small mammals to global climate changes that occurred over the last 100ka.

We focused on rodents and shrews from the archeological site El Harhoura 2 (EH2; Rabat, Morocco), covering a period from late-Pleistocene to mid-Holocene, and extended our time line until today by considering current Moroccan specimens. Small mammals such as rodents and shrews are good models to evaluate the impact of paleoenvironmental variation on the phenotype [START_REF] Valenzuela | Evolving ecosystems: ecological data from an Iron Age small mammal accumulation at Alorda Park (Catalonia, Spain)[END_REF][START_REF] Mcguire | Geometric morphometrics of vole (Microtus californicus) dentition as a new paleoclimate proxy: Shape change along geographic and climatic clines[END_REF][START_REF] Escudé | Why all vole molars (Arvicolinae, Rodentia) are informative to be considered as proxy for Quaternary paleoenvironmental reconstructions[END_REF][START_REF] Arregoitia | Morphology captures diet and locomotor types in rodents[END_REF]. This site served many times as a model to investigate the relationship between diversity, the phenotype of organism and the environment they lived in [START_REF] Stoetzel | Pleistocene and holocene small vertebrates of El Harhoura 2 cave (Rabat-Témara, Morocco): an annotated preliminary taxonomic list[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF](Stoetzel et al., , 2012a[START_REF] Stoetzel | Systematics and evolution of the Meriones shawii/grandis complex (Rodentia, Gerbillinae) during the Late Quaternary in northwestern Africa: Exploring the role of environmental and anthropogenic changes[END_REF][START_REF] Campmas | Were Upper Pleistocene human/non-human predator occupations at the Témara caves (El Harhoura 2 and El Mnasra, Morocco) influenced by climate change?[END_REF]Cornette et al., 2015c;[START_REF] Terray | The contribution of functional traits to the understanding of palaeoenvironmental changes[END_REF]. It covers a wide range of climate regimes [START_REF] Drake | Ancient watercourses and biogeography of the Sahara explain the peopling of the desert[END_REF][START_REF] Drake | Palaeoclimate in the Saharan and Arabian Deserts during the Middle Palaeolithic and the potential for hominin dispersals[END_REF][START_REF] Blome | The environmental context for the origins of modern human diversity: A synthesis of regional variability in African climate 150,000-30,000 years ago[END_REF][START_REF] Kageyama | Mid-Holocene and Last Glacial Maximum climate simulations with the IPSL model-part I: comparing IPSL_CM5A to IPSL_CM4[END_REF][START_REF] Scerri | The North African Middle Stone Age and its place in recent human evolution[END_REF][START_REF] Couvreur | Tectonics, climate and the diversification of the tropical African terrestrial flora and fauna[END_REF]Terray et al. under revision) without exhibiting important turnovers of micro-faunal assemblages [START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF](Stoetzel et al., , 2012b)). Because species that were present on this site are for the majority still present today in Morocco, our study adopts an actualist approach, allowing us to contrast the past phenotypic response of those organisms with their response to present climate change.

In archeological context, studies often do not distinguish the climate from the environment.

To infer past external conditions, they rely on archives such as pollen records (e.g., [START_REF] Ibrahim | Late Cretaceous palynology and paleoenvironment of the Razzak-3 well, North Western Desert, Egypt[END_REF][START_REF] Bolaji | Palynological Age Control and Paleoenvironments of the Paleogene Strata in Eastern Dahomey Basin, Southwestern Nigeria[END_REF], isotopes (e.g., [START_REF] Bar-Matthews | A high resolution and continuous isotopic speleothem record of paleoclimate and paleoenvironment from 90 to 53 ka from Pinnacle Point on the south coast of South Africa[END_REF][START_REF] Jeffrey | Exploring palaeoaridity using stable oxygen and carbon isotopes in small mammal teeth: a case study from two Late Pleistocene archaeological cave sites in Morocco[END_REF] or faunal assemblages (e.g., [START_REF] Matthews | The palaeoecology of the micromammals from the late middle Pleistocene site of Hoedjiespunt 1 (Cape Province, South Africa)[END_REF][START_REF] Stoetzel | Adaptations and dispersals of anatomically modern humans in the changing environments of North Africa: the contribution of microvertebrates[END_REF]. Those proxies describe very local conditions, depict environments more than climate and can present important discrepancies with each other [START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF][START_REF] Jeffrey | Exploring palaeoaridity using stable oxygen and carbon isotopes in small mammal teeth: a case study from two Late Pleistocene archaeological cave sites in Morocco[END_REF]CHAPTER 4 112 [START_REF] Stoetzel | Adaptations and dispersals of anatomically modern humans in the changing environments of North Africa: the contribution of microvertebrates[END_REF]). Yet, global climate variations are efficiently described by climate simulations. Those simulations rely on physically based models that describe the dynamics and thermodynamics of the atmosphere, ocean, and continental and frozen surfaces coupled with water and carbon cycles. Those models depict the directions and large scale patterns of past climate changes based on their consistency with past changes in the ice-sheet, Earth's orbit and trace gases [START_REF] Braconnot | Evaluation of climate models using palaeoclimatic data[END_REF], and have long been used to investigate past climate changes [START_REF] Kutzbach | The Sensitivity of the African-Asian Monsoonal Climate to Orbital Parameter Changes for 9000 Years B.P. in a Low-Resolution General Circulation Model[END_REF][START_REF] Braconnot | Evaluation of climate models using palaeoclimatic data[END_REF][START_REF] Duplessy | Paléonclimatologie, tome II : enquêter sur les climats anciens[END_REF][START_REF] Schmidt | Using palaeo-climate comparisons to constrain future projections in CMIP5[END_REF][START_REF] Harrison | Evaluation of CMIP5 palaeo-simulations to improve climate projections[END_REF]. In chapter 3 (Terray et al., under revision), we produced a set of paleoclimate simulations covering periods corresponding to the stratigraphic layers of EH2. They allowed us to discuss inconsistencies between the different datations and to investigate large scale climate variations over the region of the EH2 site.

Several aspects of the phenotype are known to be closely related to environmental conditions, and they may not display the same response to climate changes. Morphological traits such as shape and size are related to the environment through diet for both the teeth [START_REF] Wolf | Does weather shape rodents? Climate related changes in morphology of two heteromyid species[END_REF][START_REF] Mcguire | Geometric morphometrics of vole (Microtus californicus) dentition as a new paleoclimate proxy: Shape change along geographic and climatic clines[END_REF][START_REF] Coillot | Correlated changes in occlusal pattern and diet in stem murinae during the onset of the radiation of old world rats and mice[END_REF][START_REF] Cano | Dietary ecology of murinae (Muridae, Rodentia): a geometric morphometric approach (L Viriot[END_REF]Gomes Rodrigues, 2015b) and the mandible (Caumul & Polly, 2005;[START_REF] Kouvari | Humans and climate as possible drivers of the morphology and function of the mandible of Suncus etruscus in Corsica[END_REF]. Because size and shape have different developmental pathways, size may be more sensible to climate than shape [START_REF] Nevo | Natural selection of body size differentiation in the spiny mice, Acomys[END_REF][START_REF] Whiting | Insect homeotic transformation[END_REF][START_REF] Renaud | Morphological evolution of the murine rodent Paraethomys in response to climatic variations (Mio-Pleistocene of North Africa)[END_REF][START_REF] Selig | Mammalian molar complexity follows simple, predictable patterns[END_REF]. Size has even been hypothesized to be a line of least resistance to evolution [START_REF] Marroig | Size as a line of least resistance: diet and adaptative morphological radiation in new world monkeys[END_REF]. A line of least evolutionary resistance is a morphological trait that constitutes the first axis of response to disturbances, because its evolution is facilitated by its genetic and developmental determinants [START_REF] Schluter | Adaptative radiation along genetic lines of least resistance[END_REF][START_REF] Marroig | Size as a line of least resistance: diet and adaptative morphological radiation in new world monkeys[END_REF]. The more common trend of size response to climate gradient in endotherms is Bergmann's rule [START_REF] Bergmann | Über die Verhältnisse der Wärmeӧkonomie der Thiere zu ihrer Grӧsse[END_REF][START_REF] Meiri | On the validity of Bergmann's rule[END_REF], which predicts an increase in body size under colder conditions. However, results about the validity of this trend in rodents and shrews are mitigated [START_REF] Zeveloff | Body size patterns in North American mammal faunas[END_REF][START_REF] Ochocińska | Bergmann's rule in shrews: geographical variation of body size in Palearctic Sorex species[END_REF][START_REF] Alhajeri | Association between climate and body size in rodents: A phylogenetic test of Bergmann's rule[END_REF][START_REF] Kouvari | Humans and climate as possible drivers of the morphology and function of the mandible of Suncus etruscus in Corsica[END_REF]. Patterns of developmental modularity of shape variation are also known to be related to environmental stress [START_REF] Badyaev | Evolution of Morphological Integration. I. Functional Units Channel Stress-Induced Variation in Shrew Mandibles[END_REF]. Our results in chapter 2 [START_REF] Terray | The contribution of functional traits to the understanding of palaeoenvironmental changes[END_REF] seem also to support that modularity is linked to local environmental changes. An alternative hypothesis suggests that conserved modularity patterns may allow faster shape changes and thus may facilitate repeated transitions between habitats [START_REF] Conith | Ecomorphological divergence and habitat lability in the context of robust patterns of modularity in the cichlid feeding apparatus[END_REF]. This would be in line CHAPTER 4 113 with [START_REF] Kouvari | Humans and climate as possible drivers of the morphology and function of the mandible of Suncus etruscus in Corsica[END_REF], who did not find any relationship between environmental changes and modularity in the shrew's mandible. Finally, shape disparity indicates changes in the amount of variation in a group [START_REF] Gould | Wonderful life: the Burgess Shale and the nature of history[END_REF][START_REF] Gould | The disparity of the Burgess Shale arthropod fauna and the limits of cladistic analysis: why we must strive to quantify morphospace[END_REF][START_REF] Wills | Disparity as an evolutionary index: a comparison of Cambrian and Recent arthropods[END_REF][START_REF] Foote | The evolution of morphological diversity[END_REF].

A decrease in disparity may reflect morphological selection due to more stringent environments [START_REF] Erwin | Disparity: morphological pattern and developmental context[END_REF]. The lower the disparity, the more we expect remaining morphologies to be fit to their environment.

Functional traits might display a different response to climate changes than morphological traits, because morphological and functional traits can be partially decoupled [START_REF] Bergmann | Many-to-Many Mapping of Phenotype to Performance: An Extension of the F-Matrix for Studying Functional Complexity[END_REF]. Bite force is a functional trait implicated in feeding, the function related to dietary ecology [START_REF] Schwenk | Form, Function, and Evolution in Tetrapod Vertebrates[END_REF]. Bite force is related to diet in many animals [START_REF] Aguirre | The implications of food hardness for diet in bats: Ecomorphology of food partitioning in bats[END_REF][START_REF] Anderson | Bite force in vertebrates: opportunities and caveats for use of a nonpareil whole-animal performance measure: bite force in vertebrates[END_REF], thus shifts in bite force may reflect shifts in the type of consumed preys, which depends on the habitat. Consequently, we hypothesized that the functional trait may be more sensible to climate than the morphological traits.

Splitting specimens according to shape is a promising way to characterize the main shape variation within populations. The morphological groups (MGs) obtained display different morphological and functional characteristics [START_REF] Murray | Distribution and Ecology of Living Benthic Foraminiferids[END_REF][START_REF] Terray | The contribution of functional traits to the understanding of palaeoenvironmental changes[END_REF]Terray et al., under revision). Morphology and functional abilities grealy reflect the ecology of organisms. Therefore, they are hypothesized to be tran-specific ecological groups [START_REF] Terray | The contribution of functional traits to the understanding of palaeoenvironmental changes[END_REF]Terray et al., under revision). The relative abundance of taxa is informative to assess organisms response to climate changes (i.e., [START_REF] Lyman | Paleoenvironmental implications of two relative indicator rodent taxa during the Pleistocene to Holocene transition in south-eastern Washington state, USA: paleoenvironmental implications of two rodents taxa[END_REF][START_REF] Schap | Microfauna relative abundance since the Late Pleistocene at Natural Trap Cave[END_REF]. As MGs do not split diversity by taxonomy, but by the main morphofunctional profiles in a population, we expect the relative abundance in MGs (i.e. the relative proportion of representatives of each MG) to be highly impacted by changes in climate (assuming taphonomic biases do not interfere).

In this study, we explored the impact of global climate changes on several morphological and functional aspects of the phenotype of rodents and shrews from the archeological site El Harhoura 2 (EH2). Climate variations were quantified using paleoclimate simulations.

As indicators of the phenotypic diversity of small mammals we choose shape, size, relative abundance in MGs, modularity and disparity of rodent's teeth and shrew's mandibles, and shrew's estimated bite force. We assessed the impact of climate on each of these morphological and functional traits through covariation analyses. Then, we compared the strength of covariation between structures (teeth and mandibles) to assess if they display different sensibility to climate changes. We also compared the strength of covariation of CHAPTER 4

114 each indicator within each structure to assess if one indicator is more sensible to climate than the others. Finally, we assess if there are changes in the phenotypic response of rodents and shrews since the entry into the Anthropocene. Because recent climate changes are particularly fast [START_REF] Foster | Future climate forcing potentially without precedent in the last 420 million years[END_REF], we could expect the phenotypic response to be intensified.

Material and methods

EH2 cave and sample

EH2 cave is a Late Pleistocene to mid-Holocene archeological site located in the Rabat-Témara region (33°57'08.9" N / 6°55'32.5" W), on the Atlantic coast. Its stratigraphy is divided into 11 layers among which the first eight are well studied and considered in this paper. The archeological material was sampled during the 2005-2009 excavation campaigns of the El Harhoura-Témara Archaeological Team (directors R. Nespoulet and M.A. El Hajraoui). The site revealed an exceptional taxonomic richness and delivered an important amount of large and small vertebrate remains (Michel et al., 2009b;[START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF]Stoetzel et al., , 2012b)). Paleoenvironments along the EH2 sequence have been explored using a lot of proxies, including isotopes, faunal assemblages and species occurrences [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] Stoetzel | Taphonomy and palaeoecology of the late Pleistocene to middle Holocene small mammal succession of El Harhoura 2 cave (Rabat-Témara, Morocco)[END_REF]Stoetzel et al., , 2012a,b;,b;[START_REF] Jeffrey | Exploring palaeoaridity using stable oxygen and carbon isotopes in small mammal teeth: a case study from two Late Pleistocene archaeological cave sites in Morocco[END_REF]. In the following, to ease the reading, each layer is abbreviated in "L" followed by the layer number, as in "L1" for layer 1. For period name's consistency, current days are referred to as "L0" (L0 is equivalent to Act in chapter 3).

As proxies for micromammals phenotype we used rodent's first lower (m1 Crocidura whitakeri (Cornette et al., 2015a,c). Complete mandibles are rare among archeological remains and most of the material is fragmented. However, mandibles fragments can also be informative (Cornette et al., 2015a,c;[START_REF] Terray | The contribution of functional traits to the understanding of palaeoenvironmental changes[END_REF]. We selected complete mandibles and one type of fragments, the only one that carries information about both the mandible branch and body (referred as the C fragment in chapter 2 [START_REF] Terray | The contribution of functional traits to the understanding of palaeoenvironmental changes[END_REF]). Data acquisition is detailed in chapter 2 [START_REF] Terray | The contribution of functional traits to the understanding of palaeoenvironmental changes[END_REF]. The abundance of teeth and mandibles per layer is indicated in Table 1. 

Geometric morphometric analyses

Shape variation was investigated through 2D geometric morphometric analyses. All analyses and visualizations in this article were carried out under the free software R (R Development Core Team, 2018) using the libraries geomorph (Adams & Otárola-Castillo, 2013), Morpho [START_REF] Schlager | Morpho and Rvcg -Shape Analysis in R[END_REF], clues [START_REF] Wang | CLUES: A non-parametric clustering method based on local shrinking[END_REF], pls [START_REF] Liland | Partial Least Squares and Principal Component regression, R package[END_REF], ape (Paradis et al., 2004), dispRity [START_REF] Guillerme | dispRity : a modular R package for measuring disparity (T Poisot[END_REF], MASS [START_REF] Venables | Modern Applied Statistics with S (Fourth Edition)[END_REF], ggplot2 (Wickham, 2015) and corrplot [START_REF] Wei | R package 'corrplot': Visualization of a Correlation Matrix[END_REF]).

Rodent's teeth shape was approximated using the outline of the molar crown in occlusal view. Wear related to age is an important bias of teeth shape and molar crowns are less affected by it, especially in the case of Meriones, which have semi-hypsodont teeth characteristics. Outline location is presented in Fig 1A . Teeth were converted to masks and outlines were extracted using the Momocs library [START_REF] Bonhomme | Landmark Methods for Forms Without Landmarks: Localizing Group Differences in Outline Shape[END_REF]. We performed Fourier analyses, an efficient method to describe teeth morphology (Renaud, 1999) that is less sensitive to wear than the landmarks-based approach [START_REF] Renaud | Morphological evolution of the murine rodent Paraethomys in response to climatic variations (Mio-Pleistocene of North Africa)[END_REF]. The registration process proposed here is an extension of the GPA algorithm that can be found in Dryden & Mardia (1998) (p. 90), but adapted in the case where the outline of an object is considered as a continuous closed curve. It relies on an algorithm of Functional Generalized Procrustes Analysis (FGPA). The idea behind this landmark free method is to avoid the delicate choice of the number and the position of landmarks. This method is further detailed in chapitre 1 (Terray et al., under review). Once the contour lines have been registered, classical shape analyses can be achieved on the registered Fourier coefficients.

Mask surface area was used as an estimate of size.

Shrew's mandibles shape could not be reliably captured using the same method as for teeth (outlines) as they are fragmented. Thus, they were analyzed through a landmark-and sliding semi-landmark-based approach. Anatomical landmarks represent biological homologies while semilandmarks represent geometric homologies, allowing the description of the shape of biological relevant areas without anatomical landmarks (Bookstein, 1996;Zelditch, 2004;Gunz et al., 2005;Cornette et al., 2013). Landmark locations are presented in Fig 1B . Semi-landmarks were slided to minimize the bending energy. To remove effects of translation, rotation and scale and make objects comparable we performed a Generalized Procrustes Analysis (GPA) (Rohlf & Slice, 1990) using the gpagen function of the library geomorph (Adams & Otárola-Castillo, 2013). Resulting shape coordinates are the Procrustes residuals, on which further statistical analyses have been performed. Size was estimated using the centroid size. The centroid size was log10transformed in all further analyses.

Shape variability was quantified and visualized using principal component analysis performed with the PCA function of the FactoMineR library [START_REF] Lê | FactoMineR: an R Package for multivariate analysis[END_REF]. Only the two first principal components are used for visualizations, but analyses are performed on the overall shape variability. 

MGs identification

To evaluate phenotypic diversity within each dataset (m1, M1, mandibles) and identify MGs, we partitioned the global variability by performing unsupervised clustering analyses.

We used the K-nearest neighbors method (KNN), a non-parametric classification in which each shape object is attributed to the group of its K nearest neighbors. The clues function of the clues library [START_REF] Wang | CLUES: A non-parametric clustering method based on local shrinking[END_REF] proposes an unsupervised KNN algorithm. To assess dissimilarity between shape objects it computes euclidean distance. The K number of neighbors to consider is determined by the algorithm. First, a partition procedure is performed through a local shrinking procedure (data points are "shrinked" toward a cluster center) to obtain the number of clusters [START_REF] Wang | CLUES: A non-parametric clustering method based on local shrinking[END_REF]. Then K is selected between 1

to n-1 (n being the number of objects) based on the more robust clustering result [START_REF] Wang | CLUES: A non-parametric clustering method based on local shrinking[END_REF]. Partition robustness is assessed by the Silhouette index (SI) [START_REF] Kaufman | Finding groups in data. an introduction to cluster analysis[END_REF], which measures the strength of clusters. SI is determined for each data point. It is bounded by -1 and 1. If SI>0 the data point is closer to its assigned cluster than to other clusters. If SI<0 the data point is misassigned to its cluster. If SI=0 the data point is at equal distance from its assigned cluster and neighboring clusters. To ensure that points are correctly allocated to clusters the average SI is calculated and must be strictly positive [START_REF] Wang | CLUES: A non-parametric clustering method based on local shrinking[END_REF]. For each dataset (m1, M1, mandibles), we examined the variation in relative abundance in MGs on each layer. 118

Allometry

Allometry is the part of shape due to the influence of size [START_REF] Gould | Allometry and size in ontogeny and phylogeny[END_REF][START_REF] Klingenberg | Multivariate Allometry[END_REF]Klingenberg, , 2016;;Klingenberg & Marugán-Lobón, 2013). Size variation is an important determinant of morphological changes, and consequently plays a critical role in the evolution of shape (Klingenberg, 2016). If the GPA procedure separates shape from size, it does not remove allometry. The presence of allometry was tested by performing the multivariate regression of shape on size using the function procD.lm from the library geomorph (Adams & Otárola-Castillo, 2013). We also explored if the MGs of each structure (m1, M1, mandible) display different allometric slopes (i.e. different relationship between shape and size). To test it, we performed a regression using the formula: shape ~ size + MG + size:MG. The interaction term between MGs and size was examined to assess homogeneity of allometric slopes between MGs.

Modularity

The degree of modularity within teeth and mandible was explored based on developmental modules defined a priori. Regarding teeth, we defined two modules: the distal part and the mesial part (Fig 2A and2B). In the molar row of rodents, the first molar is in contact with the second molar. The ''neighboring rule''proposed by [START_REF] Van Valen | An analysis of developmental fields[END_REF] predicts strong spatial interactions between contiguous structures during development. This rule was verified in rodents molars of Apodemus sylvaticus and Mus musculus by [START_REF] Renaud | Developmental constraints revealed by co-variation within and among molar rows in two murine rodents[END_REF]. Thus, the second molar might induce a physical constraint on the distal part of the first molar during development. The mesial part, on the contrary, is free from that kind of constraints and can vary greatly. That may be why the first and third molars are the more variable in rodents [START_REF] Labonne | When less means more: evolutionary and developmental hypotheses in rodent molars[END_REF]. Thus, we hypothesized that the mesial and distal parts of the first molars could behave as modules as they are not subjected to the same constraints during development. To standardize our module definition between m1 and M1, we splitted teeth horizontally at their maximum width.

To quantify the modular structure of the mandible, we divided it according to the two primary developmental modules defined in the literature: the mandibular branch and the mandibular body (Fig 2C; [START_REF] Cheverud | Pleiotropic effects of individual gene loci on mandibular morphology[END_REF][START_REF] Mezey | Is the Genotype-Phenotype Map Modular?: A Statistical Approach Using Mouse Quantitative Trait Loci Data[END_REF][START_REF] Klingenberg | Developmental integration in a complex morphological structure: how distinct are the modules in the mouse mandible?[END_REF][START_REF] Klingenberg | Integration and Modularity of Quantitative Trait Locus Effects on Geometric Shape in the Mouse Mandible[END_REF]. Modularity is classically investigated based on the global Procrustes alignment of the biological object studied. However, to use modules splitted CHAPTER 4 119 after a common Procrustes superimposition is against the assumption that one should not interpret separately subsets of landmarks, as the superimposition is based on statistical convenience only [START_REF] Cardini | Integration and Modularity in Procrustes Shape Data: Is There a Risk of Spurious Results?[END_REF]. So, prior modularity analyses, modules were subdivided and separate Procruste alignment were performed.

To quantify the degree of modularity we used the Covariance Ratio (CR) [START_REF] Adams | Evaluating modularity in morphometric data: challenges with the RV coefficient and a new test measure (P Peres-Neto[END_REF] using the modularity.test function from the geomorph library (Adams & Otárola-Castillo, 2013). This method compares the degree of modularity between the modules to what is expected under the null hypothesis (random association of variables). The independence of hypothesized modules (i.e. the modularity hypothesis) is verified when CR < 1 and is statistically significant. This measure is not affected by sample size [START_REF] Adams | Evaluating modularity in morphometric data: challenges with the RV coefficient and a new test measure (P Peres-Neto[END_REF]. To assess if the degree of modularity between structures is significantly different, we used the function compare.CR from the geomorph library (Adams & Otárola-Castillo, 2013).

Fig. 2 Hypothesized developmental modules in the m1 (A), the M1 (B) and the mandible (C). Landmarks protocols used to independently align each module are also presented: black dots represent anatomical landmarks and grey dots sliding semi-landmarks.

Disparity

When considered outside of the phylogenetic framework, the amount of occupied morphospace is a good estimate of disparity [START_REF] Wills | Disparity as an evolutionary index: a comparison of Cambrian and Recent arthropods[END_REF]. Disparity was computed separately on each layer using the function dispRity.per.group from the dispRity library [START_REF] Guillerme | dispRity : a modular R package for measuring disparity (T Poisot[END_REF]. As an estimator of disparity, we used the median of the distances from the centroid of the group, a variance measure relatively insensitive to outliers [START_REF] Guillerme | dispRity : a modular R package for measuring disparity (T Poisot[END_REF]. A common issue when studying disparity is the effect of sample composition [START_REF] Butler | How do geological sampling biases affect studies of morphological evolution in deep time? A case study of Pterosaur (Reptilia: Archosauria) disparity: geological sampling biases and disparity[END_REF]. To prevent it, a bootstrap procedure (a resampling method based on random sampling with replacement) is included in the function dispRity.per.group. Variance is CHAPTER 4 120 generally not biased by sample size [START_REF] Foote | The evolution of morphological diversity[END_REF] and, thus, we did not apply any sample size correction.

Estimated bite force

As a proxy to estimate bite force from the shrew's mandible, we computed the mechanical potential of the temporalis muscle. The temporalis is one of the main muscles involved in bite force generation in mammals (Herrel et al., 2008a;[START_REF] Santana | Mechanics of bite force production and its relationship to diet in bats: Bite force and diet in bats[END_REF]Cornette et al., 2015d,b;Brassard et al., 2020b). The mechanical potential was computed using a biomechanical model based on mandible shape and then corrected to take size into account.

The complete protocol is detailed in chapter 2 [START_REF] Terray | The contribution of functional traits to the understanding of palaeoenvironmental changes[END_REF]. We considered this size-corrected mechanical potential as an estimate of bite force in nature.

Climate variation

In order to obtain a quantified characterisation of climate states, we produced in chapter 3 paleoclimate simulations for each stratigraphic layer studied. Climate simulations allow one to reconstruct the climate state corresponding to a defined period. Thus, the resulting climate sequence relies on datation estimations associated with each stratigraphic layer.

However, dating a stratigraphic layer is not an obvious task. Fortunately, the chronological framework of EH2 has been extensively studied in the last decade. Three different methods were used to date layers: OSL (Optical Stimulated Luminescence) (Jacobs & Roberts, 2012;Jacobs et al., 2012), combined US-ESR (combination of uranium series and electron spin resonance methods) [START_REF] Janati-Idrissi | Datation par ESR-U/th combinées de dents fossiles des grottes d'El Mnasra et d'El Harhoura 2, région de Rabat-Temara. Implications chronologiques sur le peuplement du Maroc atlantique au Pléistocène supérieur et son[END_REF]Ben Arous et al., 2020b) and AMS-14C (radiocarbon dating) (Nespoulet & El Hajraoui, 2012;Marquer et al., in press). Those dating estimations present some discrepancies, mainly between combined US-ESR and OSL dating. In the light of the results of chapter 3, we choose to rely here on AMS-14C and combined US-ESR datings and to use the corresponding climate sequence (referred as DH1 in chapter 3).

The simulations used here were performed using the LMDZOR6A model, which is the atmosphere-land surface component of the coupled model IPSL-CM6v1.11-LR already described in chapter 3. Climate states were simulated for six periods: MIS5d (~115ka, corresponding to L8), late MIS4 (~60ka, corresponding to L5), mid-MIS3 (~40ka, corresponding to L4a and L3), early Holocene (~9ka, corresponding to L2), mid-Holocene enabled us to study the main climate contrasts between these periods. However, they neglect the interannual variability within each period, which may also have a significant impact on ecosystems. Overall, they described an increasingly wetter climate from L8 to L3, and then a severe dry climate in L2, followed by a less and less dry climate in L1 and L0.

Nine output variables that are likely to directly or indirectly (through available resources)

influence organisms morphology and performances were selected to represent climate state. They are listed and described in chapter 3, Table 2. For each variable, we considered two parameters, as in chapter 3. The annual mean, that represents global conditions and was computed as the mean value of the variable over the mean annual cycle, and the amplitude of seasonal variation, as a proxy for seasonality, which was calculated as the standard deviation of the variable over the mean annual cycle. All variables were centered and reduced.

Covariation between phenotype and climate

Climate data were not available for L6 and L7 because those layers have been dated only using the OSL method. Consequently phenotypic data from these layers were removed from covariance analyses. Not including those layers might deprive us of interesting information. However, according to OSL datations (Ben Arous et al., 2020a) and the stratigraphy of EH2 [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF] L6, L7 and L8 are closed in date. Thus, maybe the simulated climate of L6 and L7 would not have been so different from that of L8. Therefore the removal of these layers may not greatly impact our results.

Regarding shape, size and estimated bite force covariation with climate were explored per individuals. As for relative abundance in MGs, modularity and disparity, they were explored per layer, as only one value per layer is computed. To investigate the covariation between climate variables and phenotypic indicators, we performed 2B-pls, which explore covariation patterns between two sets of variables [START_REF] Sampson | Neurobehavioral Effects of Prenatal Alcohol: Part II. Partial Least Squares Analysis I[END_REF][START_REF] Streissguth | The enduring effects of prenatal alcohol exposure on child development: Birth through seven years, a partial least squares solution[END_REF] and has been adapted to shape data [START_REF] Rohlf | Use of Two-Block Partial Least-Squares to Study Covariation in Shape (R Olmstead[END_REF]. To perform 2B-pls we used the two.b.pls function from the geomorph library (Adams & Otárola-Castillo, 2013).

Shapes at the extreme of axes and predicted shapes under arid and humid climates were produced using the function plotRefToTarget from the geomorph library (Adams & Otárola-Castillo, 2013).

2B-pls analyses were performed both with and without L0 and the results of the two were compared. We assumed that if the covariation without L0 is significantly different than with L0, it would mean that (a) new selective pressure(s) may have appeared in present days, interfering with/exacerbating the influence of climate, as anthropic disturbances.

When statistical differences are found, to confirm whether this is an atypical model or not, we recalculated the 2B-pls by removing each layer one after the other (and not only L0). If the removal of L0 was the only case where the significance changes, we considered our hypothesis is confirmed.

When comparing the strength of covariation of two 2B-pls analyses, the r-PLS is not appropriate as it is dependent on both the number of specimens and the number of variables [START_REF] Adams | On the comparison of the strength of morphological integration across morphometric datasets[END_REF]. Instead, we used the multivariate effect size (Z-score) of the r-PLS provided by [START_REF] Adams | On the comparison of the strength of morphological integration across morphometric datasets[END_REF]. The function compare.pls from the geomorph library (Adams & Otárola-Castillo, 2013) allows one to test if the Z-scores of two 2B-pls are significantly different. It calculates effect sizes as standard deviations and performs two-sample z-tests, using the pooled standard error from the sampling distributions of the 2B-pls analyses (Adams & Otárola-Castillo, 2013).

Results

Shape variation and MGs identification

Clustering analyses reveal three MGs among rodent's m1 (SI means = 0.13), five among 

Covariation between phenotype and climate with and without L0

Results of all 2B-pls are presented in Table 2. To assess if there are changes in the phenotypic response of rodents and shrews since the entry into the Anthropocene, we computed 2B-pls between phenotypic traits and climate with and without L0. Regarding rodent's teeth (m1 and M1), the covariation between shape/relative abundance in MGs/size and climate are all statistically significant (p-value < 0.05). The strength of these covariation is not significantly different depending on whether L0 was included or not. The covariation between modularity/disparity and climate are not significant. A: 2B-pls between shape and climate. Extreme shape changes along the 2B-pls axis are represented by teeth outlines. Extreme climates along the 2B-pls axes are presented via a grey gradient (the darker the grey color, the higher the value of the climate variable). M refers to the annual mean and S to the amplitude of seasonal variation. On the right side, we present predicted shapes under the more arid and the more humid climate encountered at EH2. B: 2B-pls between relative abundance in MGs and climate. Extreme changes in relative abundance along the 2B-pls axis are represented by the proportional size of the MGs mean shapes. On the right side, we present variation of relative abundance in MGs over the EH2 sequence (%). C: 2B-pls between teeth size and climate. Extreme changes in size along the 2B-pls axis are represented by (-) for smaller teeth and (+) for larger teeth.

On the right side, we present variation of size over the EH2 sequence.

Covariation between climate and shrews mandible morphology

Results and visualizations of the statistically significant covariation between phenotypic indicators (shape, relative abundance in MGs and size) of the mandible and climate variables are available in Fig 6 . Regarding shape and size, we present visualizations and detailed results for covariation based on all layers, as they are all statistically significant.

For the relative abundance in MGs, we present results without L0, as the 2B-pls with all layers is not significant. A: 2B-pls between shape and climate. Extreme shape changes along the 2B-pls axis are represented by teeth outlines. Extreme climates along the 2B-pls axes are presented via a gradient in grey's shading (the darker the grey color, the higher the value of the climate variable). M refers to the annual mean and S to the amplitude of seasonal variation. On the right side, we present predicted shapes under the more arid and humid climates encountered at EH2. B: 2B-pls between relative abundance in MGs and climate. Extreme changes in relative abundance along the 2B-pls axis are represented by the proportional size of the MGs mean shapes. On the right side, we present variation of relative abundance in MGs over the EH2 sequence (%). C: 2B-pls between teeth size and climate. Extreme changes in size along the 2B-pls axis are represented by (-) for smaller teeth and (+) for larger teeth.

Mandible shape (Fig

On the right side, we present variation of size over the EH2 sequence.

Covariation between climate and shrews estimated bite force

Results and visualizations of the significant covariation between shrew's estimated bite 

Differences in covariation strength between biological structures (m1, M1 and mandibles)

We compared the strength of covariation between structures (m1, M1 and mandibles) to assess if they display different sensibility to climate changes. For each phenotypic indicator, explored in the three structures, that covaries significantly with climate (shape, relative abundance in MGs and size), we present results of pairwise tests (compare.pls) between structures in Table 3. Only one case of comparison is statistically significant: the one that compares mandible and m1 shapes. The mandible shape covaries more significantly with climate than the m1 shape. Extreme climates along the 2B-pls axes are presented via a gradient in grey's shading (the darker the grey, the higher the value of the climate variable). M refers to the annual mean and S to the amplitude of seasonal variation. On the right side, we present variation in estimated bite force over the EH2 sequence.

136 accumulators do not have the same prey preferences, which may affect our sample composition. Fortunately, the impact of this potential bias on diversity indices was tested on EH2 microfauna and found not to be statistically significant [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF]. The unevenness of our sample could also be directly impacted by the surface excavated, which can vary from a layer to another (at EH2, the deeper levels are excavated on a much reduced surface than the more recent ones). However, the surface to be excavated is usually adjusted to the richness in remains of the layers, in order to compensate for taphonomic biases. In addition, climate simulations present their own biases. For example, regarding vegetation, current vegetation was imposed in all simulations. The retroaction of the vegetation on climate is therefore not taken into account, which can potentially impact our output climate variables. All of these factors constitute potential biases that lead us to temper our conclusions.

Impact of climate on shape

Climate significantly impacts both m1 and M1 rodent's molars shape (Fig 4A and5A).

Under wetter and less stressful environments as in L3 and L4a, where vegetation is expected to thrive, we observed broader molars, a characteristic of taxa that include plants in their diet [START_REF] Casanovas-Vilar | Late Miocene insular mice from the Tusco-Sardinian palaeobioprovince provide new insights on the palaeoecology of the Oreopithecus faunas[END_REF]. On the opposite, under drier and warmer conditions as in L2, when vegetation is supposed to be scarcer, molars display a slight buccolingual compression and elongation. In rodents, teeth morphology is highly related to dietary habits [START_REF] Cano | Dietary ecology of murinae (Muridae, Rodentia): a geometric morphometric approach (L Viriot[END_REF][START_REF] Arregoitia | Morphology captures diet and locomotor types in rodents[END_REF], and most rodents are known for being opportunistic feeders [START_REF] Nowak | Walker's mammals of the world[END_REF]Cox & Hautier, 2015). It means that their diet can vary greatly according to available resources, ranging from faunivory to herbivory. Our results support that water stress, temperature and insolation impact more teeth shape parameters than other climate variables. Being three major factors of plant community composition, we assume that climate indirectly influences tooth shape via available resources through selection. Depending on the resources available, and thus climatic conditions, our results suggest that rodents adjust their diet towards more faunivorous or more herbivorous habits. This is consistent with what we know of the current diet of some species in our sample: Meriones shawii (which is highly abundant in our sample) seems to have a preference for plants, especially grasses, but adds a few arthropods to its meal in summer when vegetation is less abundant [START_REF] Zaime | Comparaison des régimes alimentaires de trois espèces sympatriques de Gerbillidae en milieu saharien au Maroc[END_REF]CHAPTER 4 137 [START_REF] Adamou-Djerbaoui | Etude du régime alimentaire d'un rongeur nuisible (Meriones shawii Duvernoy, 1842, Mammalia, Rodentia) en Algérie[END_REF], and Mus spretus's diet reflects more available resources rather than any dietary preference [START_REF] Palomo | Mus spretus (Rodentia: Muridae)[END_REF].

MGs also split rodent's teeth variability over this shape gradient ranging from large and slender molars to small and broad molars (Fig 3). This pattern of intra-population variation was also evidenced in the house mice Mus musculus [START_REF] Renaud | Differential Evolvability Along Lines of Least Resistance of Upper and Lower Molars in Island House Mice (A Goswami[END_REF]Ledevin et al., 2016) and the wood mouse Apodemus sylvaticus [START_REF] Renaud | Developmental constraints revealed by co-variation within and among molar rows in two murine rodents[END_REF], and it characterizes the main direction of dental variation in fossil rodents [START_REF] Renaud | Conserved phenotypic variation patterns, evolution along lines of least resistance, and departure due to selection in fossil rodents[END_REF]. This pattern seems then to be shared among Muridae, and Renaud et al.

(2011) suggested that its conservation over millions of years supports that it may result from intrinsic developmental properties. This conserved pattern may constitute a potential to repeatedly evolve broad molars [START_REF] Renaud | Parallel evolution in molar outline of murine rodents: the case of the extinct Malpaisomys insularis (Eastern Canary Islands)[END_REF].

This pattern of teeth's shape variation is shared with Carnivora, a group that also exhibits a broad range of diets. Slender teeth seem to be a specialization for shearing or slicing in both carnivorans [START_REF] Ungar | Mammal teeth: origin, evolution and diversity[END_REF] and murine rodents having a more faunivorous diet (Gómez [START_REF] Cano | Dietary ecology of murinae (Muridae, Rodentia): a geometric morphometric approach (L Viriot[END_REF]. Such a diet-related similarity between those two groups has also been evidenced by [START_REF] Evans | High-level similarity of dentitions in carnivorans and rodents[END_REF] who showed that, despite the lack of proximity between their tooth morphology, their tooth crowns complexity reflects the food consumed more than taxonomy.

Shrew's mandible shape is also statistically significantly impacted by climate (Fig 6B).

But, surprisingly, the mandible body is thinner and longer under more arid climates, and thicker and shorter under more humid climates. This trend is opposite to what we expected.

Under drier climate, insects are known to display a harder cuticle to better retain water [START_REF] Klocke | Water as a major modulator of the mechanical properties of insect cuticle[END_REF][START_REF] Klocke | Water as a major modulator of the mechanical properties of insect cuticle[END_REF][START_REF] Young | Functional equivalence of morphologies enables morphological and ecological diversity[END_REF] supports that the harder the food, the greater the biting force and the shorter and thicker the mandible. A plausible explanation might reside in that under wetter and colder conditions, we found smaller shrews (this result is discussed further below). Size is one of the main drivers of bite force, resulting in larger individuals biting harder (Herrel et al., 2008a;[START_REF] Chazeau | Proximate determinants of bite force capacity in the mouse lemur: Bite force in mouse lemurs[END_REF][START_REF] Manhães | Bite force and evolutionary studies in phyllostomid bats: a meta-analysis and validation[END_REF][START_REF] Ginot | Skull Size and Biomechanics are Good Estimators of In Vivo Bite Force in Murid Rodents: in vivo bite force estimation in murid rodents[END_REF]. Then, smaller individuals may be selected on shapes associated with stronger bite force to eventually compensate for their small size [START_REF] Herrel | Ontogeny of Performance in Vertebrates[END_REF].

Mandible shape was found to be more sensitive to climate than the m1 (Table 4), which is not really surprising. Climate may indirectly impact mandibles more deeply than teeth because the functional constraints related to feeding result in mechanical constraints on the CHAPTER 4 138 bone. However, bones are known for being a highly plastic material in constant remodeling in response to physical constraints in their environments [START_REF] Wolff | Das Gesetz der Transformation der Knochen[END_REF][START_REF] Mj | Phenotypic Plasticity and the Origins of Diversity[END_REF][START_REF] Currey | The many adaptations of bone[END_REF], and muscular constraints have been evidenced to induce bone remodeling [START_REF] Weijs | Correlations between the cross-sectional area of the jaw muscles and craniofacial size and shape[END_REF][START_REF] Raadsheer | Contribution of Jaw Muscle Size and Craniofacial Morphology to Human Bite Force Magnitude[END_REF][START_REF] Mavropoulos | Morphometric analysis of the mandible in growing rats with different masticatory functional demands: adaptation to an upper posterior bite block[END_REF]. This phenomenon has been evidenced on shrew's skulls via muscle insertions (Cornette et al., 2015d), and it is highly likely that it also applies on the mandible.

Conversely, the mandible and the M1 do not display a statistically significant difference in sensibility to climate, likely because both structures carry an important ecomorphological signal [START_REF] Renaud | Influence of biotic and abiotic environment on dental size and shape evolution in a Late Miocene lineage of murine rodents (Teruel Basin, Spain)[END_REF][START_REF] Renaud | Differential Evolvability Along Lines of Least Resistance of Upper and Lower Molars in Island House Mice (A Goswami[END_REF].

Impact of climate on size

Both m1 and M1 are larger under cooler and wetter climates (Fig 4C and5C). Teeth enlargement can mean two things: it could indicate larger individuals, but it also can be the result of a compromise between the sizes of the first, the second and the third molars.

Indeed, the relative importance of each tooth, in particular the first and the third, is related to ecological parameters (Gomes Rodrigues, 2015b). However, in our results, m1 and M1 size are equally impacted by climate. The fact that teeth size varies in the same way may result from their common relationship with body size, as suggested by [START_REF] Kurtén | Some Quantitative Approaches to Dental Microevolution[END_REF]. Thus, molars size is thought to be a good proxy for animal size. We therefore chose to interpret our results by considering molar size as an indicator of body size, although the second hypothesis cannot be completely discarded and remains to be tested. Hence, we observe that rodents are larger during cooler and wetter periods. This result is consistent with Bergmann's rule [START_REF] Bergmann | Über die Verhältnisse der Wärmeӧkonomie der Thiere zu ihrer Grӧsse[END_REF][START_REF] Ashton | Is Bergmann's Rule Valid for Mammals?[END_REF][START_REF] Meiri | On the validity of Bergmann's rule[END_REF]. However, even if our results do not contradict Bergmann's rule, it has been suggested that food availability may drive rodent body size more than temperature [START_REF] Alhajeri | Association between climate and body size in rodents: A phylogenetic test of Bergmann's rule[END_REF]. We found that size is related to several climate variables susceptible to have an impact on food resources and not only to temperature, suggesting that the hypothesis of [START_REF] Alhajeri | Association between climate and body size in rodents: A phylogenetic test of Bergmann's rule[END_REF] might be more relevant than Bergmann's rule.

Regarding shrews, we found individuals with larger mandibles under warmer and drier climates than under cooler and wetter climates (Fig 6C). If we consider mandible size as a proxy for body size, those results are opposite to Bergmann's rule [START_REF] Bergmann | Über die Verhältnisse der Wärmeӧkonomie der Thiere zu ihrer Grӧsse[END_REF][START_REF] Ashton | Is Bergmann's Rule Valid for Mammals?[END_REF][START_REF] Meiri | On the validity of Bergmann's rule[END_REF]. However, to our knowledge, evidences for CHAPTER 4 139

Bergmann's rule in Crocidura rely on observations more than statistical testings [START_REF] Piper | Post-Pleistocene evolution of Bornean shrews Crocidura foetida (Mammalia, Soricidae): POST-PLEISTOCENE EVOLUTION OF C. FOETIDA[END_REF][START_REF] Van Der Geer | Body size evolution of palaeo-insular mammals: temporal variations and interspecific interactions[END_REF], and other shrews species were not found to follow it [START_REF] Ochocińska | Bergmann's rule in shrews: geographical variation of body size in Palearctic Sorex species[END_REF][START_REF] Kouvari | Humans and climate as possible drivers of the morphology and function of the mandible of Suncus etruscus in Corsica[END_REF]. If shrews are mainly insectivorous, they are also generalists faunivorous and are known to sometimes add larger preys as lizards to their ration [START_REF] Brahmi | Diet of the Greater white-toothed shrew Crocidura russula (Mammalia: Soricidae) in Grande Kabylie (Algeria)[END_REF]. Under drier climate, the diversity of prey must be considerably reduced and a larger mandible may provide an advantage to capture and eat larger preys as it is the case for bats [START_REF] Santana | Go big or go fish: morphological specializations in carnivorous bats[END_REF].

Some studies supported that size could be a line of least resistance to evolution [START_REF] Marroig | Size as a line of least resistance: diet and adaptative morphological radiation in new world monkeys[END_REF][START_REF] Renaud | Differential Evolvability Along Lines of Least Resistance of Upper and Lower Molars in Island House Mice (A Goswami[END_REF]. Our results do not support this hypothesis, as climate does not impact size more than all other shape parameters (Table 4). Moreover, size of both rodents and shrews covary with climate with a time lag of at least one stratigraphic layer. We could interpret this lag as the time needed for populations to adjust to new environmental conditions, suggesting a delay in the size response.

Allometry

After examining shape and size separatly, we explored allometry, the study of the consequences of size on shape [START_REF] Gould | Allometry and size in ontogeny and phylogeny[END_REF]. A significant but weak allometric signal was found in the three structures. In rodent's teeth size explains ~10 % of shape variation in both m1 and M1, which is quite low but within the range of allometry usually found in rodent's teeth (e.g., ~3% in the insular mice as found by Ledevin et al. (2016) and ~ 20% in the Orkney vole as found by [START_REF] Cucchi | The changing pace of insular life: 5000 years of microevolution in the orkney vole (<i>Microtus arvalis orcadensis)<i>): 5000 years of microevolution in the orkney vole[END_REF]). In shrew's mandible size explains ~5 % of shape variation, which is, once aigain, quite low but within the range of allometry usually found in shrew mandibles (e.g., ~ 2% in Suncus estrucus as found by [START_REF] Kouvari | Humans and climate as possible drivers of the morphology and function of the mandible of Suncus etruscus in Corsica[END_REF] and ~ 26% in the greater white-toothed shrew as found by [START_REF] Cornette | Rapid morpho-functional changes among insular populations of the greater white-toothed shrew: MORPHOLOGY AND FUNCTION IN INSULAR SHREWS[END_REF])

We also found that MGs of rodent's teeth display statistically significant different allometric patterns. This is not the case for shrew's mandibles, which is consistent with the fact that shrew's mandibles MGs do not differ significantly in size.

Impact of climate on the relative abundance in MGs

The relative abundance in MGs is significantly related to climate (Fig 4B and5B) and seems linked to a particular change in climate: the seasonal variation in insolation, water CHAPTER 4 140 stress and temperature, which therefore conditions the seasonal variation of vegetation. As the MGs range from slender to broad teeth, this corroborates the conclusions of Ledevin et al. (2016) that the slender versus broad pattern is involved in differences in seasonality. As discussed above, slender versus broad teeth morphologies can result from shifts between more faunivorous and more herbivorous habits. Rapid morphological variation can occur at intraspecific level over a few decades [START_REF] Cornette | Rapid morpho-functional changes among insular populations of the greater white-toothed shrew: MORPHOLOGY AND FUNCTION IN INSULAR SHREWS[END_REF][START_REF] Karagic | Phenotypic Plasticity in Vertebrate Dentitions[END_REF][START_REF] Kouvari | Humans and climate as possible drivers of the morphology and function of the mandible of Suncus etruscus in Corsica[END_REF]. Thus, changes in the amplitude of seasonal variation might impact the proportions of relatively more faunivorous and herbivorous morphs (Fig 8). [START_REF] Young | Functional equivalence of morphologies enables morphological and ecological diversity[END_REF][START_REF] Cornette | Rapid morpho-functional changes among insular populations of the greater white-toothed shrew: MORPHOLOGY AND FUNCTION IN INSULAR SHREWS[END_REF]Cornette et al., , 2015b) ) as in chapter 2 [START_REF] Terray | The contribution of functional traits to the understanding of palaeoenvironmental changes[END_REF]. The relative abundance in MGs is also mainly related to climate seasonal variations. The generalist group is predominant under more stressful and warmer conditions, which makes sense given that the possible reduction of the number of prey may not allow specialist eaters to find enough resources to survive.

Impact of climate on modularity

We found no relationship between climate and the modularity of the teeth or the mandible (Table 2). Regarding shrews, these results echo those of [START_REF] Kouvari | Humans and climate as possible drivers of the morphology and function of the mandible of Suncus etruscus in Corsica[END_REF] who found the modularity between the mandibular branch and body to be not informative compared to environmental variation.

Both the teeth and the mandible are found to be highly modular structures. Conith et al.

(2020) support that strong and conserved patterns of modularity may allow faster shape changes and may facilitate repeated transitions between habitats. Thus, modularity may not be impacted by climate, but a high degree of modularity might be selected under highly variable climate conditions because they facilitate the adjustment of organisms to their environment.

The next step would be to study modularity according to a more functional modularity pattern that relies on muscle insertions (e.g., [START_REF] Anderson | Bite force in vertebrates: opportunities and caveats for use of a nonpareil whole-animal performance measure: bite force in vertebrates[END_REF][START_REF] Cornette | Rapid morpho-functional changes among insular populations of the greater white-toothed shrew: MORPHOLOGY AND FUNCTION IN INSULAR SHREWS[END_REF] instead of the developmental pattern [START_REF] Cheverud | Pleiotropic effects of individual gene loci on mandibular morphology[END_REF][START_REF] Mezey | Is the Genotype-Phenotype Map Modular?: A Statistical Approach Using Mouse Quantitative Trait Loci Data[END_REF][START_REF] Klingenberg | Developmental integration in a complex morphological structure: how distinct are the modules in the mouse mandible?[END_REF][START_REF] Klingenberg | Integration and Modularity of Quantitative Trait Locus Effects on Geometric Shape in the Mouse Mandible[END_REF]. Indeed, functional modularity is thought to increase under environmental stress [START_REF] Badyaev | Evolution of Morphological Integration: Developmental Accommodation of Stress-Induced Variation[END_REF], thus facilitating functional changes [START_REF] Young | Functional equivalence of morphologies enables morphological and ecological diversity[END_REF](Young et al., , 2010)).

Impact of climate on disparity

We did not detect any impact of climate on disparity (Table 2) (nor of the local environment, as found in chapter 1). Maybe the time scale at which we examine the phenotypic response is too short to evidence responses in disparity, or disparity might be influenced by another factor than climate. Ledevin et al. (2016) evidence that climate is not the main factor driving the molar shape of the insular mice, and that competition has a greater impact on it. (Cornette et al., 2015c) also suggested that competition more than climate might be driving the relative abundance of Crocidura species on EH2. Then, competition, as well as other ecological factors, may be the main determinant of disparity patterns.
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Difference(s) in responsiveness to climate changes between morphological and functional traits

We found no significant differences between the impact of climate on morphological and functional traits (Table 4). We hypothesized that functional and morphological traits could participate in a decoupled way and with different intensities to phenotypic evolution.

Contrary to our hypothesis, functional and morphological traits do not display different sensibility to climate changes. However, our results do not allow us to completely reject the hypothesis that functional traits may be more sensible to climate changes than morphological traits. The trait used here is an estimate of bite force, and not the bite force itself. For example, it neglects the part of bite force modulated by soft tissues, as muscles, which are an essential component of bite force strength. Moreover, the biomechanical model used here is based only on the temporalis muscle, which is not the only muscle involved in bite force (Herrel et al., 2008a,a;[START_REF] Santana | Mechanics of bite force production and its relationship to diet in bats: Bite force and diet in bats[END_REF][START_REF] Brassard | Masticatory system integration in a commensal canid: interrelationships between bones, muscles and bite force in the red fox[END_REF], even though it is the main one in shrews (Cornette et al., 2015d). Consequently, this hypothesis deserves to be tested in a more controlled context.

Difference(s) in the phenotypic response in the Anthropocene

Several results point towards a significant change in the phenotypic response since the entry into the Anthropocene. Regarding rodent's teeth, the relative abundance in MGs on L0 is less correlated to climate than on other layers (Fig 4B and5B). For shrew's mandible, it is not at all related to climate when L0 is taken into account (Table 2). Human-induced changes caused important variations in the composition of communities, both through the extinctions of somes species and populations [START_REF] Ceballos | Biological annihilation via the ongoing sixth mass extinction signaled by vertebrate population losses and declines[END_REF] and through the introduction of invasive species [START_REF] Hill | Rethinking "Native" in the Anthropocene[END_REF]. It is then consistent that it impacts the abundance of morphs, resulting in that the relative abundance in MGs may currently be more driven by human-induced changes than by climate changes. Moreover, there is a clear drop in the shrew's estimated bite force on L0 (Fig 7). Maybe new selective pressure(s) might currently interfere with climate, as anthropic disturbances. As shown by [START_REF] Renaud | Fast evolutionary response of house mice to anthropogenic disturbance on a Sub-Antarctic island[END_REF] in the house mouse and [START_REF] Kouvari | Humans and climate as possible drivers of the morphology and function of the mandible of Suncus etruscus in Corsica[END_REF] in Suncus shrews, recent anthropogenic disturbances may have induced important non functionally relevant changes in the feeding apparatus (i.e. functional changes without increase of performance). Thus, Anthropocene changes do not appear to have a huge impact on the climate and the fauna at EH2 yet. Maybe the time scale at which we examine the Anthropocene is too recent to evidence drastic changes in climate and phenotypes. Predictions support that future climate changes will be more radical than those observed in the past [START_REF] Foster | Future climate forcing potentially without precedent in the last 420 million years[END_REF], and by 2050 temperatures in Morocco are expected to rise between 2 and 3°C [START_REF] Schilling | Climate change, vulnerability and adaptation in North Africa with focus on Morocco[END_REF]. It is therefore not impossible in the future to observe much more different phenotypes than those present in the past in response to these drastic climate changes. This point will be discuss in the perspectives section.

Conclusion

In this chapter, we explored the impact of global climate changes on the phenotype of small mammals. We found that climate has an important impact on the phenotype of both rodents and shrews. Water stress, temperature and insolation have a greater impact on phenotypic parameters, more than other climate variables. Being three major factors of plant community composition, we assume that they indirectly influence the phenotype via available resources. Regarding rodents, climate induced changes in teeth shape related to shifts in their feeding habits between predominantly faunivorous and herbivorous diets. For shrews, the mandible shape associated with a more generalist diet is favored under drier and more stressful conditions. Mandible shape was found to be more impacted by climate than teeth shape, which was expected considering its greater plastic potential due to bone remodeling (via rapid selection or phenotypic plasticity). Morphological groups revealed patterns of intra-specific variation that reflect morphological adjustments to climate seasonal variations. Both teeth and the mandible were found to be highly modular structures. Those strong and conserved patterns of modularity may have been selected

because they allow for faster shape changes and, thus, may facilitate repeated transitions between habitats. Conversely, disparity does not seem to be impacted at all by climate variations. The impact of climate on the morpho-functional aspects of the shrew mandible CHAPTER 4
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is not the same in present days as in the past. This suggests the presence of another selective pressure, as anthropogenic disturbances. This new pressure might have induced non functionally relevant changes in the feeding apparatus since the entry into the Anthropocene.

Conclusions & Perspectives

In this thesis, we explored the impact of environmental and climate variations on the phenotype of Moroccan rodents and shrews over the last 100 ka through a bi-disciplinary approach combining evolutionary biology and paleoclimatology. In this conclusion, we first summarize our main results regarding the complex relationship between the environment/climate and the phenotype of rodents and shrews. Then, we deepen the evolutionary and ecological meaning of MGs in the context of our phenotypic approach.

For each, we discuss potential implications for future studies. Finally, we propose some directions to further exploit the potential of the bi-disciplinary approach.

The impact of local environment and global climate on the phenotype

Our results support that teeth and mandibles, even fragmented and unidentified ones, carry a significant and interpretable ecomorphological signal, in agreement with the conclusions of [START_REF] Paine | The ecomorphology of southern African rodent incisors: Potential applications to the hominin fossil record (C Charles[END_REF] and (Cornette et al., 2015a,c) who praised the interest of isolated and unidentified remains. We found that both morphological and functional traits are equally impacted by external variations (environmental and climate variations), and that responses at different phenotypic scales seem to correspond to external variations at different scales.

In chapter 1 and 2, we highlighted that local environmental changes mainly impact morphological and functional variation within MGs. In chapter 4, we showed that global climate variations over the region influence the between MGs variation. Thus, global climate changes seem to mainly impact global patterns of phenotypic variation, while local environmental changes seem to mostly affect more minor patterns of phenotypic variation.

The environment/climate appears to impact the phenotype of organisms following a scaledependent pattern (Fig 1). Few other studies also found such a scale-dependent relationship between external variations and phenotypic diversity. For example, [START_REF] Reum | Multiscale influence of climate on estuarine populations of forage fish: the role of coastal upwelling, freshwater flow and temperature[END_REF] demonstrated that local-and regional-scale environmental changes differently affect the abundance and distribution of forage fishes; and [START_REF] Garcia | Multiple Dimensions of Climate Change and Their Implications for Biodiversity[END_REF] evidenced a scaledependent impact of current climate change on the demography and phenology of extant biodiversity. They showed that local changes mainly affect populations, while regional changes impact species and species assemblages. The scale-dependent relationship we found between external and phenotypic variations may seem counterintuitive. Since the environment determines the surroundings of organisms [START_REF] Begon | Ecology: from individuals to ecosystems[END_REF][START_REF] Bhargava | Impacts of climate change on the amphibians and reptiles of Southeast Asia[END_REF], one would expect it to drive the phenotype more than global climate and atmospheric conditions. A possible explanation is that variations in the environment may be tempered by behavioral adjustments [START_REF] Gross | Behavioral Plasticity Allows Short-Term Adjustment to a Novel Environment[END_REF]Candolin & Wong, 2012;[START_REF] Abreu | Feeding ecology and behavioral adjustments: flexibility of a small neotropical primate (Callithrix jacchus) to survive in a semiarid environment[END_REF]. Behavioral adjustments are often the first response when conditions are altered [START_REF] Wong | Behavioral responses to changing environments[END_REF]. In particular, behavioral plasticity appears to be vital in helping to mitigate the impacts of these changes [START_REF] Wong | Behavioral responses to changing environments[END_REF]. Behavioral adjustments may allow an organism to cope with the conditions of its immediate environment, and thus increase its fitness, without altering other aspects of its phenotype such as its morphology, functional abilities or physiology [START_REF] Van Buskirk | Behavioural plasticity and environmental change[END_REF]. Some rodents have been observed to modify their foraging behavior to track food availability, such as the African striped mouse

Rhabdomys pumilio [START_REF] Schradin | Female striped mice (Rhabdomys pumilio) change their home ranges in response to seasonal variation in food availability[END_REF] or the wood mouse Apodemus sylvaticus [START_REF] Butet | Nutritional conditions and annualfluctuations in Apodemus sylvaticuspopulations[END_REF]. The wood mouse forages in the open landscape during the summer, being territorial, and retreats to the forest during the winter, sharing common shelters [START_REF] Butet | Nutritional conditions and annualfluctuations in Apodemus sylvaticuspopulations[END_REF]. On the contrary, behavioral buffering might not be sufficient for animals to cope with climate and atmospheric variations at a larger geographic scale [START_REF] Wong | Behavioral responses to changing environments[END_REF]. Consequently, the scale-dependent relationship we found between external changes and phenotypic variations could also suggest that the levels of phenotypic variation (i.e. morphological, functional and behavioral) might be differentially involved in the phenotypic response. Environmental changes could trigger prominent behavioral responses, possibly related to behavioral plasticity [START_REF] Wong | Behavioral responses to changing environments[END_REF], accompanied by more minor morphological and functional responses. While, on the opposite, climatic variations could induce more important morphological and functional responses. In both cases, the morphological and functional responses might result from both/either phenotypic plasticity or adaptation. Although, it is important to keep in mind that while the mandible can indeed be subject to phenotypic plasticity through bone remodeling [START_REF] Weijs | Correlations between the cross-sectional area of the jaw muscles and craniofacial size and shape[END_REF][START_REF] Raadsheer | Contribution of Jaw Muscle Size and Craniofacial Morphology to Human Bite Force Magnitude[END_REF][START_REF] Mavropoulos | Morphometric analysis of the mandible in growing rats with different masticatory functional demands: adaptation to an upper posterior bite block[END_REF], this is not the case for teeth, which are subject to phenotypic plasticity mainly through developmental plasticity [START_REF] Karagic | Phenotypic Plasticity in Vertebrate Dentitions[END_REF][START_REF] Selig | Mammalian molar complexity follows simple, predictable patterns[END_REF].

This scale-dependent relationship between the phenotype and external variations raises the delicate question of the choice of the phenotypic proxies when investigating the relationship between the phenotype and the environment/climate. Whether the addressed question is to evaluate the impact of the environment/climate on the phenotype, or to provide paleoenvironmental reconstructions from the phenotype, the choice of the studied phenotypic trait(s) must be carefully considered depending on the objectives of the study.

Indeed, all phenotypic traits do not reflect environmental/climate changes at the same scale, nor the same type of variation. For example, the relative abundances in MGs are mainly related to seasonal variations . Thus, focusing on one phenotypic trait can be misleading, as they reflect different aspects of the environment. One way for future studies to circumvent this issue is to consider several phenotypic traits. The interest of such a multiproxy approach over a single-proxy approach has been demonstrated by [START_REF] Pineda-Munoz | Inferring diet from dental morphology in terrestrial mammals (N Cooper, Ed.)[END_REF]. They showed that combining different morphological proxies provided a much better discrimination between dietary categories in mammals than each proxy separately.

This idea of a multi-proxy approach is in line with the growing interest over the past 30 years for the concept of phenomic [START_REF] Houle | Phenomics: the next challenge[END_REF]. The phenomic is defined as "the acquisition of high-dimensional phenotypic data on an organism-wide scale". It involves collecting a large number of phenotypic traits from a large number of individuals. To tend towards phenomic, i.e. to an integrative consideration of the phenotype, may be the next step in our comprehension of complex interactions between organisms and external factors, such as their environment. So far, the main challenges in addressing this goal lie in technical limitations in acquiring and analyzing such datasets. The promises of artificial intelligence algorithms, and especially machine learning methods seem to fulfill this need [START_REF] Camacho | Next-Generation Machine Learning for Biological Networks[END_REF]. Machine learning is a set of data analysis techniques aiming at building predictive models from high-dimensional datasets. In the past decade, several studies showed the advantages in these methods for acquiring high-dimensional datasets or analyzing them (e.g., [START_REF] Nath | Using DeepLabCut for 3D markerless pose estimation across species and behaviors[END_REF][START_REF] Li | Deep learning in bioinformatics: introduction, application, and perspective in big data era[END_REF][START_REF] Courtenay | Combining machine learning algorithms and geometric morphometrics: A study of carnivore tooth marks[END_REF][START_REF] Miele | Deep learning for species identification of modern and fossil rodent molars[END_REF][START_REF] Devine | A Registration and Deep Learning Approach to Automated Landmark Detection for Geometric Morphometrics[END_REF][START_REF] Abellán | Deep learning classification of tooth scores made by different carnivores: achieving high accuracy when comparing African carnivore taxa and testing the hominin shift in the balance of power[END_REF]. Given the advantages of the multi-proxy approach for studying the relationship between phenotype and environment/climate demonstrated by our results, a phenomic approach could provide a deeper insight into this complex question. However, by the time such protocol is routine, understanding the complex relationship between the phenotype and the environment/climate can provide directions to select a subset of traits relevant to the question.

The evolutionary and ecological meaning of morphological groups

The MGs represent trans-specific groups of individuals which differ in shape and functional abilities (chapters 1, 2 and 4). They are distributed along the main axis of phenotypic variation, which is shared between several species and seems related to dietary ecology (chapter 4). Indeed, MGs partition individuals on the basis of morphological traits involved in the ability to consume certain resources. Regarding rodents, it distinguishes individuals who consume mainly plants from those who add animals to their diet. Concerning shrews, it separates soft eaters from hard eaters. This suggests that dietary niches are distributed at the populational level and not at the species level in our studied species. Individuals from different species can share a dietary niche because they consume the same ressources. On This perpendicular relationship between species and MGs may be explained by the fact that the groups studied here, rodents and shrews, are opportunistic feeders [START_REF] Churchfield | The Natural History of Shrews[END_REF][START_REF] Nowak | Walker's mammals of the world[END_REF]Cox & Hautier, 2015). Opportunism can sometimes be the result of within species pluri-specialization. It means that individuals of the same generalist species may 151 differ in such a way that the species is actually composed of many specialist individuals that feed differently from the species typical diet [START_REF] Vander Zanden | Individual specialists in a generalist population: results from a long-term stable isotope series[END_REF][START_REF] Pagani-Núñez | Diet specialization in a generalist population: the case of breeding great tits Parus major in the Mediterranean area[END_REF]. Within species dietary variations in rodents have also been evidenced by microwears on teeth (Gomes [START_REF] Rodrigues | Dental microwear patterns of extant and extinct Muridae (Rodentia, Mammalia): ecological implications[END_REF]Ungar et al., 2021b). Here, this pluri-specialization seems to be shared between species, as illustrated by the fact that the same axis of main phenotypic variation is shared by many rodent species [START_REF] Renaud | Conserved phenotypic variation patterns, evolution along lines of least resistance, and departure due to selection in fossil rodents[END_REF][START_REF] Renaud | Developmental constraints revealed by co-variation within and among molar rows in two murine rodents[END_REF][START_REF] Renaud | Differential Evolvability Along Lines of Least Resistance of Upper and Lower Molars in Island House Mice (A Goswami[END_REF]Ledevin et al., 2016). Such individual specialization is supported to be mainly determined by ecological opportunities and intra-specific competition [START_REF] Araújo | The ecological causes of individual specialisation: The causes of individual specialisation[END_REF], as individuals tend to avoid competition by searching for alternative food ressources [START_REF] Roughgarden | Evolution of Niche Width[END_REF][START_REF] Bolnick | The Ecology of Individuals: Incidence and Implications of Individual Specialization[END_REF][START_REF] Araújo | The ecological causes of individual specialisation: The causes of individual specialisation[END_REF]. Both depend on the type and the amount of available resources, which are related to climate conditions. In ecology, groups of individuals that display correlations among morphology and ecology but not lineage are referred to as ecomorphs [START_REF] Williams | Ecomorphs, faunas, island size, and diverse end points in island radiations of Anolis[END_REF]. The most emblematic group of ecomorphs is undeniably Anolis lizards. They colonized several Caribbean islands, and independently and repeatedly evolved six ecomorphs adapted to different microhabitats (Losos, 1990a,b;Herrel et al., 2008b;[START_REF] Feiner | Plasticity and evolutionary convergence in the locomotor skeleton of Greater Antillean Anolis lizards[END_REF]. Ecomorphs have also been evidenced in several other groups, such as birds [START_REF] Karr | Ecomorphological configurations and convergent evolution in species and communities[END_REF] and spiders [START_REF] Gillespie | Repeated Diversification of Ecomorphs in Hawaiian Stick Spiders[END_REF]. In rodents, ecomorphs related to dietary ecology have been identified (e.g., [START_REF] Miljutin | Trends of specialisation in rodents: the hamsters, subfamily Cricetinae (Cricetidae, Rodentia, Mammalia)[END_REF][START_REF] Rowe | Repeated evolution of carnivory among Indo-Australian rodents: CARNIVOROUS RODENTS OF INDO-AUSTRALIA[END_REF]. Consequently, the use of ecomorphs offers significant advantages in the case of species with poorly known ecology. This approach may be particularly useful in the context of archeological and paleontological studies. Microfaunal remains are extremely abundant and often difficult to identify, and most methods to evaluate past biodiversity rely on species occurrences and species abundances. Our results demonstrate that, first, even unidentified remains contain an informative ecomorphological signal, allowing one to greatly increase its dataset.

Secondly, even when there is no apparent species turnover, as is the case at EH2, variations in morphotypes can be highly informative. Thus, future works addressing the relationship between phenotype and the environment/climate over time may reveal a more important ecological signal by examining ecomorphs in addition to species. This approach also has the potential to be a powerful ally in measuring the extent of the sixth mass extinction crisis.

Indeed, because we mostly rely on extinctions to evaluate it, the contemporary biological annihilation might be underestimated [START_REF] Skelly | Evolutionary Responses to Climate Change[END_REF][START_REF] Ceballos | Biological annihilation via the ongoing sixth mass extinction signaled by vertebrate population losses and declines[END_REF]. Looking at ecomorphs could provide information about the within species response to climate changes before population or species extinctions occur. Moreover, it can easily provide an estimation of functional diversity in addition to taxonomic diversity, an aspect of biodiversity also greatly endangered by the ongoing climate change [START_REF] Carmona | Erosion of global functional diversity across the tree of life[END_REF].

The benefits and limits of the bi-disciplinary approach [START_REF] Couvreur | Tectonics, climate and the diversification of the tropical African terrestrial flora and fauna[END_REF] mentioned that one of the next challenges in the study of African biodiversity is to consider in a common framework Earth and life sciences. Here, we attempted to address this issue by conducting a study combining evolutionary biology and paleoclimate modeling in a common analytical framework. The potential of this bidisciplinary approach opens a whole new range of possible advances for both fields.

First, paleoclimate simulations could be a powerful tool to refine the chronological context of archeological and paleontological sites. Depending on the average age of a stratigraphic layer, all dating methods do not have the same reliability. For layers older than 20 000 years, it is possible to date biological material such as teeth using combined US-ESR methods (combination of uranium series and electron spin resonance) or to date the sediment using OSL methods (Optical Stimulated Luminescence), while for layers younger than 50 000 years dating based on AMS-14 C (radiocarbon dating) are more reliable. Dates estimated from different methods can display important discrepancies (e.g., Ben Arous et al., 2020a). As we did in chapter 3, the consistency between the climate described by paleoclimate simulations and environmental proxies can provide arguments to discuss discrepancies between non-congruent dating.

Paleoclimate simulations could also contribute to refine the paleoenvironmental context of archeological and paleontological sites. Paleoclimate simulations can help decide between inconsistent paleoenvironmental proxies. To improve the accuracy of this approach, downscaling (statistical or dynamical) methods may be applied on paleoclimate simulations. Downscaling is a procedure which makes predictions at local scale from information at large scale. It corrects or interpolates simulation outputs to take regional characteristics into account (as topography, distance to the coastline, etc), thus producing more accurate regional climate estimations. The use of downscaling might reduce the differences between paleoclimate simulations and paleoenvironmental proxies that are due to the difference in scale between the quantified environmental features [START_REF] Ekström | An appraisal of downscaling methods used in climate change research[END_REF].

Conversely, biological data may also be a useful asset to test the reliability of paleoclimate simulations. Biological indicators such as species and morphotype climate niches could be used to validate simulated paleoclimates on precise localities. In particular, the shape of the faunal remains as teeth and mandibles are tightly related to the vegetation. They could be useful to test the accuracy of dynamic vegetation schemes recently included in paleoclimate models.

The main limitation in crossing those two fields lies in their difference in dating resolution.

To date a stratigraphic layer is complex. An archeological layer is a palimpsest. It is an accumulation of materials with composite dates, over an unknown time interval. We can date certain objects within this layer to place it approximately. However, several informations are not available, such as the interval that the layer covers. It depends on the thickness of the deposit, which is known, but also on the duration of the deposit, which is not known. To date objects belonging to the lower and upper ends of a layer would not be sufficient either, because these objects could have been mixed when the deposit was not yet fixed. On the other hand, climate simulations characterize the climatic state at a specific date, determined notably by orbital parameters, gas concentrations and topographic configuration. Often, the uncertainty of a stratigraphic dating can cover very different climatic states, and an arbitrary choice must be made in the selection of the exact period for which the climate simulation is run.

Perspectives

Many aspects of the relationship between the phenotype and the environment and climate remain to be investigated. We present here some of the directions we are considering in pursuing this thesis work.

Firstly, a way to further investigate the scale-dependent relationship we found between the phenotype and external variations would be to explore the spatial variability of the phenotype in addition to the temporal variability. Adding the spatial dimension would allow us to explore variations in the distribution of MGs over time and, in the case other sites have undergone faster or slower changes, to assess whether the intensity of the phenotypic response varies with the speed and/or the intensity of environmental variations.

This could be done by completing our dataset with material from other archeological sites, contemporary of EH2. Some of the other Rabat-Témara sites (Contrebandiers, El Mnasra and Dar es Soltan 1) and of the eastern Morocco sites (Ifri n'Ammar, Rhafas and Taforalt) are promising candidates as they are attributed to a period similar to that of EH2 (Ben Arous et al., 2020a). They would allow us to cover all the north of Morocco, and to contrast littoral regions with more continental ones. In a second step, we could enlarge our geographical range to the African continent by including sites from South Africa and East Africa. Those regions present different environmental constraints and different climate conditions, and some archeological sites (e.g. Elandsfontein for South Africa [START_REF] Braun | Mid-Pleistocene Hominin occupation at Elandsfontein, Western Cape, South Africa[END_REF] and Goda Buticha for East Africa [START_REF] Tribolo | Across the Gap: Geochronological and Sedimentological Analyses from the Late Pleistocene-Holocene Sequence of Goda Buticha, Southeastern Ethiopia (N Bicho[END_REF]) could provide material contemporary of EH2.

A second direction concerns a deepening of the biological meaning of the MGs. An inconvenience of the MG approach is that the number of groups identified can vary between biological structures from the same individuals. It is illustrated by the difference in the number of MGs obtained for M1 (five in chapter 4) and m1 (three in chapter 4). Several sources of variability contribute to the phenotypic diversity, such as diet, microhabitat and other ecological factors, but also phylogenetic history or sexual dimorphism for example.

It implies that from one structure to another, MGs might not be related to the same source(s) of variability. To further explore the potential of the MG approach, and the relationship between MGs and ecomorphs, a lead may be to investigate the relationship between the biological structures and the potential sources of variability. It could be done by conducting a MG study on several structures (e.g., the teeth, the mandible, the tympanic bullae, and other morphological features) on species whose ecology and phylogenetic history are well known, to highlight the link between the MGs of the different structures and the different source(s) of variability. Results of such a study could allow one to better interpret MGs variations in fossil representatives.

A third perspective would be to turn to the future and use our results to quantify the potential consequences of the Anthropocene on the phenotype of small mammals.

Considering the ongoing climate change, a major concern is how organisms will cope with future climate changes. The projections suggest more radical climate changes in the future than those observed in the past [START_REF] Foster | Future climate forcing potentially without precedent in the last 420 million years[END_REF], requiring species' rates of dispersal that are probably unprecedented in vertebrates [START_REF] Quintero | Rates of projected climate change dramatically exceed past rates of climatic niche evolution among vertebrate species (L Harmon[END_REF]. The IPCC (Intergovernmental Panel on Climate Change) produced an ensemble of climate projections under the different Shared Socioeconomic Pathways (SSPs), which are based on different socio-economic development assumptions [START_REF] Riahi | The Shared Socioeconomic Pathways and their energy, land use, and greenhouse gas emissions implications: An overview[END_REF], to predict future climates.

These simulations have been used in ecological niche studies to predict the future distribution of some species (e.g., [START_REF] Ramasamy | Predicting climate change impacts on potential worldwide distribution of fall armyworm based on CMIP6 projections[END_REF][START_REF] Gür | The future impact of climate and land-use changes on Anatolian ground squirrels under different scenarios[END_REF]Meyer & Pie, 2021).

However, ecological niche studies, by considering only distribution, often neglect the fact that organisms can evolve. To test if evolutionary processes could allow organisms to cope with future climate changes, we could predict what phenotypic changes would be required.

We could use our covariation analyses to predict the morphology of rodents teeth and shrews mandible, as well as shrews estimated bite force, under these different climate scenarios. If predicted morphological and functional changes have an interpretable biological meaning, they could constitute potential directions of phenotypic responses to future climate changes.

Introduction

The neck, which is morphologically defined as an association of multiple cervical vertebrae [START_REF] Romer | The vertebrate body[END_REF], is a key structure of tetrapods (limbed vertebrates) facilitating varied complex movements [START_REF] Long | Locomotor desing of dolphin vertebral columns: bending mechanics and morphology of Dolphinus delphis[END_REF][START_REF] Johnson | Positional behavior and vertebral morphology in atelines and cebines[END_REF][START_REF] Daeschler | A Devonian tetrapod-like fish and the evolution of the tetrapod body plan[END_REF][START_REF] Ericsson | Evolution and development of the vertebrate neck[END_REF][START_REF] Pierce | Vertebral architecture in the earliest stem tetrapods[END_REF]. In contrast to mammals, which almost exclusively exhibit seven cervical vertebrae, irrespective of neck length [START_REF] Galis | Why do almost all mammals have seven cervical vertebrae? Developmental constraints, Hox genes, and cancer[END_REF], the number of vertebrae in the necks of birds varies greatly [START_REF] Böhmer | Correlated evolution of neck length and leg length in birds[END_REF], ranging from ten cervical vertebrae in many parrots to 26 cervical vertebrae in the swan [START_REF] Boas | Biologisch-anatomische Studien über den Hals der[END_REF][START_REF] Böhmer | Correlated evolution of neck length and leg length in birds[END_REF]. In addition to this numerical variability, birds display a high shape variability of the cervical vertebrae across species [START_REF] Boas | Biologisch-anatomische Studien über den Hals der[END_REF]). The differences in vertebral morphology and number appear to be linked to behavioral adaptations involving special feeding techniques (as observed in the darter bird Anhinga anhinga Lea Terray and Olivia Plateau have Equal Authorship.
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The concept of modularity suggests the existence of modules, or sets of traits that show greater covariance within each set than compared with traits of other sets and, thus, evolve partially independently [START_REF] Olson | Morphological integration[END_REF][START_REF] Riedl | Order in living organisms: a systems analysis of evolution[END_REF][START_REF] Cheverud | Developmental integration and the evolution of pleiotropy[END_REF]Klingenberg 2008[START_REF] Klingenberg | Evolution and development of shape: integrating quantitative approaches[END_REF]Hallgrimsson et al. 2009). Three main types of modularity exist (West-Eberhart 2003;Klingenberg 2008;Hallgrimsson et al. 2009): developmental, functional and evolutionary modularity, which affect morphological variation at different scales. Modules are generally defined based on shape covariation (Klingenberg 2008). Here, because we worked on serially homologous structures (vertebrae), we assessed degree of shape covariation between them based on their morphological proximity. We define a module as a set of homologous structures that are the most similar. The patterning and regionalization of the vertebral column is a topic that has been well studied in a broad panel of tetrapods (e.g., [START_REF] Polly | Testing modularity and dissociation: the evolution of regional proportions in snakes[END_REF][START_REF] Hautier | Skeletal development in sloths and the evolution of mammalian vertebral patterning[END_REF][START_REF] Asher | Variability and constraint in the mammalian vertebral column: Mammalian vertebral variability[END_REF][START_REF] Arnold | Morphological disparity, conservatism, and integration in the canine lower cervical spine: Insights into mammalian neck function and regionalization[END_REF]Randau et al. 2017 among others); however, within birds, such studies have been quite limited (e.g., Guinard et al. 2010;Guinard and Marchand 2010;[START_REF] Guinard | Evolutionary concepts meet the neck of penguins (Aves: Sphenisciformes), towards a "survival strategy" for evodevo[END_REF][START_REF] De Azevedo | Interrelationship and modularity of notochord and somites: A comparative view on zebrafish and chicken vertebral body development: Modularity of notochord and somites in zebrafish and chicken[END_REF][START_REF] Böhmer | Correlation between Hox code and vertebral morphology in archosaurs[END_REF]. Diverse methods have been used to quantify these characteristics, such as traditional linear distance approaches (e.g., Guinard et al. 2010;Guinard and Marchand 2010), among which geometric morphometrics (GM) is the most widespread method for the study of morphological modularity (Klingenberg 2008;Klingenberg and Marugan-Lobon 2013;[START_REF] Klingenberg | Studying morphological integration and modularity at multiple levels: Concepts and analysis[END_REF]e.g., Böhmer et al. 2015;[START_REF] Head | Evolution of the snake body form reveals homoplasy in amniote Hoxgene function[END_REF][START_REF] Randau | Regional differentiation of felid vertebral column evolution: A study of 3D shape trajectories[END_REF]. However, previous studies on the modularity of the neck of birds have focused only on a single taxon or a few taxa have often applied a developmental perspective to the structure. At present, a large-scale analysis of the modularity of the necks of birds using stateof-the-art statistical shape methods is lacking.

The aim of this study was to reveal how shape diversity is structured in bird necks by studying the patterns of modularity at the interspecific level. To this end, we investigated the complete cervical vertebral columns of 16 different bird species with varied ecologies using a three-dimensional surface GM (3D SGM) approach, allowing us to accurately quantify the entire shape of the cervical vertebrae. We chose an innovative approach to investigate modularity, and we defined a module as a set of vertebrae that share a common morphology and are more similar to each other compared to the vertebrae outside the module. This definition is applicable because vertebrae are serially homologous structures. To identify modules, vertebrae were grouped using an approach without a priori clustering. For each module, the phylogenetic signal was assessed, and postural properties in a relaxed posture were studied. We discuss the relative importance of three potential factors: feeding ecology, phylogeny, and morphofunctional aspects, at two different scales of shape variation: the modules and the neck, and we then challenge the three commonly established functional regions in light of our results.

Material and Methods

Sample

We sampled the cervical vertebral columns of 16 extant bird species (Table 1). The atlas (first cervical vertebra) was not included in the analysis due to its unique morphology and the lack of specific anatomical homologies with the postatlantal cervical vertebrae. In total, 3D models of 187 cervical vertebrae (CVs) were obtained. The taxa were chosen to be distributed within the phylogenetic tree and to provide a wide range of body sizes (from the 7.5 cm colibri to the 2.5 m ostrich) and feeding ecologies (piscivores, frugivores, granivores, nectarivores, scavengers) within the limits of the available specimens in the Muséum National d'Histoire Naturelle osteological collection.

3D scans

3D models of the specimens were generated using different scanning methods depending upon the size of the bones to achieve the best results. The CVs of the four largest specimens in the sample were digitized using Breuckmann 3D surface scanners at the Museum National d'Histoire Naturelle, Paris (UMS 2700): the taxa of intermediate size (Aptenodytes, Morus, Gyps) were digitized using a bluelight fringe 3D scanner (SmartScan 3D model) and the larger taxon Struthio using a white-light fringe 3D scanner (Stere-oScan 3D model with a camera resolution of 5 megapixels). Then, Geomagic (Geomagic Studio; Raindrop Geomagic, Research Triangle Park, North Carolina, USA) was used to prepare the scans as described by [START_REF] Botton-Divet | Tools for quantitative form description; an evaluation of different software packages for semi-landmark analysis[END_REF]. The other 12 specimens were scanned with an RX Solutions microtomograph (Easy Tom 4) with the following settings::U = 100 kV, I = [100-386] µA, helical trajectory, voxel size = 11.3 µm for Hirondo and Chlorostilbon, 23.3 µm for Oriolus and Bombycilla and 54.3 µm for other genera. The reconstruction software was RX Solutions XAct 2.0 r 8177. The dataset was then segmented, and surface meshes were generated using Avizo software.

3D Surface Geometric Morphometrics

Vertebrae exhibit a particularly complex shape that cannot be precisely recorded through traditional landmark-based procedures. Therefore, we applied a 3D surface sliding landmark approach [START_REF] Bookstein | Morphometric tools for landmarks data: geometry and biology[END_REF]Gunz et al. 2005) using three types of landmarks: homologous anatomical landmarks and sliding semilandmarks of curves and surfaces.

The anatomical landmarks and sliding semilandmarks of curves were manually digitized using the Landmark software [START_REF] Wiley | Evolutionary Morphing[END_REF], and the sliding semilandmarks of surfaces were positioned using sliding landmarks and relaxation procedures. This was done following the protocol of Gunz et al. (2005), and the workflow is detailed by [START_REF] Botton-Divet | Tools for quantitative form description; an evaluation of different software packages for semi-landmark analysis[END_REF]. The sliding landmarks procedure was performed using the placePatch function of the Morpho package [START_REF] Schlager | Morpho: Calculations and visualisations related to geometric morphometrics[END_REF] in the free software R (R Core team 2017). We first designed a template following the method of Cornette et al. (2013). Second, the function place-Patch automatically projected the sliding semilandmarks of surfaces from the template on all other scans via thin-plate spline deformation. To be more accurate, the template was deformed to correspond to the anatomical landmarks and sliding semilandmarks of the curves of the target specimen, and the coordinates of the sliding semilandmarks of the surfaces of the deformed template were then projected on the target specimen. Subsequently, relaxation against the template was performed using the relaxLM function from the same package, allowing sliding semilandmarks of surfaces to freely slide along the surface to minimize bending energy. The sliding and relaxation procedures were both repeated iteratively. Thereafter, to remove biases linked to the first relaxation against the template, a second spline relaxation procedure was executed against the mean of all objects with the slider3d function from the same package. Sliding semilandmarks are geometric homologs, and because of these procedures, all landmarks of the dataset could be compared and analyzed using traditional morphometrics. In total, 16 anatomical landmarks, 651 sliding semilandmarks of curves and 159 sliding semilandmarks on surfaces were used (Fig. 1, Table 2). All landmark coordinates were superimposed via generalized Procrustes analysis (GPA) to remove the nonshape effects of rotation, translation and scale (Rohlf and Slice 1990) using the gpagen function of the Geomorph package (Adams and Otárola-Castillo 2013).

All subsequent statistical treatments and analyses were also performed using the free software R (R Core team 2017).

Module Identification

We define a module as a set of CVs that share similar morphologies. To identify and characterize these modules, we used an unsupervised pattern recognition method: Gaussian mixture analysis [START_REF] Fraley | How many clusters? Which clustering meSthod? Answers via model-based cluster analysis[END_REF][START_REF] Everitt | Applied multivariate data analysis[END_REF]. Gaussian mixture analysis is a classification method that identifies Gaussian subsets within the main Gaussian of the dataset without prior information on the objects. The Gaussian assumption is especially adapted to morphometric data. First, size elimination and projection into reduced space, as performed by principal component analysis (PCA), contribute to the normalization of the data [START_REF] Diaconis | Asymptotics of graphical projection pursuit[END_REF]. Then, unsupervised clustering is performed, which is a highly efficient method for datasets whose sizes and shapes may vary between groups [START_REF] Baylac | Combining geometric morphometrics with pattern recognition for the investigation of species complexes: Geometric morphometrics, pattern recognition and species complexes[END_REF][START_REF] Cordeiro-Estrela | Interspecific patterns of skull variation between sympatric Brazillian vesper mice: Geometric morphometrics assessment[END_REF], as is the case for morphometric data.

We also performed PCA of the Procrustes coordinates using the plotTangentSpace function of the Geomorph package (Adams and Otárola-Castillo 2013). We retained 90% of the shape variability as shape variables. Only 90% of the variability was considered because the last principal components are generally considered noise (Baylac and Frieß 2005). For these variables, we performed a model-based clustering analysis, applying the Mclust function from the mclust library [START_REF] Fraley | mclust Version 4 for R: Normal mixture modeling for model-based clustering, classification, and density estimation[END_REF]. This function finds the number of clusters without a priori, according to the covariance structure of the dataset. It is based on an algorithm designed by [START_REF] Dasgupta | Detecting features in spatial point processes with clutter via model-based clustering[END_REF], and generalized by [START_REF] Fraley | How many clusters? Which clustering meSthod? Answers via model-based cluster analysis[END_REF]. Here are the main steps of the algorithm, as written by [START_REF] Fraley | How many clusters? Which clustering meSthod? Answers via model-based cluster analysis[END_REF]: "(1) Determine a maximum number of clusters to consider (M) and a set of candidate parametrizations of the Gaussian model to consider. In general M should be as small as possible. ( 2 To quantify the significance of those modules, we tested the reciprocal influence of modules and species on the overall vertebrae shape. We performed a Procrustes MANOVA with permutation procedures, a resampling method that aim to validate the model by using random subsets of the data. We used the function 'procD.lm' from package 'geomorph' (Adams and Otárola-Castillo 2013). Then the proportion of variance that correspond to each of these factors was calculated according to the formula: SSf / SSt = V, where SSf is the sum of squares for the factor, SSt the total sum of squares and V the proportion of variance explained by the factor.

For each identified subset (i.e., module), we constructed 3D mean shape meshes. First, mean landmark coordinates were calculated using the mshape function of the Geomorph package (Adams and Otárola-Castillo 2013). Then, a thin plate spline deformation was applied on the closest mesh from the mean shape of the module (identified using the findMeanSpec function), so that the deformed mesh corresponded to the mean landmark coordinates calculated with the warpRefMesh function. Each mean mesh was exported using the mesh2ply function. 

Shape Trajectories

To obtain a better overview of the diversity of the neck, we plotted the shape trajectories of each species using the ggplot and geom_segment functions from the ggplot2 package (Wickham 2015). Shape trajectories are the trajectories of shape changes between successive CVs in the PC1 vs. PC2 morphospace (raw PCAs with shape trajectories are available in SP Fig. 2) (i.e., the morphospace trajectory from the first to the last CV). This approach provides a simple visual representation of shape changes along the neck, as explained by [START_REF] Werneburg | Evolution of neck vertebral shape and neck retraction at the transition to modern turtles: An integrated geometric morphometric approach[END_REF]. We then visualized the order of the modules along the neck using the mean shape meshes of Fig. 2.

Influence of Phylogeny on the Modules

The phylogenetic influence on each module was tested, and the results are presented in Table 2. The hypothesis regarding the phylogenetic relationships of the birds considered in our study was based on molecular data [START_REF] Hackett | A Phylogenomic study of birds reveals their evolutionary history[END_REF].

A consensus topology (strict consensus tree) was generated from downloaded samples (100 randomly selected phylogenetic trees from the Global Bird Tree [START_REF] Jetz | The global diversity of birds in space and time[END_REF]) using the phytools, ape, picante and geiger packages in R (Paradis et al. 2004;[START_REF] Harmon | GEIGER: Investigating evolutionary radiations[END_REF][START_REF] Kembel | Picante: R tools for integrating phylogenies and ecology[END_REF]Revell 2012). To quantify the phylogenetic influence, we used the K-statistic method developed by Blomberg et al. (2003) and adapted to multivariate data by Adams (2014), which quantifies the phylogenetic signal within datasets containing several variables such as shape. The phylogenetic signal was assessed for each module independently except for module 7, module 8 and module 9, for which the signal was not computable because these modules were present only in one or two species. A high K-value indicates a strong phylogenetic signal, meaning that the corresponding module is influenced by strong phylogenetic constraints. K-values were calculated using the physignal function in the Geomorph library (Adams and Otárola-Castillo 2013).

Reconstruction of the Osteological Neutral Posture for Each Module

To explore the effect of the specific morphology of each module on its curvature in the osteological neutral posture [START_REF] Stevens | Neck Posture and feeding habits of two jurassic sauropod dinosaurs[END_REF], we reconstructed global mean modules and measured their curvature angle, both between two CVs and for the entire module. The reconstructions of the modules were generated by duplicating the mean shape meshes a number of times, where the number of duplications was equivalent to the number of CVs per module, which was estimated from an average calculation based on our sample. Using the software blender ver. 2.79 (Blender Foundation 2003-2018), we assembled the duplicated CVs in anatomical connection so that the articular surfaces of the vertebral body and the pre-and postzygapophyses of two successive CVs were in contact with each other without overhang. This arrangement based on osteological criteria does not take into account additional constraints/possibilities due to soft tissue such as muscles and ligaments.

Results

Module Identification

We identified nine statistically significant modules. Seven of them were found in the studied species (SP Fig. 1).

The manova testing the influence of modules and species revealed that both factors significantly influence vertebrae shape (modules: p-value < 0.05; species: p-value < 0.05). Modules explain 63% of vertebrae shape, while species explain 13%.

The comparison of the mean shape of each module presented in Fig. 2 reveals that the modules are characterized by specific morphological features. Transversal processes appear to be one of the less variable features from one module to another.

Module 1

The CVs of the first module are characterized by a welldeveloped neural spine that points vertically. They exhibit rather large, ventrally curved prezygapophyses and slightly ventrally inclined postzygapophyses. Another characteristic feature is the ventral process on the centrum. In dorsal view, the CVs present an X-shape.

Module 2

The characteristic features of the CVs in this module include the presence of well-developed transverse processes, including fused cervical ribs and a mostly enclosed carotid sulcus. In cranial view, the articular surface of the prezygapophyses is inclined medially. The orientation of the articular surface of the postzygapophyses is slightly ventrally inclined in lateral view. The neural spine is rather low.

Module 3

The CVs are compact with a high and wide vertebral body. In cranial view, the articular surface of the prezygapophyses exhibits a dorsomedial orientation. They are less concave than those of the second module. The articular surface of the postzygapophyses is rather horizontal in lateral view. The medullar canal is oval, horizontally elongated, and hypapophysis is well developed.

Module 4

The fourth module comprises only one CV, which is the axis (the second cervical vertebra). Compared to the postaxis CVs in the neck, it is very peculiar in its morphology and consequently forms a group of its own. The most pronounced feature is the absence of a prezygapophysis and the presence of the odontoid process cranially articulating with the atlas (the first CV) and the occiput of the skull. In lateral view, the well-developed neural spine projects caudally, with the caudal border being almost aligned with the postzygapophyses. The axis presents a well-developed ventral process.

Transverse foramina are missing. The postzygapophyses are ventrally oriented.

Module 5

The morphology of the CVs of module 5 resembles that of module 2, but the neural arch has a rounded shape in lateral view, and the spinal canal is rather large. The articular surface of the prezygapophyses has a dorsomediocaudal orientation; that of the postzygapophyses has a ventrolateral orientation. The carotid sulcus is marked.

Module 6

The CVs of this module are compact (similar to module 3) with well-developed neural spines. The articular surface of the prezygapophyses has a dorsomedial orientation in cranial view. The articular surface of the postzygapophyses presents a ventrolateral orientation. The spinal canal is rounded, and the carotid sulcus is slightly marked.

Module 7

The CVs are elongated and characterized by a rather small neural spine. The articular surface of the prezygapophysis is inclined dorsomedially, whereas the articular surface of the postzygapophyses are inclined ventrolaterally. The postzygapophyses are very short and are set back from the caudal end of the vertebral centrum. The carotid sulcus is marked. The transverse processes develop with long fused cervical ribs. This module was only identified in the neck of Anhinga and Struthio specimens.

Module 8

The CVs of module 8 also display an elongated morphology, even more so than those of module 7. The articular surface of the prezygapophyses is inclined ventrally in lateral view and medially in cranial view. The articular surface of the postzygapophyses is inclined ventrally. The carotid sulcus is marked. The transverse processes develop with long fused cervical ribs, which are shorter than those of module 7. The medullar canal is oval, being vertically elongated. This module was only identified in the neck of Struthio specimens.

Module 9

The CVs of module 9 are extremely elongated, more so than those of modules 7 and 8. In cranial and lateral view, the articular surface of the pre-and postzygapophyses are inclined ventrally. In particular, the postzygapophyses are very long and project caudally, extending over the caudal end of the vertebral centrum. The carotid sulcus is marked. This module was only found in the neck of Anhinga specimens.

Shape Trajectories

Species' shape trajectories-i.e., morphospace trajectory from the second to the last CV-are presented in Fig. 3. All modules are present in more than one species except for modules 8 and 9, which are only present in Anhinga. The number of CVs constituting each module is quite stable; however, it is different between the modules. For instance, module 1 is generally composed of two or three CVs, and module 4 is always composed of one CV. The distribution of the modules along the neck is quite similar among species. For example, module 4 contains only the second cervical vertebra of each species, and module 1 is always found subsequent to module 4. Some other modules occupy the same place in the shape trajectory as modules 2 and 5.

The shape trajectories can be divided into two categories based on the shape of the trajectory. The first category includes trajectories that display a reversed C-shape (Calyptomena, Bombycilla, Amazona, Dryocopus, Aptenodytes, Morus, Oriolus and Cacatua). In some members of this group, the first and last vertebrae of the shape trajectory are truly close to each other in the morphospace. This is observed for Aptenodytes, Dryocopus and Morus (Fig. 3). In addition, Morus shows some peculiarities regarding the positions of the CVs of module 2 (Fig. 3). The second category of shape trajectories has a crushed reversed C-shape, meaning that the lower arc of the shape trajectories rises against the upper arc (Chlorostilbon, Crypturellus, Gyps, Apteryx and Hirundo). Among the members of this group, Chlorostilbon and Apteryx show peculiar shape trajectories (Fig. 3). Two species could not be assigned to one of these two general categories: Anhinga and Struthio.

Influence of Phylogeny on Modules

The phylogenetic influence on each module was tested (Table . 3). The phylogenetic test was not applicable to 

Reconstruction of the Osteological Neutral Posture for Each Module

The modules are variable in the number of CVs and result in different curvatures in an osteological neutral posture (Fig. 4). Module 4 was not subjected to this treatment because it is always composed of only one CV. There are three observable classes of modules: those that exhibit ventral curvature, such as modules 1 and 9 (21.09° to 21.44° of curvature, respectively, between two CVs); those with dorsal curvature, such as modules 2 and 5 (16.32° and 19.37°, respectively); and one that show very low curvature or does not show any as module 3, 6, 7 and 8 (from 0° to 6.47°). We observed that modules that share common postural properties in a relaxed posture occupy the same place in the neck. Modules in the ventral curvature belong to the 

Discussion

To investigate modularity in the necks of birds, we applied a 3D SGM approach to the CVs of 16 species with varied feeding ecologies. We statistically identified nine modules.

Seven of the modules are transpecific, while one is specific to Anhinga and one to Struthio, which are two genera with a long, peculiar neck morphology. First, we will discuss the observed morphological diversity at two different scales: modules (i.e., subsets of CVs) and combinations of modules (i.e., necks), and how it may be linked to feeding ecology, phylogeny and morphofunctional aspects. Then, we will discuss the three traditional functional regions of Boas in light of our results.

Modules (i.e., Subsets of CVs)

The modules are composed of CVs that occupy the same region of the neck (Fig. 3). Depending on their anatomical region, they display peculiar postural properties (Fig. 4). Thus, CVs are distributed in modules according to their postural characteristics, and not according to species. Vertebral shape itself is more explained by the transpecific modules (63%) than by species (13%). Therefore, modularity pattern along the neck is strongly linked to morphofunctional aspects. This finding supports the hypothesis that vertebral morphology and bending ability are tightly linked to posture and locomotion in vertebrates, as shown in cetaceans ( [START_REF] Long | Locomotor desing of dolphin vertebral columns: bending mechanics and morphology of Dolphinus delphis[END_REF], primates [START_REF] Johnson | Positional behavior and vertebral morphology in atelines and cebines[END_REF][START_REF] Shapiro | Functional and developmental influences on intraspecific variation in catarrhine vertebrae[END_REF] and xenarthrans [START_REF] Oliver | Vertebral bending mechanics and xenarthrous morphology in the nine-banded armadillo (Dasypus novemcinctus)[END_REF].

The link between phylogeny and modularity patterns is more subtle. Some modules are under phylogenetic influence, while others are not (Table 3). Thus, phylogeny explains part of the shape variation between modules but does not fully explain the shape variation along the neck. This is in line with the conclusions of [START_REF] Brocklehurst | Vertebral morphometrics and lung structure in non-avian dinosaurs[END_REF], who postulated that phylogeny applies differentially along the vertebral column. To strengthen these findings, more species must be added to our dataset to further discuss the role of phylogeny in the regionalization of the neck.

The link between feeding ecology and the modularity pattern is less well supported. The modules are transversal across species (Fig. 3, SD Fig. 2), and considering that species represent feeding ecologies, we can deduce that the modular structure of the neck is not mainly linked to feeding ecology. Similar observations have been made in mammals, in which the patterns of modularity in the neck are highly conserved regardless of the species ecology [START_REF] Arnold | Morphological disparity, conservatism, and integration in the canine lower cervical spine: Insights into mammalian neck function and regionalization[END_REF][START_REF] Arnold | Musculoskeletal networks reveal topological disparity in mammalian neck evolution[END_REF][START_REF] Villamil | Phenotypic integration of the cervical vertebrae in the Hominoidea (Primates): Cervical vertebrae integration in Apes[END_REF], in contrast to those observed in the rest of the column [START_REF] Jones | Adaptation and constraint in the evolution of the mammalian backbone[END_REF][START_REF] Jones | Vertebral regionalization facilitates functional diversification of the mammalian axial skeleton[END_REF]. To further extend these conclusions, they can be discussed in light of those reported for Felidae by [START_REF] Randau | Regional differentiation of felid vertebral column evolution: A study of 3D shape trajectories[END_REF], who concluded that "ecological factors influence the shape of the vertebral column heterogeneously and that distinct vertebral sections may be under different selection pressures". We can therefore hypothesize that ecological factors might apply heterogeneously along the vertebral column, according to phylogeny. To test this hypothesis, it would be interesting to expand our dataset with other species to obtain statistically testable ecological groups. On the other hand, we can assume that because feeding ecology is not strongly linked to the modularity pattern, it could be linked to the remaining shape variability that exists within modules (SD Fig. 1).

Combinations of Modules (i.e., Necks)

Great shape variability is also observed at the scale of the neck. This diversity is represented by shape trajectories (Fig. 3), which visually describe morphological variations between CVs along the neck. Similar shape trajectories mean that neck morphologies are linked to similar phylogenetic, developmental and/or environmental factors [START_REF] Werneburg | Evolution of neck vertebral shape and neck retraction at the transition to modern turtles: An integrated geometric morphometric approach[END_REF] and vice versa. We identified two main categories of shape trajectories: reversed C shape and crushed reversed C shape (Fig. 3). The first group was composed of Calyptomena, Bombycilla, Amazona, Dryocopus, Aptenodytes, Morus, Oriolus and Cacatua and the second of Crypturellus, Gyps, Apteryx, Hirundo and Chlorostilbon, among which the last genus displays a particular shape trajectory. Struthio and Anhinga exhibit very specific shape trajectories and do not belong to one of these groups. These peculiarities may be linked to the particular elongated shape of their neck. Regarding feeding ecologies, the reversed C shape group contains opportunist and species that feed in water (divers and piscivores), while the crushed reversed C shape group contains opportunists, scavengers and nectarivores, among which the last group displays a peculiar trajectory. Therefore, the shape trajectory seems to be linked to feeding ecology. Modules may not appear to be related to ecology, but the chaining of modules (i.e., the neck) seems to be.

The Three Functional Regions Hypothesis

Each of the nine modules occupies a precise place in the species necks. Apart from module 1, the repartitioning of modules along the neck can generally be divided into three regions: (1) the cranial region, represented by modules 1 and 9 (Fig. 3), resulting in a ventrally bent neutral posture (Fig. 4); (2) the intermediate region, represented by modules 2 and 5 (Fig. 3), resulting in a dorsally bent neutral posture 1 3

(Fig. 4); and (3) the caudal region, represented by modules 3, 6, 7 and 8 (Fig. 3), resulting in a relatively unbent neutral posture (Fig. 4). Together, the ventrally bent cranial region, the dorsally bent intermediate region and the rather unbent caudal region of the cervical vertebral column appear to form the S-shaped neck of birds. These functional descriptions of the three regions of the neck in birds correspond to the observations made by [START_REF] Virchow | Über die Bewegungsmöglichkeiten an der Wirbelsäule von Spheniscus[END_REF] and [START_REF] Boas | Biologisch-anatomische Studien über den Hals der[END_REF].

However, even though these three regions seem to present a clear functional definition, our results show that there is also a greater diversity than expected: we identified more modules than the regions (nine versus three). This implies the existence of ( 1) different modules occupying one same functional region and presenting similar postural properties and/or (2) subdivisions within Boas's functional regions (Fig. 3 and Fig. 4):

(1) Modules 2 and 5 occupy the intermediate region and result in a natural dorsally bent posture of approximately 30°. Modules 3, 6, 7 and 8 occupy the caudal region and result in a rather unbent posture. These modules are redundant in terms of their position in the neck and posture. However, they also display significantly different morphologies. The CVs of module 2 exhibit well-developed transverse processes, including fused ribs and a mostly enclosed carotid sulcus. This is in contrast with the CVs of module 5, which display the opposite morphological features (no fused cervical ribs and an open carotid sulcus) (Fig. 2). The same applies to modules 3, 6, 7 and 8, which display progressive elongation along the cranio-caudal axis. (2) Two redundant modules are commonly found in the same neck, as observed for modules 2 and 5 in the neck of Calyptomena or module 3 and module 6 in the neck of Amazona, Aptenodytes, Chlorostilbon and Crypturellus. Therefore, in some species, the functional regions are morphologically subdivided. These subdivisions consist only of redundant modules and therefore share similar (even if not identical) postural properties but present varied shapes. This finding is in line with those of [START_REF] Krings | The cervical spine of the american barn owl (Tyto furcata pratincola): I. Anatomy of the vertebrae and regionalization in their S-shaped arrangement[END_REF][START_REF] Krings | Barn owls maximize head rotations by a combination of yawing and rolling in functionally diverse regions of the neck[END_REF], who identified three to seven modules along the neck of owls based on morphological and functional studies.

In conclusion, our results are consistent with those of previous studies on the regionalization of the neck in birds (e.g., [START_REF] Virchow | Über die Bewegungsmöglichkeiten an der Wirbelsäule von Spheniscus[END_REF][START_REF] Boas | Biologisch-anatomische Studien über den Hals der[END_REF][START_REF] Zweers | Avian cranio-cervical systems. Part I: Anatomy of the cervical column in the chicken (Gallus gallus L.)[END_REF][START_REF] Van Der Leeuw | Control of the cranio-cervical system during feeding in birds[END_REF][START_REF] Tambussi | Flexibility along the neck of the neogene terror bird Andalgalornis steulleti (Aves Phorusrhacidae)[END_REF][START_REF] Cobley | Inter-vertebral flexibility of the ostrich neck: Implications for estimating sauropod neck flexibility[END_REF][START_REF] Krings | Barn owls maximize head rotations by a combination of yawing and rolling in functionally diverse regions of the neck[END_REF][START_REF] Kambic | Experimental determination of three-dimensional cervical joint mobility in the avian neck[END_REF]). However, they indicate that the pattern of modularity is more complex than expected, including subdivisions of the traditional functional regions and module redundancy. We found a clear link between the modular regionalization and posture of the neck. This relationship has been observed in other tetrapod groups [START_REF] Polly | Testing modularity and dissociation: the evolution of regional proportions in snakes[END_REF][START_REF] Hautier | Skeletal development in sloths and the evolution of mammalian vertebral patterning[END_REF][START_REF] Asher | Variability and constraint in the mammalian vertebral column: Mammalian vertebral variability[END_REF][START_REF] Arnold | Morphological disparity, conservatism, and integration in the canine lower cervical spine: Insights into mammalian neck function and regionalization[END_REF][START_REF] Randau | Regional differentiation of felid vertebral column evolution: A study of 3D shape trajectories[END_REF][START_REF] Jones | Vertebral regionalization facilitates functional diversification of the mammalian axial skeleton[END_REF]. The patterns of regionalization in these groups are different, but they display similar pattern complexity.

Conclusion

In conclusion, despite the great variability of birds in terms of body size, ecology and the number and shape of CVs, the modularity pattern of the neck appears to be shared between species. Our innovative approach for addressing modularity using clustering proved to be relevant for the vertebral column, and nine modules were identified. Seven were transpecific, while one was specific to Anhinga and one to Struthio. The neck of each bird is composed of at least four modules. This modularity pattern is tightly linked to morphofunctional aspects, a property shared with other vertebrate groups, but is also partially linked to phylogeny, which is applied heterogeneously along the column. Feeding ecology seems to be more closely related to the neck than to the modules themselves. Each module results in different naturally bent postures, replicating the characteristic S-shape of the neck of bird. These postural properties of modules along the neck correspond to [START_REF] Boas | Biologisch-anatomische Studien über den Hals der[END_REF] functional regions. However, we also found a more complex pattern than expected: first, these regions are subdivided; then, one region can be occupied by different modules with same postural properties between one species and another.

Introduction

Madagascar is a large island [START_REF] Battistini | Biogeography and ecology in Madagascar[END_REF] (nearly 590,000 km 2 ) situated about 400 km off the southeastern coast of Africa. It is the 4 th largest island on the planet and aspects of its biogeography are unique among other large islands in the tropics. Indeed, Madagascar has a large surface area associated with geological and meteorological complexities: highly different environments co-exist on this island as rainforests, steppes or karstic deserts. Madagascar has greater ecosystem richness than any other island [START_REF] Wittaker | Island biogeography. ecology, evolution, and conservation[END_REF][START_REF] Jędrusik | Madagascar -An Island or a Continent? On the Notions of 'Island' and 'Insularity[END_REF]. This fact is supported by the high rate of endemism observed at different taxonomic levels, resulting in this island being considered as a biodiversity hotspot [START_REF] Goodman | Updated estimates of biotic diversity and endemism for Madagascar[END_REF][START_REF] Myers | Biodiversity hotspots for conservation priorities[END_REF]. This diversity is illustrated by the four extant groups of endemic living Malagasy land mammals (Lemuroidea, Eupleridae, Tenrecidae and Nesomyinae), representing several hundred of species [START_REF] Poux | Asynchronous Colonization of Madagascar by the Four Endemic Clades of Primates, Tenrecs, Carnivores, and Rodents as Inferred from Nuclear Genes. Baker A[END_REF][START_REF] Goodman | Les aires protégées terrestres de Madagascar : leur histoire, description et biote / The terrestrial protected areas of Madagascar: Their history, description, and biota[END_REF].

Each endemic mammal clade is the result of an independent successful colonization event. Nesomyinae colonized Madagascar in the early Miocene and probably originated from eastern Africa [START_REF] Poux | Asynchronous Colonization of Madagascar by the Four Endemic Clades of Primates, Tenrecs, Carnivores, and Rodents as Inferred from Nuclear Genes. Baker A[END_REF][START_REF] Schenk | Ecological Opportunity and Incumbency in the Diversification of Repeated Continental Colonizations by Muroid Rodents[END_REF][START_REF] Steppan | Multigene phylogeny of the Old World mice, Murinae, reveals distinct geographic lineages and the declining utility of mitochondrial genes compared to nuclear genes[END_REF]. This monophyletic group is divided into two main clades and is currently (as of late 2018) composed of nine genera and 30 recognized extant species, all living in the diverse native forest ecosystems of the island [START_REF] Goodman | Systématique des rongeurs endémiques malgaches (famille des Nesomyidae : sous-famille des Nesomyinae) / Systematics of endemic Malagasy rodents (family Nesomyidae: subfamily Nesomyinae). Antananarivo: Association Vahatra[END_REF]. Because this sub-family is endemic to Madagascar, it represents a unique opportunity to characterize, at macroevolutionary level, its radiation and estimate the importance of ecology, considered in a phylogenetic context, in shaping morphological diversity. The skull is an ideal structure for this type of investigation. Because it carries structures related to sensory functions (vision, olfaction, taste, etc.), feeding, and locomotion [START_REF] Caumul | Phylogenetic and environmental components of morphological variation: skull, mandible and molar shape in marmots (Marmota, Rodentia)[END_REF][START_REF] Dumont | Do functional demands associated with locomotor habitat, diet, and activity pattern drive skull shape evolution in musteloid carnivorans?[END_REF][13], it is likely to be influenced by environmental factors [START_REF] Dumont | Do functional demands associated with locomotor habitat, diet, and activity pattern drive skull shape evolution in musteloid carnivorans?[END_REF][START_REF] Yazdi | Patterns of skull shape variation in Meriones persicus (Rodentia: Muridae) in relation to geoclimatical conditions[END_REF][START_REF] Maestri | Diet, bite force and skull morphology in the generalist rodent morphotype[END_REF][START_REF] Monteiro | Environmental correlates of geographical variation in skull and mandible shape of the punar rat Thrichomys apereoides (Rodentia: Echimyidae)[END_REF].

In this paper, we addressed the following question: in this particular geographical and ecological context of Madagascar, what shaped the morphological diversity observed in extant Nesomyinae rodents? To better understand the patterns and processes of evolution of the Nesomyinae, we examined the two following sub-questions: 1) To what extent does the skull shape of Nesomyinae reflect their phylogenetic history? 2) Did environmental parameters significantly influenced the shape of the skull and if so, how? To answer those questions, we performed shape analysis of Nesomyinae skulls in dorsal and ventral views, using geometric morphometrics (here abbreviated as GM). Then, we assessed the significance of phylogenetic signal and tested the influence of ecology on the skull shape and size. We expect that the skulls of different nesomyines, and especially size, to display adaptations to local environments, as insular context is known to favor rapid character displacement towards local optima [START_REF] Lomolino | Body size evolution in insular vertebrates: generality of the island rule[END_REF]. However, Madagascar being a particular case with several geographical and ecological continental characteristics more at a continental level, typical insular evolutionary trends [START_REF] Lomolino | Body size evolution in insular vertebrates: generality of the island rule[END_REF] might not be observed. In addition, skull morphology can also show low evolutionary lability because of the strong phylogenetic signal in teeth, that are morphologically conserved [START_REF] Caumul | Phylogenetic and environmental components of morphological variation: skull, mandible and molar shape in marmots (Marmota, Rodentia)[END_REF][START_REF] Ledevin | Phylogeny and adaptation shape the teeth of insular mice[END_REF]. In this case, because of the strength of phylogenetic signal, we would expect Nesomyinae skull to be less influenced by ecological variability.

Materials and Methods

Sampling

We used a data set of Nesomyinae skull photographs taken with a macro-photographic CANON EOS including 371 dorsal and 400 ventral images. The images were collected in a standardized way to prevent any bias due to the effect of parallax [START_REF] Mullin | The effects of parallax on geometric morphometric data[END_REF]: in dorsal view the frontal part of the skull was horizontally oriented (parallel to the photographic plane), and in ventral view molar rows were oriented as to be parallel to the photographic plane. Juveniles (defined as having portions of the skull being unossified) and older individuals (with heavily worn teeth) are not included in our sample. To minimize any potential bias due to sexual dimorphism we have included for each species as many specimens as possible and of both sexes; although, we add that this subfamily is not known to show sexual dimorphism [START_REF] Kappeler | Evolutionary dynamics of sexual size dimorphism in non-volant mammals following their independent colonization of Madagascar[END_REF]. Several species are known by only one or few individuals, such as Brachytarsomys villosa. The list of specimens used herein is presented in supplementary material (Table S1). These are housed in the Field Museum of GM method allows a rigorous quantitative analysis of the geometric relationships of shape and size variation of an organism by combining a geometric concept of form with multivariate statistical procedures [START_REF] Zelditch | Geometric morphometrics for biologists: a primer[END_REF]. To capture skull shape variation, we used a 2-dimensional landmark-based approach. In dorsal view, 27 anatomical landmarks were chosen, as well as 42 in ventral view (Figure 1). Landmarks were selected to correspond as closely as possible to anatomical homologies. Descriptions of each type of landmark are given in supplementary material (Tables S2 andS3). They have been digitized using the software tpsDig2 [START_REF] Rohlf | The tps series of software[END_REF]. Ventral and dorsal data sets were analyzed separately. First, we performed a Generalized Procrustes Analysis (GPA). This method allows removal of effects due to scale, translation and rotation, maintaining only the geometric shape of objects and making comparisons possible [START_REF] Rohlf | Extensions of the Procrustes Method for the Optimal Superimposition of Landmarks[END_REF]. This procedure was realized using the gpagen function of the geomorph library [START_REF] Adams | geomorph: an R package for the collection and analysis of geometric morphometric shape data[END_REF] under the free software R (R Core Team 2016).

We only examined the symmetric component of shape. Asymmetric component was explored using MorphoJ [START_REF] Klingenberg | MorphoJ: an integrated software package for geometric morphometrics: COMPUTER PROGRAM NOTE[END_REF] and represents respectively 4.7% of shape variation in the ventral cranium and 5.8% in the dorsal cranium. It was removed using bilat.symmetry from geomorph [START_REF] Adams | geomorph: an R package for the collection and analysis of geometric morphometric shape data[END_REF]. Further statistical testing has also been performed under the free software R.

In order to reduce data dimensionality, principal component analyses (PCA) were performed on shape. PCA is a tool that uses the eigenvectors and eigenvalues of the covariance (or correlation) matrix to reduce the data dimensionality of a multivariate data set. The principal components are new uncorrelated variables (vectors loaded on the original variables) which successively maximize variance. This step was carried out using the gm.prcomp function of the geomorph library [START_REF] Adams | geomorph: an R package for the collection and analysis of geometric morphometric shape data[END_REF]. Visualizations of those PCA with all individuals are presented in supplementary material (Figure S1). To reduce the number of variables we retained 95% of shape variation, the latest principal components being usually considered as negligible because they explain very little of the global shape variation [START_REF] Baylac | Fourier Descriptors, Procrustes Superimposition, and Data Dimensionality: An Example of Cranial Shape Analysis in Modern Human Populations[END_REF]. Further analyses have been carried out on principal components instead of Procrustes coordinates.

Sexual dimorphism in ventral and dorsal view was tested when information was available (12 species: Eliurus carletoni, Eliurus majori, Eliurus grandidieri, Eliurus tanala, Eliurus minor, Eliurus myoxinus, Eliurus webbi, Gymnuromys roberti, Brachyuromys betsileoensis, Nesomys rufus, Monticolomys koopmani and Macrotarsomys bastardi). On shape we performed a Procrustes ANOVA with the function procD.lm from the package geomorph [START_REF] Adams | geomorph: an R package for the collection and analysis of geometric morphometric shape data[END_REF] using the formula: shape ~ sex + species + sex:species. For size we used the lm function from the stats package using the formula: size ~ sex + species + sex:species. In both cases, the "sex" term was examined to assess the presence of sexual dimorphism, and the interaction term to assess if sexual dimorphism is different between species.

Allometry is the part of shape due to the influence of size [START_REF] Klingenberg | Size, shape, and form: concepts of allometry in geometric morphometrics[END_REF]. If the Procrustes superimposition method does separate size and shape, it does not remove allometry. Allometry at the interspecific level was investigated with procD.lm from geomorph [START_REF] Adams | geomorph: an R package for the collection and analysis of geometric morphometric shape data[END_REF] using the formula: shape ~ size + species + size:species. The log centroid size was used as an estimator of size. Interactions between species and size were examined to asses homogeneity of allometric slopes between species. This aspect was explored on all specimens of our sample in dorsal and ventral views.

All subsequent analyses have been performed on species means that include all specimens of a given taxa. For each data set comparative analyses were carried out on 1) shape, which correspond to the principal components computed on the symmetric component of Procrustes coordinates, and on 2) the centroid size, which is also obtained from the Procrustes superimposition method and is defined as the square root of the sum of square distance of each landmark from the centroid of the object.

Phylogenetic signal

As a basis for phylogenetic analyses we used the phylogeny of muroid rodents of

Steppan et al. [START_REF] Steppan | Muroid rodent phylogenetics: 900-species tree reveals increasing diversification rates[END_REF], which is based on 900 muroid species. The tree was pruned to keep only species of interest using the function keep.tip of the library ape [START_REF] Paradis | APE: Analyses of Phylogenetics and Evolution in R language[END_REF].

To quantify phylogenetic signal in size we used the K-statistic method for univariate traits [START_REF] Blomberg | Testing for phylogenetic signal in comparative data: behavioural traits are more labile[END_REF]. To quantify it on shape we used the same method extended to multivariate data by Adams [31]. This approach compares observed traits variations to their expected variations under Brownian motion. If K-value = 1 the considered trait evolved according to Brownian motion. If tested groups resemble each other more than expected, i.e. strong phylogenetic signal, K-value >> 1. On the contrary, K-value close to 0 indicates no phylogenetic signal. This signal has been computed with physignal from geomorph [START_REF] Adams | geomorph: an R package for the collection and analysis of geometric morphometric shape data[END_REF].

To visualize to what extend shape reflect phylogeny, we performed PCA on mean shape per species and projected phylogeny on it. This step was performed using phylomorphospace from the phytools library [START_REF] Revell | phytools: an R package for phylogenetic comparative biology (and other things): phytools: R package[END_REF]. Method for ancestral states reconstruction, morphometric branch lengths estimation and phylomorphospace reconstruction are described in Sidlauskas [START_REF] Sidlauskas | Continuous and arrested morphological diversification in sister clades of characiform fishes: a phylomorphospace approach[END_REF]. Visualization of shape variation along axes were obtained using plotRefToTarget from geomorph [START_REF] Adams | geomorph: an R package for the collection and analysis of geometric morphometric shape data[END_REF] and are deformations in comparison to the global mean shape.

Influence of ecological factors

We tested the three best informed and relevant ecological parameters whose influence on mammalian skull morphology has been well documented: climate [START_REF] Renaud | Size and shape variability in relation to species differences and climatic gradients in the African rodent Oenomys[END_REF][START_REF] Yom-Tov | Geographic variation in body size: the effects of ambient temperature and precipitation[END_REF][START_REF] Yom-Tov | Climatic change and body size in two species of Japanese rodents: climatic change and body size of rodents[END_REF],

locomotor habitat [START_REF] Ross | Basicranial flexion, relative brain size, and facial kyphosis in nonhuman primates[END_REF][START_REF] Lieberman | The primate cranial base: Ontogeny, function, and integration[END_REF][START_REF] Hautier | Patterns of covariation in the masticatory apparatus of hystricognathous rodents: Implications for evolution and diversification[END_REF][START_REF] Bertrand | Cranial dimensions as estimators of body mass and locomotor habits in extant and fossil rodents[END_REF][START_REF] Dumont | Do functional demands associated with locomotor habitat, diet, and activity pattern drive skull shape evolution in musteloid carnivorans?[END_REF] and nychthemeral cycle [START_REF] Heesy | Ecomorphology of Orbit Orientation and the Adaptive Significance of Binocular Vision in Primates and Other Mammals[END_REF][START_REF] Heesy | Evolution of activity patterns and chromatic vision in primates: Morphometrics, ge-netics and cladistics[END_REF]. Nesomyinae species occur in different natural vegetational zones of Madagascar, showing considerable local environmental variation [START_REF] Soarimalala | Les petits mammifères de Madagascar[END_REF] and, hence, these factors are good candidates to reflect adaptation. Based on recognized ecological characteristics of Nesomyinae [START_REF] Soarimalala | Les petits mammifères de Madagascar[END_REF], we assigned categories to characterize the three parameters : locomotor habitat ("terrestrial", "arboreal", and "semi-arboreal"), nychthemeral cycle ("nocturnal", "twilight", and "arrhythmic") and climate ("tropical wet" and "hot and dry") (Table 2). Specimens have been assigned to climatic areas based on the locality of their collection (Table S1).

Table 2. Species and their associated ecological characteristics. Areas are generalized from collection localities, climate data are from the Direction Générale de la Météorologie de Madagascar [START_REF]Direction Générale de la Météorologie de Madagascar[END_REF] and data concerning locomotor habits and nychthemeral cycle are from [START_REF] Soarimalala | Les petits mammifères de Madagascar[END_REF] [START_REF] Soarimalala | Les petits mammifères de Madagascar[END_REF]. To quantify the influence of ecological factors on size, we performed ANOVA (F test), analyses of variance, which aims to determine whether qualitative factors (ecological factors) have significant effects on one quantitative variable (size). F is the ratio between inter-and intra-group variability. Thus, the more the average sizes of two groups are different, the higher the F statistic will be. Regarding shape we used MANOVA analyses (Wilks test). MANOVA, multivariate analysis of variances, is the extension of the ANOVA to multivariate data. It computes the λ of Wilks, which measures the part of intra-class inertia in total inertia. λ is comprised between 0 and 1, a value close to 0 indicating a good discrimination between the groups. When morphological descriptors found to carry significant phylogenetic signals we used phylogenetics MANOVA (MANOVA phy ), which takes phylogeny into account for p-value estimation. We used manova.gls from MvMORPH [START_REF] Clavel | mv MORPH : an R package for fitting multivariate evolutionary models to morphometric data[END_REF]. Fit of generalized least square linear model was performed using penalized likelihood method which allows to better manage the biases due to the number of traits approaching the number of species [START_REF] Clavel | A Penalized Likelihood Framework for High-Dimensional Phylogenetic Comparative Methods and an Application to New-World Monkeys Brain Evolution[END_REF]. Prior, four evolutionary models were tested and compared with the Generalized Information Criterion (GIC):

Species

Brownian Motion (BM) in which the quantity of evolutionary change in a trait is relative to branch length, Ornstein-Uhlenbeck (OU) which takes into account stabilizing/divergent selection and stasis implying that traits can evolve towards one or more optima, Early Burst (EB) that assumes an exponential reduction in diversification rates over time and Pagel's lambda transformation (L) which scales the internal branches of the phylogeny thus reducing the expected covariance between species due to evolutionary history. To do that we used GIC from MvMORPH [START_REF] Clavel | mv MORPH : an R package for fitting multivariate evolutionary models to morphometric data[END_REF]. When no significant phylogenetic signal was found in morphological descriptors, the influence of ecological factors was determined using the function aov of the Stats library. For each case, ecological factors and their interaction with the log centroid size was tested using the formula: shape ~ size + ecology + size:ecology. Knowing that organisms reach different equilibrium sizes on islands as compared to continents, that is to say gigantism vs. dwarfism [START_REF] Lomolino | Body size evolution in insular vertebrates: generality of the island rule[END_REF][START_REF] Blondel | Evolution and ecology of birds on Islands: Trends and prospects[END_REF], the interaction between ecological factors and size could provide additional insight into these patterns. For each model effect size was computed using the effectsize function from MvMORPH [START_REF] Clavel | mv MORPH : an R package for fitting multivariate evolutionary models to morphometric data[END_REF],

which provide the estimator τ 2 that take into account the penalized likelihood framework and can be interpreted relatively. The higher τ 2 , the stronger the association, and τ 2 <0 means no association. Because of missing data two species (Voalavo gymnocaudus and Monticolomys koopmani) were removed from nychthemeral cycle analyses. Gymnuromys roberti was removed from climate analyses as it is broadly distributed across different climatic zones.

When tests were significant, shape variations related to factors were investigated.

We computed mean shape per category of each factor using mshape from geomorph [START_REF] Adams | geomorph: an R package for the collection and analysis of geometric morphometric shape data[END_REF].

Results

Morphometric analyses

No sexual dimorphism was detected in any of the species tested in dorsal size 

Phylogenetic signal

Results of K-statistics are presented in Table 3. In both data sets, centroid size has no statistically significant phylogenetic signal while a strong signal was detected in shape. Regarding dorsal data set, the two first axes of the PCA in total encompass 54.4% of the variability (Figure 2). The first axis, which explains 32.3% of the total shape variation, display variation in relative widths of the anterior and posterior portions of the skull. For species situated in the negative area of the axis, the back of the skull is narrower, nasal bones longer (with no general elongation of the skull), and orbits in a more anterior position. In contrast, for species in the positive part of the axis the posterior portion of the skull is proportionally wider, nasal bones shorter and orbits in a more posterior position. This axis distinguishes the two Nesomyinae clades. The second axis of the PCA explains 22.2% of total shape variation. For species situated in the negative part of this axis, the posterior part of the skull is proportionally wider at the level of the jugal bone, braincase narrower and skull shorter in length. For the species situated in the positive part of the axis the braincase is wider and skull proportionally longer. This axis separates Brachytarsomys villosa and Brachytarsomys. albicauda and Hypogeomys antimena from the other species. The distribution of species represented by their morphological average in morphological space reflect their phylogenetic relationship, as expected given the high phylogenetic signal (Table 3). A PCA on the third and fourth axes, explaining respectively 13.3% and 7.6% of shape variation, is presented in supplementary material (Figure S3). Concerning the ventral data set the two first axes carry 61.5% of the total shape variation (Figure 3). The first axis explains 38.0% of the variability and the general patterns are consistent with the observed shape variation in dorsal view. For species situated in the positive part of this axis, the posterior portion of the skull is proportionally wider and rostrum large and rounded. In the negative part of this axis the posterior portion of the skull is proportionally narrower and rostrum narrow and pointed. This axis clearly separates the two Nesomyinae clades. The second axis of the PCA accounts for 23.5% of the total shape variation and the major shape variation concerns the relative length of the skull. For species situated in the negative part of the axis the tympanic bullae are proportionally larger, rostrum longer and more pointed, and incisor foramens longer as compared to species in the positive of the axis. The distribution of species in morphological space reflect their phylogenetic relationship, as expected given the high phylogenetic signal (Table 3). A PCA on the third and fourth axes, explaining respectively 7.9% and 7.2% of shape variation, is presented in supplementary material (Figure S4). 

Influence of ecological factors

Results of ANOVA and MANOVA phy performed on size and shape of both data sets are presented in Table 4.

When testing the association between ecological factors and skull shape, the estimated pseudo-likelihood of the phylogenetic MANOVA indicated that EB was the best fitted model in all cases (even if the GIC criterion showed small differences): Climate is the only factor that has a statistically significant influence on shape. In ventral the main effect and the interaction with size are significant, meaning that shape variation related to size cannot be differentiated to shape variation related to climate. In dorsal there is no main effect of climate but the main effect of size and the interaction term are significant meaning that there is a crossover interaction. The effect of size on shape is opposite depending on the climate [START_REF] Loftus | On interpretation of interactions[END_REF]. 

Discussion

Phylogenetic signal and ecological influence on skull size No significant phylogenetic signal was detected in skull size (Table 3). Size might be conditioned by a factor/factors other than phylogenetic history. However, conversely to what is expected in insular context none of the three tested ecological factors was found to have a significant impact on skull size either (Table 4). Hence, either ecological space is not partitioned by size in Nesomyinae, either size may have been driven by other ecological parameters than those tested, as diet. However, diet is highly variable in rodents [START_REF] Soarimalala | Les petits mammifères de Madagascar[END_REF][START_REF] Sassi | Feeding strategies of a small mammal (Phyllotis xanthopygus, Rodentia Cricetidae) at diverse altitud[END_REF], and more data on the feeding habits of Nesomyinae are needed to test it reliably.

Phylogenetic signal and ecological influence on skull shape Skull shape display significant phylogenetic signals (Table 3). Skull shape seems to be mainly driven by its evolutionary history. It is confirmed by our PCA results: in dorsal and ventral view the distribution of species in morphological space is congruent with phylogeny (Figs 2 and3). Phylogenetically close species are also morphologically close, such as Monticolomys koopmani and Macrotarsomys bastardi, or all species belonging to same genus (Eliurus, Brachytarsomys, Brachyuromys, Nesomys). In ventral view, Nesomys rufus is in the center of the PCA, as it represents the standard ventral shape of a Nesomyinae skull at least based on species present in our dataset. Given that these species are morphologically distinct, their dissimilarities appear rather low compared to their measured molecular distance [START_REF] Schenk | Ecological Opportunity and Incumbency in the Diversification of Repeated Continental Colonizations by Muroid Rodents[END_REF]. The morphological proximity of species could be explained by a partition of resources through different behavior or activity pattern, rather than morphological character displacement. Another hypothesis, not tested in this paper, is that this morphological similarity might be due to convergence, as it has been observed in other endemic mammal lineages such as shrew tenrecs of the genus Microgale [START_REF] Olson | Illumination of cryptic species boundaries in longtailed shrew tenrecs (Mammalia: Tenrecidae; Microgale), with new insights into geographic variation and distributional constraints[END_REF], mouse lemurs of the genus Microcebus [START_REF] Weisrock | Delimiting Species without Nuclear Monophyly in Madagascar's Mouse Lemurs[END_REF], and long-fingered bats of the genus Miniopterus [START_REF] Christidis | Insights into the Evolution of a Cryptic Radiation of Bats: Dispersal and Ecological Radiation of Malagasy Miniopterus (Chiroptera: Miniopteridae)[END_REF].

The evolutionary model that best fits our sample is the early burst model of diversification, and not Brownian motion as it was expected considering the high phylogenetic signal (Table 3). Maybe the climate variable provided a stronger explanatory power for skull shape variation, as suggested by [START_REF] Giacomini | Functional correlates of skull shape in Chiroptera: feeding and echolocation adaptations[END_REF] [START_REF] Giacomini | Functional correlates of skull shape in Chiroptera: feeding and echolocation adaptations[END_REF] who obtained similar results. This mode of evolution usually involves ecological opportunities for concerned species and is typically observed in adaptive radiations [START_REF] Simpson | The Major Features of Evolution[END_REF][START_REF] Gavrilets | Adaptive Radiation: Contrasting Theory with Data[END_REF]. Thus, despite the strong phylogenetic signal displayed by skull shape, it is likely that they are also subjected to adaptation.

Climate was found to significantly influenced shape in ventral cranium and to significantly interact with the influence of size on the shape of dorsal cranium. Two structures are mainly impacted: proportional size of the tympanic bullae and elongation of the rostrum. Species living in arid or semi-desertic environments ("hot and dry") display wider tympanic bullae than those living in humid environments ("Tropical wet") (Figure 4). A significant influence of climate on this structure is not surprising considering that it is highly sensible to the opening/closing of the environment where the animal lives, as it has been observed in gerbilles and other mammals [START_REF] Alhajeri | Molecular systematics of gerbils and deomyines (Rodentia: Gerbillinae, Deomyinae) and a test of desert adaptation in the tympanic bulla[END_REF][START_REF] Darvish | Morphometric comparison of fourteen species of the genius Meriones illiger, 1811 (Gerbillinae, Rodentia) from Asia and North Africa[END_REF][START_REF] Huang | Mammalian ear specializations in arid habitats: structural and functional evidence from sand cat (Felis margarita)[END_REF]. Associated adaptations could also be related to the margins of the foramen magnum which are neighboring structures of tympanic bullae. Tropical areas are mainly covered with forests while arid areas are more often open environments. Evolving in such different environments requires different mobility abilities. The implication of the foramen magnum in mobility abilities have already been demonstrated in other studies on mammals [START_REF] Ruth | Locomotor pattern fails to predict foramen magnum angle in rodents, strepsirrhine primates, and marsupials[END_REF][START_REF] Camargo | Cranial shape predicts arboreal activity of Sigmodontinae rodents[END_REF] and is often related to head posture [START_REF] Dumont | Do functional demands associated with locomotor habitat, diet, and activity pattern drive skull shape evolution in musteloid carnivorans?[END_REF][START_REF] Ross | Basicranial flexion, relative brain size, and facial kyphosis in nonhuman primates[END_REF][START_REF] Lieberman | The primate cranial base: Ontogeny, function, and integration[END_REF]. Variation in the elongation of the rostrum might be related to the differences of available resources in varied environmental conditions. Shape variation associated with the width and length of the rostrum can be related to feeding habits. In rodents, it has been observed that herbivores display longer tooth rows and wider skull and rostrum [START_REF] Samuels | Cranial morphology and dietary habits of rodents[END_REF]. However, it is well known that diet is spatially and temporally variable in rodents [START_REF] Sassi | Feeding strategies of a small mammal (Phyllotis xanthopygus, Rodentia Cricetidae) at diverse altitud[END_REF]. As far as we know, most Nesomyines are known to be omnivorous and their diet vary seasonally according to available resources [START_REF] Soarimalala | Les petits mammifères de Madagascar[END_REF]. The influence of climate on shape also strongly interacts with size. Then, climate seems also to affect the allometric pattern of the skull. The differences in allometric patterns between species are, at least in part, explained by differences in the climate of their living environment.

Temporal perspectives of Nesomyinae skull evolution

We analyzed the extant diversity of Nesomyinae to understand patterns and processes of their diversification since their colonization of Madagascar. However, the current representatives may not depict the maximum diversity of this clade since their arrival, thus biasing our interpretations. Several recent changes must have impacted Nesomyinae shape diversity such as human arrival on the island, natural climatic changes, anthropogenic vicissitudes and the introduction of invasive murids [START_REF] Crowley | A refined chronology of prehistoric Madagascar and the demise of the megafauna[END_REF][START_REF] Goodman | Extinct Madagascar: Picturing the island's past[END_REF][START_REF] Mein | Nouvelles espèces subfossiles de rongeurs du Nord-Ouest de Madagascar[END_REF][START_REF] Perez | Evidence of early butchery of giant lemurs in Madagascar[END_REF]. In the Quaternary subfossil record of Madagascar, one notably large-bodied nesomyine is known, Hypogeomys australis (Grandidier, 1903), which was notably larger than the only extant member of this genus, Hypogeomys antimena, the largest living rodent on the island. In addition, in the subfossil record is the largest known Nesomys species, Nesomys narindaensis [START_REF] Mein | Nouvelles espèces subfossiles de rongeurs du Nord-Ouest de Madagascar[END_REF], notably bigger than other extant members of this genus, which would include Nesomys lambertoni at less than 250 g [START_REF] Soarimalala | Les petits mammifères de Madagascar[END_REF]. Other large-bodied nesomyine species may have gone extinct, but the absence of paleontological data in the Neogene of Madagascar and the scarcity of the Quaternary material hinders any detailed interpretation of past nesomyine diversity and evolution. Among Madagascar endemic mammals, there were giants forms, all extinct in the Late Pleistocene-Holocene, such as Hypogeomys australis, of about 2 kg; lemurs, Archaeoindris up to 200 kg, and a carnivoran, Cryptoprocta spelea, the largest Holocene land predator of Madagascar [START_REF] Goodman | Extinct Madagascar: Picturing the island's past[END_REF][START_REF] Gommery | Les lémuriens subfossiles dans le Nord-Ouest de Madagascar, du terrain à la diffusion des connaissances ou 15 ans de recherches francomalgaches[END_REF][START_REF] Meador | Cryptoprocta spelea (Carnivora: Eupleridae): What Did It Eat and How Do We Know?[END_REF]. Today, the extant Hypogeomys antimena only reaches a maximum body mass of slightly greater than 1 kg [START_REF] Soarimalala | Les petits mammifères de Madagascar[END_REF]. The continental African representatives of the Nesomyidae, the closest clades to the Malagasy Nesomyinae [START_REF] Schenk | Ecological Opportunity and Incumbency in the Diversification of Repeated Continental Colonizations by Muroid Rodents[END_REF][START_REF] Steppan | Muroid rodent phylogenetics: 900-species tree reveals increasing diversification rates[END_REF] all weigh under 100 g, with the exception Cricetomys species that reach 2 kg. Macrotarsomys and Monticolomys are small genera whose molars are morphologically close to fossil genera such as Protarsomys and Notocricetodon, which date from the lower Miocene of East Africa and may be the ancestors of the Malagasy Nesomyinae [START_REF] Lavocat | Les rongeurs du Miocène d'Afrique orientale[END_REF][START_REF] Carleton | A floral and faunal inventory of the eastern slopes of the Reserve Naturelle In-tégrale d'Andringitra, Madagascar: With reference to elevational variation[END_REF]. According to molecular clock the crown-group diversification of Nesomyinae occurs around 12.8 Ma and the colonization of Madagascar between that date and 15.6 Ma [START_REF] Steppan | Muroid rodent phylogenetics: 900-species tree reveals increasing diversification rates[END_REF][START_REF] Schenk | The Role of Geography in Adaptive Radiation[END_REF]. Protarsomys and Notocricetodon (extinct Miocene genera) were small body-size rodents. This may indicate, despite geographical isolation, that at least molar morphology evolved in relative stasis for these genera since the Miocene, or represent an excellent example of convergence on opposite sides of the Mozambique Channel separated by about 20 Ma. The genus Monticolomys, which is consistently the sister taxon of Macrotarsomys in different molecular phylogenies [START_REF] Schenk | Ecological Opportunity and Incumbency in the Diversification of Repeated Continental Colonizations by Muroid Rodents[END_REF][START_REF] Steppan | Muroid rodent phylogenetics: 900-species tree reveals increasing diversification rates[END_REF][START_REF] Jansa | Molecular Phylogeny and Biogeography of the Native Rodents of Madagascar (Muridae: Nesomyinae): A Test of the Single-Origin Hypothesis[END_REF], is morphologically close to Macrotarsomys [START_REF] Carleton | A floral and faunal inventory of the eastern slopes of the Reserve Naturelle In-tégrale d'Andringitra, Madagascar: With reference to elevational variation[END_REF]. Such congruence between phylogeny and a low morphological variability interpreted as preservation of an ancestral morphology in some lineages, may be the result of heavy constraints occurring on Nesomyinae skull morphology and no ecological release is readily apparent in this subfamily. Most of all Nesomyinae genera are represented by 1 to 3 species, with the exception of Eliurus whose diversity is 13 species [START_REF] Goodman | Les aires protégées terrestres de Madagascar : leur histoire, description et biote / The terrestrial protected areas of Madagascar: Their history, description, and biota[END_REF]. This genus has a relatively homogenous skull shape and includes species ranging from 20 to 100 g. Its success may be related to its specialization towards arboreality during Cenozoic times in Madagascar.

Conclusion

Nesomyinae skull is a complex structure for which size and shape are not under the same constraints. Skull shape strongly reflects phylogeny, but is also substantially influenced by climate. Skull size revealed to carry a weak phylogenetic signal, as awaited in insular context, but unexpectedly show no adaptive signal regarding ecological factors examined. The large size of Madagascar, its ecological complexity and its particular colonization history of lineages may be associated with unusual types of constraints in island context, preventing the Nesomyinae radiation from displaying strong ecological release.

  biomécanique. Les différents groupes morphologiques présentent chacun des caractéristiques fonctionnelles différentes. A chaque transition environnementale, d'importantes variations fonctionnelles sont observées. En particulier, la force de morsure estimée des musaraignes semble être un bon indicateur des transitions entre les environnements arides et humides. La nature complémentaire des indicateurs morphologiques et fonctionnels nous permet de mettre en évidence des évènements de convergence et de divergence fonctionnelle. Cependant, encore une fois, la réponse phénotypique détectée a principalement lieu au sein des groupes morphologiques. Les deux premiers chapitres confirment que les variations environnementales locales ont un impact significatif sur le phénotype des rongeurs et des musaraignes. Cependant, elles n'affectent pas la variation phénotypique principale. Nous allons tester si les changements climatiques globaux impactent davantage les traits morphologiques et fonctionnels. Pour explorer cette piste, nous devons d'abord caractériser ces changements climatiques globaux au cours de la séquence à El Harhoura 2. Le chapitre 3 présente une reconstruction des changements climatiques globaux à El Harhoura 2. Nous avons produit un ensemble de simulations correspondant aux couches stratigraphiques du site en utilisant le modèle LMDZOR6A. Les simulations décrivent une séquence climatique en deux phases à El Harhoura 2 : une humidification progressive suivie d'une transition abrupte vers un climat plus aride, puis un climat de moins en moins aride jusqu'à aujourd'hui. Nous démontrons également comment les simulations paléoclimatiques peuvent contribuer à affiner le contexte chronologique et paléoenvironnemental de notre site en évaluant la cohérence entre la séquence climatique décrite par les simulations et les proxys paléoenvironnementaux. Dans notre cas, la séquence climatique correspondant aux âges combinés US-ESR s'avère beaucoup plus cohérente avec les inférences paléoenvironnementales que celle correspondant aux âges OSL. Nos résultats permettent également de discuter des divergences qui existent entre les inférences paléoenvironnementales basées sur les assemblages de faune et celles basées sur les études isotopiques. S'ils sont plus cohérents avec les conclusions tirées de ces dernières, ils mettent avant tout en évidence la différence d'échelle entre les informations fournies par chacun de ces indicateurs. Ce chapitre démontre que la combinaison de différentes sources de données environnementales et de simulations climatiques a un grand potentiel pour affiner le contexte paléoenvironnemental et chronologique des sites archéologiques et paléontologiques. Le chapitre 4 explore les covariations entre le climat précédemment simulé et les traits morphologiques et fonctionnels des rongeurs et des musaraignes. Tous les traits phénotypiques covarient significativement avec les changements climatiques. Le stress hydrique, la température et l'insolation semblent avoir une implication plus importante dans ces covariations que les autres variables climatiques. Ces trois facteurs influençant la composition des communautés végétales, nous supposons qu'ils influencent indirectement le phénotype via les ressources disponibles. En ce qui concerne les dents de rongeurs, les changements de forme induits par le climat semblent liés à des variations dans leurs habitudes alimentaires entre des régimes plus ou moins faunivores et herbivores. Les groupes morphologiques révèlent un axe de variation proche du patron intraspécifique partagé par plusieurs espèces. Il semble traduire des ajustements morphologiques aux changements d'amplitude de variations saisonnière, via adaptation ou plasticité phénotypique développementale. Pour les musaraignes, la forme de mandibule associée à

Fig. 1

 1 Fig. 1 Photographs of three species of rodents and one species of shrews that are studied in this thesis. A: Meriones shawii, B: Mus spretus, C: Dipodillus campestris, D: Crocidura russula.

  (Fig 2).

Fig. 2

 2 Fig. 2 Presentation of El Harhoura 2 cave. A: overview of El Harhoura 2 cave (© Roland Nespoulet). B: geographical location El Harhoura 2 cave. C: time period covered by El Harhoura 2 cave from layer 8 to layer 1.

Fig. 3

 3 Fig. 3 Overview of the diversity of environments that can be encountered in Morocco nowadays. A: bushy area; B: oued; C: abundant vegetation; D: steppic landscape.

Fig. 4

 4 Fig. 4 Synthesis of the thesis structure.

  Stoetzel, David Nerini, Raphaël Cornette Accepted with minor revisions in the Journal of Mammalian Evolution.

  . They show successive relatively humid (L 3, L4a, L6 and L8) and arid (L2, L5 and L7) phases. Late Pleistocene environments appear more open and less humid than today. Paleolandscapes are defined as open steppe or savanna-like land with patches of shrubland, woodland and water bodies. Water bodies cover greater areas during humid phases than arid phases.

Fig. 1

 1 Fig.1Stratigraphy, age and characteristic environments of the eight layers of EH2 used in this study(Michel et al., 2009;[START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF] Jacobs et al., 2012;[START_REF] Janati-Idrissi | Datation par ESR-U/th combinées de dents fossiles des grottes d'El Mnasra et d'El Harhoura 2, région de Rabat-Temara. Implications chronologiques sur le peuplement du Maroc atlantique au Pléistocène supérieur et son[END_REF] 

Fig 3 Fig. 3

 33 Fig. 3 Aligned outlines of right lower first molars with the registered starting point of each curve.

Fig. 5

 5 Fig. 5 Shape and size variations between environments. Shape changes are magnified by three to clarify visualization. A: Mean shape of the m1 in each environment; B: mean shape of the M1 in each environment; C: boxplot of m1 size between environments; D: boxplot of M1 size between environments.

Fig 6

 6 for m1and in Fig 7 for M1.

method 2

 2 and M1-method2 in L7 (Fig 6C, Fig 7C), the only layer characterized by an open and arid environment. In M1-method2 there is also an additional MG in L5 (Fig 7C), a layer characterized by an arid and semi-open environment.

Fig 8 .

 8 There are computed only for method 1, as they require MGs identity between layers. The relative abundance of MGs significantly varies over EH2 layers for m1 (Friedman test: p-value = 0.018*, df = 7, X2 = 16.93) but not for M1 (Friedman test: p-value = 0.072, df = 7, X2 = 13). It is not related to local environmental changes neither for m1 (Friedman test: p-value = 0.12, df = 3, X2 = 5.8) nor M1 (Friedman test: p-value = 0.61, df = 3, X2 = 1.8).

Fig. 6

 6 Fig. 6 Number of MGs and disparity of m1 (lower first molars) shape over the eight studied stratigraphic layers of EH2. Environmental conditions (Stoetzel, 2009; El Hajraoui et al., 2012) are indicated by background colors. A: Number of MGs obtained with method 1; B: Disparity of MGs of method 1; C: Number of MGs obtained with method 2; D: Disparity of MGs of method 2.

Fig. 7

 7 Fig. 7 Number of MGs and disparity of M1 (upper first molars) shape over the eight studied stratigraphic layers of EH2. Environmental conditions (Stoetzel, 2009; El Hajraoui et al., 2012) are indicated by background colors. A: Number of MGs obtained with method 1; B: Disparity of MGs of method 1; C: Number of MGs obtained with method 2; D: Disparity of MGs of method 2.

Fig 9 .

 9 All indicators display a continuous increase of diversity from L8 until L5-L4a, then a decrease until L2 and finally a second increase in L1 (Fig 9). This general trend is nuanced in L7 by a decrease of the number of taxa in terrestrial vertebrates (Fig 9A) and in L6 by a decrease in rodent diversity indicated by the Shannon and Simpson indices (Fig 9B and

Fig

  Fig 9C).

Fig. 9

 9 Fig. 9 Biodiversity indices over the eight studied stratigraphic layers of EH2.Environmental conditions[START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] El Hajraoui | Préhistoire de la région de Rabat-Témara[END_REF] are indicated by background colors. A: Number of taxa; B: Shannon index; C: Simpson index.

  Fig. 9 Biodiversity indices over the eight studied stratigraphic layers of EH2.Environmental conditions[START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] El Hajraoui | Préhistoire de la région de Rabat-Témara[END_REF] are indicated by background colors. A: Number of taxa; B: Shannon index; C: Simpson index.

  and water ponds during humid periods (Fig 1, the same as Fig 1 in chapter 1). The material studied here is temporarily housed at the Muséum National d'Histoire Naturelle, Paris, France. It was sampled during the 2005-2009 excavation campaigns of the El Harhoura-Témara Archaeological Team (dir. R. Nespoulet and M.A. El Hajraoui). Four species of white-toothed shrews are represented: the material is largely dominated by

Fig. 2

 2 Fig. 2 Types of fragments and their landmark (red points) and semi-landmark (blue points) locations. Clpt: complete mandibles; A: fragmented mandibles of type A; B: fragmented mandibles of type B; C: fragmented mandibles of type C.

  Fig 4.

  the morphological groups are presented in Fig 5. The first group (illustrated in grey in Fig 5) has an elongated mandibular body, a more anteriorly inclined coronoid and a more dorsally oriented condylar process compared to the average mandible shape. The second group (illustrated in red in Fig 5) displays a shape similar to the mean shape. The third group (illustrated in blue in Fig 5) has a short mandibular body, a coronoid process that is slightly more posteriorly inclined, and a condylar process that is more ventrally oriented.

Fig. 5

 5 Fig. 5 Mean shapes of the three morphological groups (in grey, red and blue) compared to the global mean shape (in black) of complete mandibles (Clpt).

Fig 6 .

 6 The shape associated with the weakest cMP (left in Fig 6) is characterized by an elongated mandibular body and a short mandibular branch compared to the global average shape of the mandible. On the contrary, the shape associated with the strongest cMP (right in Fig 6)displays a short mandibular body and a long mandibular branch.

Fig. 6 2 68

 62 Fig. 6 Mean shapes associated with the strongest (right) and weakest (left) cMP (in yellow) compared to the global mean shape (in black) of complete mandibles (Clpt). Strength of the cMP is symbolized by the size of the shrew drawing under the models.

Fig. 7

 7 Fig. 7 Global changes in cMP (A), cMP per morphological groups (B) and CR (C) of the shrews of EH2, from L8 until current day. Environmental conditions (Stoetzel, 2009; El Hajraoui et al., 2012) are indicated by background colors. For cMP, standard deviation is indicated for each point. A: layers displaying significant different cMP are indicated in red. B: Black is the first morphological group; red is the second morphological group; blue is the third morphological group. C: Dotted lines indicate missing values.

Fig 5

 5 Fig 5 and in black on Fig 4 and 7) displays features characteristic of soft diet specialists in shrews (Young et al., 2007). The third group (in red on Fig 4, 5 and 7) showing average features likely regroups generalist shrews. Thus, morphological groups appear to highlight ecological specialisations.

  groups converges toward high values (Fig 7A and B). Pairwise testing indicates that global cMP is significantly different in L5 compared to L7 and present day (Fig 7A), and consequently supports the hypothesis of a cMP convergence towards high values in L5.

  . The group of soft diet shrews (in black on Fig 7B) is possibly subjected to a selection causing large sized specimens to produce the highest mechanical potential (as illustrated in Fig S1).

  the considered period (Late Pleistocene -Holocene), with a particular sensibility to transition between arid and humid environments. The complementary nature of morphological and functional indicators allowed to infer and discuss the possible evolutionary and ecological processes involved. Functional traits have a great potential for refining paleoenvironmental and paleoecological inferences. Moreover, they appear to be relevant indicators paleoenvironmental transitions and offer a range of opportunities to explore the impact of environmental changes on extinct organisms.

Fig. S2

 S2 Fig. S2Global changes in the moment arm of the temporalis (A on Figure3) (A) and lever arm of the temporalis per morphological groups (B) of the shrews of EH2, from L8 until current day. Environmental conditions[START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] El Hajraoui | Préhistoire de la région de Rabat-Témara[END_REF] are indicated by background colors. Standard deviation is indicated for each point. B: Black is the first morphological group; red is the second morphological group; blue is the third morphological group.

Fig 3 and 4

 4 Fig 3 and 4 below).

  comparing the SSTs simulated by each coupled model for the current climate with the AMIP SSTs (issued from observations). For each coupled simulation, we finally corrected the simulated SST by removing the SST bias corresponding to the model version used. In other words, corrected SSTs were obtained according to the formula:SSTcor = SSTsim + (SSTamip -SSTmod)Where SSTsim are the SSTs from the coupled simulation, SSTamip are the AMIP SSTs, SSTmod the SSTs of the model version for current days and SSTcor the corrected SSTs, which will be used as boundary conditions in our new LMDZOR6A simulations. The underlying hypothesis in this correction scheme is that the SST bias, e.g. SSTmod -SSTamip, is stationary in time.

  IPSL-CM5A-LR IPSL-CM5A-LR IPSL-CM5A-LR IPSL-CM5A-LR IPSL-CM5A2-LR

Fig. 2

 2 Fig. 2 Sea surface temperature (SST) biases of IPSL-CM5A-LR, IPSL-CM5A2-LR and IPSL-CM6A-LR relative to AMIP's SST (issued from current observations) (unit: °C). The seasons are DJF: December, January, February (winter); MAM: March, April, May (spring); JJA: June, July, August (summer); SON: September, October, November (autumn).

CHAPTER 3 93 2 .

 32 To assess to what extent these differences in SST biases impact the simulated climate, maps and curves comparing outputs of Ctrl with outputs of Ctrl_CM5ASST, Ctrl_CM5A2SST and Ctrl_CM6ASST are presented in Fig3 and 4. Remember that all these simulations have been performed with the same model, LMDZOR6A, so the differences between these different simulations can be solely attributed to the different SST biases illustrated in Fig We choose two metrics that are generally used to describe climatology: temperature (ts) and precipitations (pr)[START_REF] Boucher | Presentation and Evaluation of the IPSL-CM6A-LR Climate Model[END_REF]. In each case, a cold bias of ~ -5°C is observed over our area of interest. Some dry biases in precipitation are also noticed in winter. IPSL-CM5A-LR presents the strongest cold bias, up to -6 °C consistent with Fig 2 and possible oceanic influences on EH2. IPSL-CM5A2-LR displays highly variable seasonal biases, with a cold one that reaches -6°C in winter and a hot one that reaches 2°C in summer, again consistent with Fig 2. Finally, the EH2 climate simulated with the SSTs from IPSL-CM6A-LR is the closest to the climate simulated with the AMIP SSTs in Ctrl.

Fig. 3

 3 Fig. 3 Maps of EH2 region showing the impact of SST biases on the simulated current climate. Temperature (unit: °C) and precipitation (unit: mm/month) simulated with Ctrl_CM5ASST, Ctrl_CM5A2SST and Ctrl_CM6ASST are presented in contrast with those of Ctrl. The differences are estimated from the last 30 years of each simulation. EH2 cave location is represented by the star in the upper left panel. DJF: December, January, February (winter); MAM: March, April, May (spring); JJA: June, July, August (summer); SON: September, October, November (autumn).

Fig. 4 Fig 6 .

 46 Fig. 4 Graph of seasonal variations in temperature (unit: °C) (A) and precipitation (unit: mm/month) (B) averaged from the four grid cells containing EH2 cave in Ctrl_CM6ASST, Ctrl_CM5ASST, Ctrl_CM5A2SST and Ctrl. Interannual variation over the averaged 30 years period is also shown by quartiles.

Fig. 5 Fig. 6

 56 Fig. 5 Paleoclimatic reconstruction on EH2. Maps of temperature (unit: °C) and precipitation (unit: mm/month) simulated with midH, earlyH, midMIS3, lateMIS4, midMIS4 and MIS5d are presented in contrast to Ctrl (the reference for current climate in our set of simulations). EH2 cave location is represented by a star in the upper left panel. DJF: December, January, February (winter); MAM: March, April, May (spring); JJA: June, July, August (summer); SON: September, October, November (autumn).

Fig. 7

 7 Fig.7Climatic variation over the EH2 sequence according to DH1 (Dating Hypothesis 1; upper), and DH2 (Dating Hypothesis 2; lower). Climate variables are centered and reduced and share a common scale. Maximum/minimum refers to the maximum/minimum value for all simulations. "L" is the abbreviation for Layer, "Act" for Actual, "m" for mean and "sd" for standard deviation.

Fig. 8

 8 Fig.8Principal component analyses performed on climate variables according to DH1 (Dating Hypothesis 1; upper), and DH2 (Dating Hypothesis 2; lower). The contributions of the (standardized) climate variables to the two first principal components are presented (variables above the horizontal red line contribute significantly). "L" is the abbreviation for Layer and "Act" for Actual.

Fig. 9

 9 Fig.9Graphical representation of the 2B-pls and correlations between isotopes[START_REF] Jeffrey | Exploring palaeoaridity using stable oxygen and carbon isotopes in small mammal teeth: a case study from two Late Pleistocene archaeological cave sites in Morocco[END_REF] and THI values[START_REF] Stoetzel | Context of modern human occupations in North Africa: Contribution of the Témara caves data[END_REF] and climate variables according to DH1 (Dating Hypothesis 1; upper panel), and DH2 (Dating Hypothesis 2; lower panel). Crosses indicate cases where correlation is not significant (p-value > 0.05) and colors represent the strength of the correlations. "L" is the abbreviation for Layer, "m" for mean and "sd" for standard deviation. δ 18 O: mean δ 18 O values in Meriones teeth (from Jeffrey (2016)); δ 13 C: mean δ 13 C values in Meriones teeth (from Jeffrey (2016)); MAP: Mean Annual Precipitations (from Jeffrey (2016)); Forest, Bush, Steppe, Wetland, Rocky: relative % of representation according to the THI (from Stoetzel et al. (2014) and Jeffrey (2016)).

Fig. S2

 S2 Fig. S2 Graph of monthly variations in temperature and precipitation of the historical simulations of IPSL-CM5A-LR, IPSL-CM5A2-LR and IPSL-CM6-LR models and ERAi temperature and GPCP precipitation on the four grid cells containing EH2 cave in each dataset. Interannual variation over the averaged 30 years is visualized by quartiles.

Fig. S3

 S3 Fig. S3Monitoring variables for energy budgets in Ctrl for the globe and in the EH2 region: radiations at top of the atmosphere (nettop), radiations at surface (bils), total radiations (nettop + bils) and total soil moisture (mrso).

Fig. S4

 S4 Fig. S4 Biplots of El Harhoura 2 layers and climate variables according to DH1 (Dating Hypothesis 1; upper panel) and DH2 (Dating Hypothesis 2; lower panel).
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 4 ) and upper molars (M1) and shrew's mandibles. The rodent's teeth dataset is composed of 1133 m1 and 990 M1 sampled along the stratigraphic sequence of EH2. This material is housed at the Musée de l'Homme, Paris, France and the Institut National des Sciences de l'Archéologie et du Patrimoine, Rabat, Morocco. To extend the timeline to present days, the dataset was completed with current material from the collections of the Muséum National d'Histoire Naturelle. We choose exclusively Moroccan rodent specimens and excluded specimens from remote regions from Rabat with atypical environments such as the Atlas Mountains. In total, we added 77 m1 and 106 M1. The complete dataset is composed of 11 species: Meriones grandis, Meriones shawii, Mus spretus and Dipodillus campestris, Meriones libycus, Mus musculus, Dipodillus maghrebi, Lemniscorys barbarus, CHAPTER Apodemus sylvaticus, Mastomys erythroleucus and Rattus rattus. Data acquisition regarding the archeological material is detailed in chapter 1 and the same methodology was applied to current material. The shrew's mandibles dataset is composed of 93 remains temporarily housed at the Muséum National d'Histoire Naturelle, Paris, France. Four species of white-toothed shrews are represented: Crocidura russula, Crocidura lusitania, Crocidura tarfayensis and

Fig. 1

 1 Fig. 1 Outline location on rodent's teeth presented on a M1 of Meriones shawii/grandis (A) and locations of anatomical landmarks (blue) and sliding semi-landmarks (yellow) on shrew's mandibles presented on a complete mandible of Crocidura russula (B).

  corresponding to L1) and current days. The output of each simulation consists of a mean seasonal cycle (12 months) averaged over the last 30 years of the simulation. They

3 .

 3 rodent's M1 (SI means = 0.10) and three among shrew's mandibles (SI means = 0.15). For the three datasets (rodent's m1, rodent's M1 and shrew's mandible) SI means are strictly positive, which ensures the reliability of the associated partitions. Variations in shape and size between MGs are presented in Fig Regarding rodent's teeth, the morphological partitions isolate stephanodont-like teeth from lophodont-like teeth. Stephanodont-like teeth are regrouped in MG1 for m1 (Fig 3A) and in MG1 for M1 (Fig 3B), while lophodont-like teeth are regrouped in MG2 and MG3 for m1 (Fig 3A) and in MG2, MG3, MG4 and MG5 for M1 (Fig 3B). MGs split the variability of lophodont-like molars along a shape gradient from elongated and slender teeth to short and thick teeth. Extremes are, respectively, represented by MG3 for m1 (Fig 3A) and MG2 123 for M1 (Fig 3B)) and by MG2 for m1 (Fig 3A) and MG4 for M1 (Fig 3B)). Significant size differences were found between all MGs for m1 and M1, in agreement with the shape gradient. In both cases, the size difference between MG1 (stephanodont-like teeth) and other MGs (lophodont-like teeth) was much greater than between other MGs, only composed of lophodont-like teeth. Concerning shrew's mandibles (Fig 3C), the morphological partition splits variability along a shape gradient from proportionally elongated and gracile to short and robust mandibles. MG1 is composed of mandibles with a proportionally thin and elongated mandibular body and a slightly dorsally-oriented condylar process. MG2 regroups mandibles with intermediate mandibular body in length and width with a short condylar process. Finally, mandibles of MG3 display a short and thick mandibular body and a ventrally-oriented condylar process. No significant size differences were found between MGs. Significant allometry was found in rodent's m1 (R2 = 0.09; p-value = 0.001**), rodent's M1 (R2 = 0.10; p-value = 0.001**) and shrew's mandibles (R2 = 0.05; p-value = 0.001**). Regarding rodent's teeth, MGs display statistically different allometric slopes for m1 (interaction term: R2 = 0.009; p-value = 0.001**) and M1 (interaction term: R2 = 0.02; pvalue = 0.001**), while MGs of shrew's mandibles do not (interaction term: R2 = 0.02; pvalue = 0.2 NS). A significant modular signal was found in teeth, in both m1 (CR = 0.49, p-value = 0.001**) and M1 (CR = 0.50, p-value = 0.001**), and in the mandible (CR = 0.41, p-value = 0.001**). The degree of modularity is not significantly different between M1 and m1 (Z = 0.15; p-value = 0.88), m1 and mandible (Z = 0.72; p-value = 0.47) nor between M1 and mandible (Z = 0.74; p-value = 0.46).

Fig. 3

 3 Fig.3Shape and size variation within rodent's teeth and shrew's mandibles. For each model, principal component analysis, size differences between morphological groups and groups mean shapes are presented. Size differences between morphological groups were tested using pairwise t-tests, NS indicates no significant differences between groups, (***) indicates significant differences between groups. A: rodent's m1; B: rodent's M1; C: shrew's mandible.

Fig. 4

 4 Fig.[START_REF] Goodman | Updated estimates of biotic diversity and endemism for Madagascar[END_REF] Visualizations of the significant covariation between morphological indicators of the m1 (shape, relative abundance in MGs and size) and climate variables. In all panels, more arid layers are in orange and more humid are in blue (the order of the layers on the color scale was determined based on the Euclidean distances between the climate of the layers). A: 2B-pls between shape and climate. Extreme shape changes along the 2B-pls axis are

  6A) seems to covary with almost all climate variables except specific humidity and wind speed. Under warmer and drier conditions, mandibles are predicted to display a thinner and longer mandibular body and a shorter and more dorsally oriented condylar process. The relative abundance in MGs (Fig 6B) covaries more with seasonal variation in water stress, insolation, temperature and wind. MG3, which regroups hard biter shrews (chapter 2, Terray et al., 2021), seems predominant under colder and wetter climates, while MG2, which is composed of generalists shrews (chapter 2, Terray et al., 2021), seems to be the more abundant under warmer and drier climates. The MG1, the group of soft biter shrews (chapter 2, Terray et al., 2021), is predominant on current days. Mandible size (Fig 6C) seems to covary equally with both mean and seasonal variations of almost all climate variables, except specific humidity and wind speed. Mandible size decreases under more humid and cold climates and increases under warmer and drier conditions.

Fig. 5

 5 Fig.5Visualizations of the significant covariation between morphological indicators of the M1 (shape, relative abundance in MGs and size) and climate variables. In all panels, more arid layers are in orange and more humid are in blue (the order of the layers on the color scale was determined based on the Euclidean distances between the climates of the layers). A: 2B-pls between shape and climate. Extreme shape changes along the 2B-pls axis are

  force and climate variables are available in Fig 7. Estimated bite force covaries equally with both mean and seasonal variations of almost all climate variables, except specific humidity and wind speed. Shrews seem to display stronger estimated bite force under cold and humid climates than under warm and dry climates. On current days, shrew's estimated bite force decreases greatly.

Fig. 6

 6 Fig.6Visualizations of the significant covariation between morphological indicators of the mandible (shape, relative abundance in MGs and size) and climate variables. In all panels, more arid layers are in orange and more humid are in blue (the order of the layers on the color scale was determined based on the Euclidean distances between the climates of the layers). A: 2B-pls between shape and climate. Extreme shape changes along the 2B-pls

Fig. 7

 7 Fig.7Visualizations of the significant covariation between shrew's estimated bite force and climate variables. More arid layers are in orange and more humid are in blue (the order of the layers on the color scale was determined based on the Euclidean distances between the climates of the layers). Extreme changes in estimated bite force along the 2B-pls axis are represented by (-) for lower estimated bite force and (+) for higher estimated bite force. Extreme climates along the 2B-pls axes are presented via a gradient in grey's shading (the darker the grey, the higher the value of the climate variable). M refers to the annual mean and S to the amplitude of seasonal variation. On the right side, we present variation in estimated bite force over the EH2 sequence.

Fig 8 .

 8 Fig 8. Diagram showing how a change in climate can impact the relative abundance in MGs.
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 4 According to climate simulations from chapter 3, current climate conditions on EH2 do not exceed the range of climate conditions encountered in the past. This is supported by the fact that L0 is not on an extremity of the climate gradient computed based on Euclidean distances between the climates of the layers (Fig4, 5, 6 and 7). Except regarding shrews estimated bite force, that would require further investigations, the phenotypes present on current days are not that different from the phenotypes found in the fossil record of EH2.

Fig. 1

 1 Fig. 1 Summary of the scale-dependent impact of external variations on the phenotype. Global climate changes mostly impact the main pattern of phenotypic variations, while local environmental changes mainly affect minor patterns of phenotypic variation.

  the contrary, conspecifics may occupy different dietary niches and consume different resources (Fig 2).

Fig. 2

 2 Fig. 2 Diagram of the relationship between species, morphological groups (MG) and dietary ecology.

Fig. 1 1 3

 11 Fig. 1 Cervical vertebrae anatomy and landmarks locations used in our analysis (sixth vertebrae of Gyps fulvus). Red points: 16 anatomical landmarks; blue points: 651 sliding semilandmarks of curves; green points: 159 sliding semilandmarks of surfaces (Color figure online)

  the dorsal and right part of the cranial articular surface 2 Maximum curvature of the dorsal and left part of the cranial articular surface 3 Maximum curvature of the dorsal and left part of the caudal articular surface 4 Maximum curvature of the dorsal and right part of the caudal articular surface

Fig. 2

 2 Fig. 2 Mean shape meshes of the nine modules identified by Gaussian mixture

module 7 ,Fig. 3

 73 Fig. 3 Shape trajectories of the 16 species and order of the modules along the neck. Vertebrae with yellow background are missing modules (related to missing data) that we hypothesized to be present (Color figure online)

Fig. 4

 4 Fig. 4 Reconstruction of eight of the nine mean modules. Module 4 was not reconstructed because it was always composed of one vertebra. Curvature angles have been measured between two consecutive vertebrae and between the first and the last (i.e. total curvature angle of the module in relaxed posture)

  Natural History (FMNH), Chicago; The Natural History Museum (formerly British Museum of Natural History [BMNH]), London; the Mention Zoologie et Biodiversité Animale (formerly Département de Biologie Animale), Université d'Antananarivo (UADBA), Antananarivo, Madagascar; the Museum für Naturkunde (ZMB), Berlin; and the Muséum national d'Histoire naturelle (MNHN), Paris. A summary of the specimens is presented in

Fig. 1 .

 1 Fig. 1. Landmarks locations presented on a skull of Hypogeomys antimena (MNHN ZM-1888-6). Ventral view: 42 landmarks; dorsal view: 27 landmarks.

  (sex : F = 2.86, p-value = 0.092; species: F = 55.37, p-value < 2e-16***; interaction: F = 1.57, p-values = 0.072), dorsal shape (sex: R 2 = 0.0012, p-value = 0.15; species: R 2 = 0.77, pvalue =0.001**, interaction: R 2 = 0.013, p-value = 0.39), ventral size (sex: F = 0.008, pvalue = 0.93; species: F = 42.24, p-value < 2e-16*** ; interaction: F = 0.77, p-value = 0.73), nor ventral shape (sex: R 2 = 0.00071, p-value = 0.28; species: R 2 = 0.8, p-value = 0.001**, interaction: R 2 = 0.0089, p-value = 0.84).The test of allometry was statistically significant in dorsal (size: R 2 =0.13, p-value=0.001**; species: R 2 =0.65, p-value=.001**; interaction: R 2 =0.024, p-value=0.001**) and ventral view (size: R 2 =0.051, p-value=0.001**; species: R 2 =0.75, p-value=0.001**; interaction: R 2 =0.024, p-value=0.001**). Interaction between size and species is statistically significant in both cases, meaning that allometric slopes are heterogeneous between species. Plots of species allometric slopes are presented in FigureS2.

Figure 2 and

 2 Figure 3 the PCA with phylogenetic projection performed on respectively dorsal and ventral data sets are presented.

Fig. 2 .

 2 Fig. 2. Visualization of the two first axes of the PCA performed on dorsal shape with phylogenetic projection. Colored points represent the morphological average of all individuals of a species. Colors indicate the two principal clades among Nesomyinae. Blue: clade formed by the genus Brachyuromys, Nesomys, Macrotarsomys, Monticolomys, and Hypogeomys; green: clade formed by the genus Brachytarsomys, Eliurus, Gymnuromys, and Voalavo. Warpgrids indicate shape variation along axis with maximum deformation observed at each extremity of the axis.

Fig. 3 .

 3 Fig. 3. Visualization of the two first axes of the PCA performed on ventral shape with phylogenetic projection. Colored points represent the morphological average of all individuals of a species. Colors indicate the two principal clades among Nesomyinae. Blue: clade formed by the genus Brachyuromys, Nesomys, Macrotarsomys, Monticolomys, and Hypogeomys; green: clade formed by the genus Brachytarsomys, Eliurus, Gymnuromys, and Voalavo. Warpgrids indicate shape variation along axis with maximum deformation observed at each extremity of the axis.

  climate and dorsal view (BM: pseudo-likelihood = 562.25, GIC = -1133.31; OU/Lambda: pseudolikelihood = 562.25, GIC = -1131.31; EB: pseudo-likelihood = 564.35, GIC = -1130.90), climate and ventral view (BM: pseudo-likelihood = 697.52, GIC = -1405.42; OU/Lambda: pseudo-likelihood = 697.52, GIC = -1403.42; EB: pseudo-likelihood = 704.08, GIC = -1404.68), locomotor habitat and dorsal view (BM: pseudo-likelihood = 576.32, GIC = -1140.09; OU/Lambda: pseudo-likelihood = 576.32, GIC = -1138.09; EB: pseudo-likelihood = 578.30, GIC = -1139.40), locomotor habitat and ventral view (BM: pseudo-likelihood = 670.62, GIC = -1359.84; OU/Lambda: pseudo-likelihood = 670.62, GIC = -1357.84; EB: pseudo-likelihood = 676.37, GIC = -1364.19), nychthemeral cycle and dorsal view (BM: pseudo-likelihood = 518.82, GIC = -1054.35; OU: pseudo-likelihood = 518.82, GIC = -1052.35; Lambda: pseudo-likelihood = 519.18, GIC = -1050.22; EB: pseudo-likelihood = 527.03, GIC = -1068.31) and nychthemeral cycle and ventral view (BM: pseudo-likelihood = 618.50, GIC = -1255.56; OU: pseudo-likelihood = 618.50, GIC = -1253.56; Lambda: pseudo-likelihood = 618.51, GIC = -1253.60; EB: pseudo-likelihood = 633.82, GIC = -1272.96).

Table 4 .

 4 Tests of ecological factors on shape and size. Level of significance: *<0.05, **<0.01, ***<0.001. Bold indicates relevant results regarding ecological factors. For lin-ear models, we provide the multiple R 2 . For models fitted with penalized likelihood we provide τ 2 , the multivariate effect size estimated from the permuted data.

Fig. 4 .

 4 Fig. 4. Significant shape changes related to climate. Left: ventral shape; right: dorsal shape.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table . 1

 . Number of studied molars per layer of EH2. M1: upper first molars; m1: lower first molars.

	Layers	m1	M1
	L1	74	69
	L2	45	43
	L3	64	65
	L4a	57	50
	L5	157	118
	L6	189	181
	L7	314	227
	L8	233	237
	TOTAL	1133	990

Table . 2

 . Synthesis of clustering results of method 1 -one general clustering performed -

	and method 2 -one clustering performed per layer. M1: upper first molars; m1: lower first
	molars.			
			m1	M1
		Number of clusters 3	2
	Method 1	K-values	399	500
		SI means	0.15	0.19
		Number of clusters up to 3	up to 5
	Method 2	K-values	22 < K < 140	13 < K < 84
		SI means	0.14 < SI < 0.29 0.10 < SI < 0.20
	Global shape and size variation		
	Overall shape variation is significantly different between EH2 layers for m1 (manova: p-
	value < 2.2e-16 ***, df = 7, F = 3.55, Pillai = 0.42) and M1 (manova: p-value < 2.2e-16
	***, df = 7, F = 3.49, Pillai = 0.47), and between environments for m1 (manova: p-value <
	2.2e-16 ***, df = 3, F = 4.52, Pillai = 0.23) and M1 (manova: p-value < 2.2e-16 ***, df =
	3, F = 4.45, Pillai = 0.25). Shape differences between environments are visualized in Fig
	5a (m1) and 5b (M1). Both m1 and M1 display slightly more marked lophs/cups outlines
	under more arid and open environments. Also, M1 have a wider mesial part, and m1
	rounder mesial and distal parts.		

Table . S2

 . Species composing the MGs identified on the m1 dataset with method 1.

		MG1	MG2	MG3
		2 % D. campestris		grandis
		47 % M. shawii/grandis	
		42 % M.spretus	
	L6	5 % D. campestris	100 % M. shawii/grandis 100 % M. shawii/grandis
		53 % M. shawii/grandis	
		56 % M.spretus	
	L7	1 % D. campestris	100 % M. shawii/grandis 100 % M. shawii/grandis
		43 % M. shawii/grandis	
		62 % M.	
	L8		

L1 45 % M.spretus 50 % D. campestris 22 % D. campestris 38 % D. campestris 50 % M. shawii/grandis 67 % M. shawii/grandis 8 % M. shawii/grandis 3 % A. sylvaticus L2 64 % M.spretus 100 % M. shawii/grandis 100 % M. shawii/grandis 36 % M. shawii/grandis L3 40% M.spretus 14 % M.spretus 8 % D. campestris 60 % M. shawii/grandis 86 % M. shawii/grandis 92 % M. shawii/grandis L4a 56 % M.spretus 100 % M. shawii/grandis 100 % M. shawii/grandis 8 % D. campestris 36 % M. shawii/grandis L5 51 % M.spretus 100 % M. shawii/grandis 100 % M. shawii/spretus 100 % M. shawii/grandis 2 % M.spretus 1 % D. campestris 2 % D. campestris 37 % M. shawii/grandis 96 % M. shawii/grandis

Table . S3

 . Species composing the MGs identified on the M1 dataset with method 1.

		MG1	MG2
		55% M. spretus	45% D. campestris
	L1	17% D. campestris	4% L. barbarus
		28% M. shawii/grandis 51% M. shawii/grandis
		38% M.spretus	4% M.spretus
	L2	62% M. shawii/grandis 11% D. campestris
			85% M. shawii/grandis
		37% M.spretus	3% D. campestris
	L3	4% D. campestris	97% M. shawii/grandis
		59% M. shawii/grandis	
	L4a	37% M.spretus 63% M. shawii/grandis 96% M. shawii/grandis 4% D. campestris
		23% M.spretus	8% D. campestris
	L5	2% D. campestris	92% M. shawii/grandis
		74% M. shawii/grandis	
	L6	12% M.spretus 88% M. shawii/grandis 97% M. shawii/grandis 3% D. campestris
	L7	36% M.spretus 64% M. shawii/grandis 99% M. shawii/grandis 1% D. campestris
	L8	50% M.spretus 50% M. shawii/grandis 98% M. shawii/grandis 2% D. campestris

Table . S4

 . Species composing the MGs identified on the m1 dataset with method 2.

		MG	MG	MG
		8% M. shawii/grandis 40% M. shawii/grandis	
	L1	51% M. spretus 36% D. campestris	8% M. spretus 36% D. campestris	-
		5% A. sylvaticus		
	L2	50% M. shawii/grandis 50% M. spretus	100% M. shawii/grandis -
		69% M. shawii/grandis 74% M. shawii/grandis	
	L3	28% M. spretus	26% M. spretus	-
		3% D. campestris		
		38% M. shawii/grandis 97% M. shawii/grandis	
	L4a	54% M. spretus	3% M. spretus	-
		8% D. campestris		
		71% M. shawii/grandis		
	L5	28% M. spretus	100% M. shawii/grandis -
		1% D. campestris		
		77% M. shawii/grandis		
	L6	21% M. spretus	100% M. shawii/grandis -
		2% D. campestris		
		5% M. shawii/grandis		
	L7	93% M. spretus	100% M. shawii/grandis 100% M. shawii/grandis
		2% D. campestris		
		65% M. shawii/grandis 96% M. shawii/grandis	
	L8	34% M. spretus	2% M. spretus	-
		1% D. campestris	2% D. campestris	

Table . S5

 . Species composing the MGs identified on the M1 dataset with method 1.

		MG	MG	MG	MG	MG
		40% M.	48% M.			
		spretus	shawii/grandis			
	L1	40% M. shawii/grandis	48% D. campestris	-	-	-
		20% D.	4% L.			
		campestris	barbarus			
		4% M. spretus	38% M. spretus			
	L2	83% M. shawii/grandis	62% M. shawii/grandis	-	-	-
		13% D.				
		campestris				
		95% M.	38% M.			
	L3	shawii/grandis 5% D.	spretus 62% M.	-	-	-
		campestris	shawii/grandis			
				94% M.		
	L4a	100% M. spretus	100% M. shawii/grandis	shawii/grandis -6% D.	-
				campestris		
		28% M.	92% M.	93% M.		
		spretus	shawii/grandis	shawii/grandis		
	L5	69% M. shawii/grandis	8% D. campestris	7% D. campestris	-	-
		3% D.				
		campestris				
		11% M.	97% M.			
	L6	spretus 89% M.	shawii/grandis -3% D.	-	-
		shawii/grandis	campestris			
				99% M.		
	L7	100% M. spretus	100% M. shawii/grandis	shawii/grandis 100% M. shawii/grandis 1% D.	100% M. shawii/grandis
				campestris		
		43% M.	98% M.			
	L8	spretus 57% M.	shawii/grandis -2% D.	-	-
		shawii/grandis	campestris			

Table . S6

 . Results of pairwise tests between environmental types on global shape and size. For shape we performed Hotelling's T 2 and for size t-tests. AO: Arid and Open; ASO: Arid and Semi-Open; HC: Humid and Close; HO: Humid and Open. Bold/italic: the difference between the tested layers is statistically significant (p-values < 0.008 according to Bonferroni's criteria).

			AO	ASO	HC
	Shape				
	m1				
	ASO	P-value T 2	2.76e-05 60.59	-	
	HC	P-value T 2	~0 184.84	3.49e-14 139.72	-
	HO	P-value T 2	0.0012 46.50	0.00028 51.63	~0 177.60
	M1				
	ASO	P-value T 2	2.63e-05 62.36	-	
	HC	P-value T 2	~0 192.92	7.90e-10 107.51	-
	HO	P-value T 2	0.014 37.64	0.0051 41.73	~0 186.92
	Size				
	m1				
	ASO P-value 0.58	-	
	HC	P-value <2e-16 <2e-16	-
	HO	P-value 1.00	0.81	<2e-16
	M1				
	ASO P-value 1	-	
	HC	P-value 7.5e-14 2.1e-14 -
	HO	P-value 1	1	1.2e-14

Table . S7

 . Results of pairwise Hotelling's T 2 tests between environmental types on mean shape of each MGs of m1-method1 and M1-method1. AO: Arid and Open; ASO: Arid and Semi-Open; HC: Humid and Close; HO: Humid and Open. Bold/italic: the difference between the tested layers is statistically significant (p-values < 0.008 according to Bonferroni's criteria).

			AO	ASO	HC
	m1				
	MG1				
	ASO	P-value T 2	0.33 24.75	-	
	HC	P-value T 2	3.91e-07 88.72	4.61e-05 73.66	-
	HO	P-value T 2	0.055 33.48	0.41 22.22	2.92e-10 105.91
	MG2				
	ASO	P-value T 2	0.067 0.067	-	
	HC	P-value T 2	0.0065 50.056	0.13 42.63	-
	HO	P-value T 2	0.0048 43.92	0.073 32.73	0.0044 46.67
	MG3				
	ASO	P-value T 2	4.76e-05 77.043	-	
	HC	P-value T 2	0.034 51.86	0.040 51.57	-
	HO	P-value T 2	0.23 28.18	0.067 35.74	0.12 35.35
	M1				
	MG1				
	ASO	P-value T 2	0.062 36.96	-	
	HC	P-value T 2	0.048 42.019	0.029 51.54	-
	HO	P-value T 2	0.42 22.22	0.031 37.12	0.0048 46.56
	MG2				
	ASO	P-value T 2	1.097e-06 78.66	-	
	HC	P-value T 2	~0 202.41	5.18e-06 81.87	-
	HO	P-value T 2	0.00078 49.54	0.0053 42.72	~0 172.81

Table . 2

 . Reliability scores of cMP for the three tested measure errors.

	The 2B-pls results showed that cMP is well related to A, B, and C fragments generated
	from complete mandibles (Clpt) (2B-pls: A fragments, r-pls=0.66, P<0.05; B fragments, r-
	pls=0.75, P<0.05; C fragments, r-pls=0.64, P<0.05), ensuring the reliability of predicted
	cMPs for fragments.	
	Measure error 0.01 0.05 0.1
	Mean	82% 82% 81%
	Max	98% 96% 93%
	Min	66% 66% 66%

Mean shapes associated with the strongest and weakest cMP are presented in

Table . S1

 . Couples of a and b tested on the simulated data set of bite forces and cMPs to assess the reliability of cMP as an estimator of bite force.

	a	b
	3.64 0.87
	6.97 9.11
	2.30 4.38
	1.60 2.63
	5.74 -2.40
	8.56 -7.38
	0.89 -1.81
	7.09 5.49
	1.89 -1.52
	1.35 5.30
	0.42 2.27
	4.44 1.08
	2.21 4.32
	2.01 -6.27
	5.74 -1.78
	0.92 3.07
	4.55 -5.31
	3.34 0.82
	5.90 0.86
	7.90 4.29
	0.40 -3.71
	1.64 -7.20
	1.03 9.24
	0.38 -2.87
	2.82 -4.73
	4.60 -3.80
	1.64 1.13
	4.73 2.03
	5.78 1.55
	5.58 -0.37

1 .

 1 Summary diagram displaying stratigraphy, paleoenvironmental proxies and the two dating hypotheses of El Harhoura 2 (EH2).All of the eight studied layers have been dated(Ben Arous et al., 2020a). Three different methods were used: OSL (Optical Stimulated Luminescence)(Jacobs & Roberts, 2012; Jacobs et al., 2012), combined US-ESR (combination of uranium series and electron spin resonance methods)[START_REF] Janati-Idrissi | Datation par ESR-U/th combinées de dents fossiles des grottes d'El Mnasra et d'El Harhoura 2, région de Rabat-Temara. Implications chronologiques sur le peuplement du Maroc atlantique au Pléistocène supérieur et son[END_REF] Ben Arous et al., 2020b) and AMS-14 C

A: stratigraphy of EH2, unused layers are in dark grey; B: relative % of THI values (adapted from Stoetzel et al. (2014) and Jeffrey (2016)); C: mean δ 18 O values in Meriones teeth (from Jeffrey (2016)); D: mean δ 13 C values in Meriones teeth (from Jeffrey (2016)); E: Mean Annual Precipitations (MAP; from Jeffrey (

2016

)); F: dating hypotheses DH1 and DH2 for the different layers of EH2

(Nespoulet & El Hajraoui, 2012; Jacobs et al.., 2012;[START_REF] Janati-Idrissi | Datation par ESR-U/th combinées de dents fossiles des grottes d'El Mnasra et d'El Harhoura 2, région de Rabat-Temara. Implications chronologiques sur le peuplement du Maroc atlantique au Pléistocène supérieur et son[END_REF] Ben Arous et al., 2020b, a; Marquer et al., in press

).

Table 1

 1 for details), and represents the present day climate. The Sea Surface Temperature (SST)

boundary conditions used in Ctrl (as in clim_pdControl) are SSTs used for Atmospheric Model Intercomparison Project (AMIP) simulations, which are simply a mean annual cycle of SST estimated from current observations and repeated in time. This Ctrl simulation will be considered as the reference for the current climate in our ensemble of new atmospheric simulations. Then, to produce other simulations, the same experimental set up as in Ctrl was used, but orbital parameters, gas concentrations, ice-sheet and other land-surface conditions were prescribed as in the corresponding coupled simulations listed above (see Table

Table . 2

 . List of the climate variables used in this study, with their abbreviations and units.

	Short variable name Complete variable name Unit
	tsol	temperature at surface	C°
	tsol_ampl_day	diurnal temperature range C°
	precip	precipitations	mm.month -1
	qsurf	specific humidity	kg.kg -1
	w10m	wind speed at 10 meters	m.s -1
	sols	solar radiation at surface	W.m -2
	drysoil_frac	fraction of visibly dry soil %
	humtot	total soil moisture	kg.m -2
	hyd_stress	hydric stress	mm.day -1

  O and18 O changes, leading to an increase in the δ 18 O. It is then consistent to observe a δ 18 O correlated with temperature and water stress. The δ 13 C can reveal variations in the relative presence

	CHAPTER 3
	isotopes, related to particular climate variables, the THI is globally related to climate
	variations described by DH1. It is not surprising, as isotopes reveal fluctuations in
	particular variables that are temperature and precipitation provided by a limited number of
	individuals of a single species, while THI is an estimate of the global type of the
	environment provided by the whole microvertebrate communities. Thus, they do not
	deliver information at the same resolution.
	of C3, C4 and CAM plants (which refer to different metabolic carbon fixation pathways)
	because they have different signatures (O'Leary, 1988; Lin, 2013; Smiley et al., 2016). C3
	plants are associated with temperate climate, C4 plants have an advantage in tropical
	102

environments (which is not the case here) and CAM are found in arid areas. Because CAM have greater δ 13 C values than C3 plants, it is meaningful that higher δ 13 C values are related to an increase in the seasonal variation of temperature and water stress. On the contrary to

Table 1 .

 1 Summary of the sample

	Layers Rodent's teeth Shrew's mandibles
		m1	M1	
	L0	77	106	16
	L1	74	69	4
	L2	45	43	4
	L3	64	65	4
	L4a	57	50	3
	L5	157	118	13
	L6	189	181	19
	L7	314	227	19
	L8	233	237	11
	TOTAL 1210 1096	93

Table 1 Sampling

 1 BMNH British Museum of Natural History, MNHN Muséum National d'Histoire Naturelle Paris

	Genus	Species	Number of	Collection number	Missing data	Feeding ecology
			CVs			
	Crypturellus	cinereus	16	MNHN 2004-187	-	Insectivorous
						Frugivorous
						Granivorous
	Apteryx	sp.	14	BMNH 17-01-72-1	-	Insectivorous
	Struthio	camelus	18	MNHN 1908-160	-	Insectivorous
						Frugivorous
						Granivorous
	Chlorostilbon	mellisugus	11	MNHN 2000-466	CV 6	Nectarivorous
	Gallirallus	gallirallus	13	MNHN 1870-182	-	Insectivorous
	Aptenodytes	patagonicus	12	Unumbered	-	Piscivorous
	Anhinga	anhinga	18	MNHN 1885-543	CV 10	Piscivorous
	Morus	bassanus	15	MNHN 1997-189	-	Piscivorous
	Gyps	fulvus	15	MNHN 1996-43	-	Scavenger
	Dryocopus	martius	11	MNHN 2013-344	CVs 3, 4, 8	Insectivorous
	Cacatua	moluccensis	11	MNHN 2000-88	CV 2, 8	Frugivorous
	Amazona	dufresniana	12	MNHN 2004-198	-	Frugivorous
	Calyptomena	viridis	11	MNHN 1997-886	CV 2, 11	Frugivorous
						Granivorous
	Oriolus	oriolus	12	MNHN 1993-131	-	Frugivorous
						Granivorous
	Bombycilla	garullus	12	MNHN 2010-115	CV 9	Frugivorous
						Granivorous
	Hirundo	rustica	13	MNHN 2000-733	CV 3	Granivorous

Table 2

 2 Definition

	of the
	anatomical landmarks,
	semilandmarks of curves (define
	between anatomical landmarks)
	and semilandmarks of surfaces

Table 3

 3 

	Phylogenetic signal (K-value) and significance	Module	1	2	3	4	5	6	7	8	9
	(p-value) within each modules	K-value	0.92	0.99	0.93	0.93	0.97	0.91	NA	NA	NA
		P-value	0.012*	0.021*	0.109	0.022*	0.184	0.047*	NA	NA	NA
		*Significant phylogenetic signal							

Table

  

Table 1 .

 1 1. Summary of the photographic sampling. M: Male, F: female. Reference specimen: holotype or paratype specimen.

		DORSAL VIEW	VENTRAL VIEW
	Species	Number of individu-als	Sex	Inclusion of refer-ent speci-men (Yes/No)	Number of individ-uals	Sex	Inclusion of referent specimen (Yes/No)
	Eliurus car-letoni	28	F(14) M(13)	Yes	30	F(19) M(10)	Yes
	Eliurus majori	29	F(14) M(13)	Yes	32	F(14) M(15)	Yes
	Eliurus antsingy	5	F(2) M(3)	No	5	F(2) M(3)	No
	Eliurus gran-didieri	30	F(11) M(18)	Yes	33	F(13) M(19)	Yes
	Eliurus minor	25	F(11) M(12)	Yes	26	F(11) M(13)	Yes
	Eliurus myoxi-nus	25	F(13) M(10)	No	26	F(13) M(11)	No
	Eliurus tanala	30	F(16) M(11)	Yes	31	F(15) M(13)	Yes
	Eliurus webbi	22	F(7) M(14)	Yes	23	F(8) M(14)	Yes
	Voalavo gym-nocaudus	10	F(4) M(4)	Yes	11	F(4) M(4)	Yes
	Gymnuromys roberti	33	F(21) M(10)	Yes	36	F(22) M(11)	Yes
	Brachytarso-mys albicauda	9	F(4) M(2)	Yes	9	F(4) M(2)	Yes
	Brachytarso-mys villosa	3	F(0) M(3)	Yes	3	F(0) M(3)	Yes

Table 3 .

 3 Phylogenetic signal detected in size and shape. Asterisks indicates level of significance (*<0.05, **<0.01, ***<0.001). (+): a statistically significant phylogenetic signal was detected; (-): no statistically significant phylogenetic signal was detected.

	Data set	K value	P-value
	Dorsal	0.90	0.001**
	Shape		
	Ventral	0.96	0.001**
	Dorsal	0.50	0.097
	Centroid size		
	Ventral	0.53	0.064
	In		

le type de végétation possible, la couverture végétale et l'abondance des points d'eau. Ils fournissent une information à une échelle géographique très locale (l'échelle des communautés fauniques ou même des individus). D'autre part, le climat fait référence aux caractéristiques physiques de l'atmosphère. Les simulations paleoclimatiques peuvent apporter une estimation quantifiée des paléoclimats. Pour les simuler, elles s'appuient sur des modèles climatiques globaux qui modélisent la dynamique et la thermodynamique de l'atmosphère, de l'océan et des surfaces continentales et gelées, couplés aux cycles de l'eau et du carbone. Ces modèles décrivent les tendances à grande échelle des changements climatiques passés. A l'évidence, l'environnement est fortement conditionné par le climat. Cependant, d'autres facteurs l'influencent également, e.g. la topographie locale (la présence d'une colline, d'une falaise ou d'un lac) ou l'écologie des organismes de la localité. En réponse à ces variations climatiques et environnementales, les organismes peuvent présenter des changements phénotypiques. La plupart des études abordant la question de l'impact du climat sur l'évolution des organismes au cours du temps se sont concentrées sur l'échelle macroévolutive. Cependant, sur de courtes périodes, les réponses premières des organismes sont plus généralement liées à la microévolution et/ou à la plasticité phénotypique, tel que mis en évidence par le changement climatique actuel. Pour évaluer la réponse globale des organismes au climat, nous avons donc considéré sans a priori ces niveaux de variations affectés par les changements climatiques. Nous avons choisit d'utiliser des groupes morphologiques comme unité de biodiversité. Ils permettent de
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CHAPTER 2

The contribution of functional traits to the understanding of paleoenvironmental changes Léa Terray, Emmanuelle Stoetzel, Anthony Herrel, Raphaël Cornette Published (2021) in the Biological Journal of the Linnean Society. DOI: 10.1093/biolinnean/blab057 Supplementary material Fig. S1 Global changes in Csize (A) and Csize per morphological groups (B) of the shrews of EH2, from L8 until current day. Environmental conditions [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] El Hajraoui | Préhistoire de la région de Rabat-Témara[END_REF] are indicated by background colors. Standard deviation is indicated for each point. B: Black is the first morphological group; red is the second morphological group; blue is the third morphological group.

CHAPTER 3

The use of paleoclimatic simulations to refine the environmental and chronological context of archeological/paleontological sites Léa Terray, Masa Kageyama, Emmanuelle Stoetzel, Eslem Ben Arous, Raphaël Cornette and Pascale Braconnot In review in Climate of the Past.

Supplementary material

Fig. S1 Maps of EH2 region comparing temperature and precipitation of the historical simulations of IPSL-CM5A-LR, IPSL-CM5A2-LR and IPSL-CM6A-LR with ERAi temperature and GPCP precipitation, which are state-of-the-art datasets for analysis of observed temperature and precipitation during the recent period (more details below). IPSL-CM5A2-LR was upgraded to have improved computing performance, a reduced global cold bias compared to IPSL-CM5A-LR and it better handles past geological configurations [START_REF] Sepulchre | IPSL-CM5A2 -an Earth system model designed for multi-millennial climate simulations[END_REF]. On the other hand, IPSL-CM6A-LR has a vastly improved climatology in contrast to previous versions of the model, but has been mainly developed and tested under present day climate [START_REF] Boucher | Presentation and Evaluation of the IPSL-CM6A-LR Climate Model[END_REF]. Model outputs of the historical simulations are stored on CICLAD (Calcul Intensif pour le Climat, l'Atmosphère et la Dynamique). As a reference for current climate, we used monthly data from the global atmospheric reanalysis ERA-interim for temperature (Berrisford et al., 2011) and from the GPCP v2.3 (Global Precipitation Climatology Project) for precipitations (Adler et al., 2018). Data were averaged on 30 seasonal cycles . Red areas designate higher simulated than reanalyzed temperatures while blue areas indicate lower temperatures. Light blue isolines represent areas subject to more precipitation in the simulation outputs than is reanalyzed, while the yellow isolines indicate areas with less precipitation. EH2 cave location is represented by the star in the upper left panel. DJF: December, January, February (winter); MAM: March, April, May (spring); JJA: June, July, August (summer); SON: September, October, November (autumn). In the previous chapter, we found that combined US-ESR datings seem more reliable in the case of our site. Global climate variations described by simulations are overall congruent with local environmental changes suggested by paleoenvironmental proxies (isotopes and faunal assemblages), but also display notable differences. Indeed, instead of the alternation of more humid/arid conditions suggested by paleoenvironmental indicators, simulations describe a two-phase climate sequence: a progressive humidification from L8 to L3 followed by an abrupt transition toward a more arid climate and a less and less arid climate from L2 until today. Because of these differences, the global climate might have a different impact on the phenotype than the local environment. In chapter 4, we explore the covariation between these global climate changes and morphological and functional traits of rodents and shrews.
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Diagram showing how chapter 4 fits into the thesis problematic.

For mandibles, the covariation between shape/estimated bite force and climate are significant with L0, but not without L0. Conversely, the covariation between relative abundance in MGs and climate is significant without L0, but not with L0. To confirm whether shrew's mandible shape, relative abundance in MGs and estimated bite force display atypical patterns on L0 only or not, we computed again the 2B-pls by removing each layer one by one (and not only L0). Those results are available in supplementary material (Table S1). All cases of layer removal, except for L0, show no differences in significance with the 2B-pls performed on all layers. The covariation between size and climate is statistically significant in both cases, and the strength of covariation is not significantly different depending on whether L0 is included or not. No significant covariation was found between the degree of modularity or disparity and climate variables for either the teeth or the mandible.

Table. 2

Results of the 2B-pls performed on shape, relative abundance in MGs, size, modularity and disparity of m1, M1 and mandibles, and on shrew's estimated bite force with and without L0. Grey cells indicate not statistically significant results. To identify if one of the phenotypic indicators is more closely related to climate than the others, we compared the strength of covariation of each indicator within each structure.

M1

Regarding shrews, we also compared the strength of covariation between indicators to assess if the functional trait, estimated bite force, is more sensible to climate than the morphological traits. In 

MGs abundances

Discussion

Methodological biases

While interpreting and discussing our results, it is important to keep in mind some limitations inherent to the archeological and paleontological records. The study of those common biases and their underlying geological and biological processes is the field of taphonomy [START_REF] Behrensmeyer | Taphonomy and paleobiology[END_REF]. Our sample, as usual in archeology or paleontology, is limited and determined by many factors other than the natural pressures that have affected organisms over their lifetime. Firstly, sample composition is largely defined by the accumulator agent of the deposit. Regarding EH2, the remains of different layers are suspected to have been accumulated by different agents:

L1, L7 and L8 would result from the activity of a nocturnal raptor, L3 and L6 of a diurnal raptor and/or a carnivore and L2, L4a and L5 of several predators such as felids, canids, hyenas or small mustelids [START_REF] Stoetzel | Les microvertébrés du site d'occupation humaine d'El Harhoura 2 (Pleistocene supérieur -Holocène, Maroc) : systématique, évolution[END_REF][START_REF] Campmas | Were Upper Pleistocene human/non-human predator occupations at the Témara caves (El Harhoura 2 and El Mnasra, Morocco) influenced by climate change?[END_REF][START_REF] Campmas | Which predators are responsible for faunal accumulations at the Late Pleistocene layers of El Harhoura 2 Cave (Témara, Morocco)?[END_REF]. All those

Supplementary material

Table. S1 Results of the 2B-pls performed on shrew's mandible shape, relative abundance in MGs and estimated bite force with all layers and without each layer one by one. Grey cells indicate not statistically significant results. 

Layers
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Abstract

Madagascar is a large island to the south-east of Africa and in many ways conti-