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Note à l'attention des lecteurs

Je tiens à m'excuser auprès de ceux de mes lecteurs à qui la langue de Shakespeare n'est pas familière. Ils ne trouveront de français dans cette thèse que les remerciements qui suivent et les résumés de chapitre. Jadis langue de référence, le français a été petit à petit remplacé par l'anglais au sein de la communauté scientifique, à l'oral comme à l'écrit. Terrible Waterloo… 
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Introduction

The shape of biological structures is determined by at least three types of constraints that can be positioned at the three vertices of an abstract triangle in the framework of constructional morphology [START_REF] Seilacher | Arbeitskonzept zur Konstruktions-Morphologie[END_REF]. These are phylogenetic (heredity), structural (developmental) and adaptive (functional) constraints. Bone is one of these structures . Indeed, bone is a living tissue that undergoes perpetual modelling and remodelling (shape change to maintain strength and to repair microdamage, respectively) under the action of osteoclasts and osteoblasts, which participate in the destruction and formation of this tissue, respectively [START_REF] Currey | Bones: Structure and mechanics[END_REF]. This process is subject to fine molecular control, but also to mechanical regulation in order to maintain or increase bone strength [START_REF] Robling | Biomechanical and molecular regulation of bone remodeling[END_REF].

Figure i-1. The shape of a biological object can be explained by at least three factors (phylogenetic, developmental and adaptive) in the framework of constructional morphology [START_REF] Seilacher | Arbeitskonzept zur Konstruktions-Morphologie[END_REF]. Modified after [START_REF] Thomas | Morphology, constructional[END_REF].

Many examples of bone modelling and remodelling exist in the literature.

For example, [START_REF] Cubo | First reported cases of biomechanically adaptive bone modeling in non-avian dinosaurs[END_REF] reported the first case of biomechanically adaptive bone modelling in a non-avian dinosaur. In Maiasaura, following a fracture of the fibula, the tibia was subject to compensatory overstress resulting in periosteal bone modelling with the formation of a bony outgrowth in the direction of the presumed stress. More recently, [START_REF] Mitchell | Bone histological correlates of soaring and high-frequency flapping flight in the furculae of birds[END_REF] showed that the amount of Haversian bone (remodelled bone) in the furcula of birds differed between taxa employing highfrequency flapping flight and those employing another type of flight. Because the furcula is subject to greater depression forces in the former taxa, the study hypothesised that these greater forces may be one reason for greater remodelled tissue in these birds.

The water-to-land transition during the Devonian was a critical stage in the evolution of limbed vertebrates. A key element in this colonisation was the innovation of limbs [START_REF] Hall | Fins into limbs: Evolution, development, and transformation[END_REF]. Limbs are composed of three articulated segments: the stylopod (humerus and femur), the zeugopod (radius/ulna and tibia/fibula) and the autopod (hand and foot). Limbs first evolved in aquatic organisms, such as Acanthostega, and were presumably used for locomotion in shallow waters and to rest on the bottom [START_REF] Coates | The Devonian tetrapod Acanthostega gunnari Jarvik: Postcranial anatomy, basal tetrapod interrelationships and patterns of skeletal evolution[END_REF][START_REF] Laurin | How vertebrates left the water[END_REF][START_REF] Molnar | Evolution of forelimb musculoskeletal function across the fish-to-tetrapod transition[END_REF]Figure i-2). These Posture was traditionally subject to a gradist or teleological conception of evolution. In the same way that the vertebrate water-to-land transition is often represented as a linear sequence (from the "lower fishes" to the "higher mammals", of which humans are the most remarkable representatives, passing through intermediate stages resembling amphibians and reptiles), the sprawling limbs of amphibians and reptiles are still sometimes commonly associated with the most "primitive" stage of the evolution of terrestrial organisms in comparison to the parasagittally locomoting erect limbs of mammals, which are traditionally considered to be the most accomplished stage. Crocodylians, with their subparasagittally locomoting "semierect" limbs, occupy an intermediate place in this traditional diorama of the evolution of land locomotion.

This sprawling-to-erect paradigm, mainstream during the early 20th century [START_REF] Gregory | Notes on the principles of quadrupedal locomotion and on the mechanism of the limbs in hoofed animals[END_REF][START_REF] Bakker | Dinosaur physiology and the origin of mammals[END_REF][START_REF] Charig | The evolution of the archosaur pelvis and hindlimb: An explanation in functional terms[END_REF], is now widely contested.

Several studies have shown that the semi-erect posture of crocodylians is actually not intermediate. Indeed, it is now commonly accepted that extant crocodylians are descendants of parasagittally locomoting erect forms [START_REF] Parrish | The origin of crocodilian locomotion[END_REF]Gatesy, 1991a;[START_REF] Reilly | Locomotion in Alligator mississippiensis: Kinematic effects of speed and posture and their relevance to the sprawling-to-erect paradigm[END_REF]. Similarly, other studies addressed mammals, pointing out that parasagittally locomoting erect posture is found only in cursorial and graviportal species, with most mammals exhibiting a subparasagittally locomoting "crouched" posture [START_REF] Jenkins | Limb posture and locomotion in the Virginia opossum (Didelphis marsupialis) and in other non-cursorial mammals[END_REF][START_REF] Biewener | Scaling body support in mammals: Limb posture and muscle mechanics[END_REF]. Only the plesiomorphic nature of the sprawling posture of urodeles and most lepidosaurs has not been refuted by recent research; and even the latter is part of a complex multidimensional continuum [START_REF] Nyakatura | Reverseengineering the locomotion of a stem amniote[END_REF].

While the terms biped and quadruped refer to an animal moving respectively on two and four limbs, much like the sprawling-to-erect continuum of limb postures, they do not correspond to well-identified functional categories. Indeed, some bipeds can occasionally adopt a quadrupedal locomotion, and vice versa. This is referred to as facultative (or occasional) quadrupedalism and bipedalism, respectively [START_REF] Hutchinson | Bipedalism[END_REF][START_REF] Grinham | Testing for a facultative locomotor mode in the acquisition of archosaur bipedality[END_REF]. But what does facultative mean?

What is the degree of quadrupedality in a facultative quadruped? While some recent studies have clarified these questions at more narrow phylogenetic scales (Grinham & Norman, 2020a, 2020b), there are no quantitative studies to clarify this term across a broad sample, and the literature lacks ethological case studies with temporal data. Of these ambiguous cases, hopping mammals (e.g. kangaroos) are traditionally and predominantly considered facultative quadrupeds [START_REF] Russo | Another look at the foramen magnum in bipedal mammals[END_REF], while walkers (e.g. the bonobo) are mostly considered facultative bipeds [START_REF] D'août | Locomotion in bonobos (Pan paniscus): Differences and similarities between bipedal and quadrupedal terrestrial walking, and a comparison with other locomotor modes[END_REF]). Among reptiles, there are also several cases of facultative bipedalism related to running, such as Basiliscus [START_REF] Snyder | Bipedal locomotion of the lizard Basiliscus basiliscus[END_REF][START_REF] Clemente | Body and tail-assisted pitch control facilitates bipedal locomotion in Australian agamid lizards[END_REF]. In the absence of sufficient quantitative data on the subject to settle the question, such as a percentage of locomotor activity (in time or distance travelled) in the two locomotor modes used by a given taxon, I follow this traditional qualitative, categorical approach throughout this manuscript, which, in my opinion, remains relevant and certainly convenient.

The first terrestrial vertebrates were quadrupedal with a sprawling limb posture, i.e. the stylopod was held horizontally with the distal end pointing laterally [START_REF] Bakker | Dinosaur physiology and the origin of mammals[END_REF][START_REF] Charig | The evolution of the archosaur pelvis and hindlimb: An explanation in functional terms[END_REF]. A recent study combining palaeoichnology (the study of ancient tracks) and robotics supported this inference with quantitative methods for the first time [START_REF] Nyakatura | Reverseengineering the locomotion of a stem amniote[END_REF]. Today, extant amniote taxa (reptiles and synapsids), present a great diversity of postures and locomotor modes associated with morphological and microanatomical disparity. Reptiles and synapsids originated in the Carboniferous, about 330 million years (Myr) ago, with the emergence of the first amniotes [START_REF] Didier | Exact distribution of divergence times from fossil ages and tree topologies[END_REF], and have undergone several episodes of diversification ever since [START_REF] Kemp | The origin and evolution of mammals[END_REF][START_REF] Sues | The rise of reptiles: 320 million years of evolution[END_REF]Figure i-3).

The oldest known reptile, Hylonomus lyelli, lived between 315-320 Myr ago in what is now Nova Scotia, Canada [START_REF] Utting | Palynostratigraphy of Mississippian and Pennsylvanian rocks, Joggins area, Nova Scotia and New Brunswick, Canada[END_REF][START_REF] Rygel | Sedimentology and stratigraphy of the type section of the Pennsylvanian Boss Point Formation, Joggins Fossil Cliffs, Nova Scotia, Canada[END_REF], but the Mesozoic is recognised as the "golden age" of reptiles with the reign of dinosaurs roaming the Earth for nearly 200 Myr. In the traditional Linnean nomenclature, the term "reptile" refers to "cold-blooded" (ectothermic) tetrapods with scaly skin. With the advent of cladistics, it became evident that reptiles, as defined by these two primitive characters, were paraphyletic. Indeed, after being heatedly debated for over a century, following the discovery of Archaeopteryx, the dinosaurian origin of birds is now consensus [START_REF] Huxley | On the animals which are most nearly intermediate between birds and reptiles[END_REF][START_REF] Fürbringer | Untersuchungen zur Morphologie und Systematik der Vögel[END_REF][START_REF] Simpson | Fossil penguins[END_REF][START_REF] Ostrom | Osteology of Deinonychus antirrhopus, an unusual theropod from the Lower Cretaceous of Montana[END_REF][START_REF] Ostrom | The origin of birds[END_REF][START_REF] Bakker | Dinosaur monophyly and a new class of vertebrates[END_REF][START_REF] Sereno | The origin and evolution of dinosaurs[END_REF][START_REF] Padian | The origin and early evolution of birds[END_REF][START_REF] Dodson | Origin of birds: The final solution?[END_REF][START_REF] Benton | The early origin of feathers[END_REF]. Birds are therefore dinosaurs, and together with Crocodylia they form the clade Archosauria, within Reptilia. Extant representatives of reptiles include lepidosaurs, turtles, crocodylians and birds. They are incredibly diverse in terms of morphology, physiology and lifestyle [START_REF] Pianka | Lizards: Windows to the evolution of diversity[END_REF][START_REF] Wyneken | Biology of turtles: From structures to strategies of life[END_REF][START_REF] Grigg | Biology and evolution of crocodylians[END_REF][START_REF] Lovette | Handbook of bird biology[END_REF]. In particular, they exhibit a great variety of locomotor modes and postures: birds are bipedal with parasagittally locomoting erect limbs; crocodylians are sometimes classified as "semi-erect" quadrupeds; most lepidosaurs are sprawling quadrupeds, but some are able to become bipedal while running (facultative bipedalism); and turtles are sprawling quadrupeds (Gatesy, 1991a;[START_REF] Blob | Mechanics of limb bone loading during terrestrial locomotion in the green iguana (Iguana iguana) and American alligator (Alligator mississippiensis)[END_REF][START_REF] Hutchinson | Bipedalism[END_REF]Butcher & Blob, 2008;[START_REF] Clemente | Body and tail-assisted pitch control facilitates bipedal locomotion in Australian agamid lizards[END_REF][START_REF] Nyakatura | Reverseengineering the locomotion of a stem amniote[END_REF]. Clade numbering: 1, Amniota; 2, Diapsida (Reptilia); 3, Archelosauria; 4, Archosauria; 5, Mammalia (Synapsida); 6, Theria.

Within Synapsida, the Late Palaeozoic was dominated by caseids, varanopids and sphenacodontids, followed by therapsids with medium-sized herbivorous and carnivorous forms becoming extinct by the end of the Permian, except for cynodonts, which gave rise to the mammaliaforms during the Triassic [START_REF] Kemp | The origin and evolution of mammals[END_REF][START_REF] Brocklehurst | The early evolution of synapsids, and the influence of sampling on their fossil record[END_REF]. It is generally thought that most Mesozoic mammals were small, nocturnal creatures whose feeding habits were predominantly generalised insectivory [START_REF] Jenkins | The postcranial skeletons of the Triassic mammals Eozostrodon, Megazostrodon and Erythrotherium[END_REF][START_REF] Kielan-Jaworowska | Mammals from the age of dinosaurs: Origins, evolution, and structure[END_REF][START_REF] Gerkema | The nocturnal bottleneck and the evolution of activity patterns in mammals[END_REF]; but see [START_REF] Hu | Large Mesozoic mammals fed on young dinosaurs[END_REF][START_REF] Gill | Dietary specializations and diversity in feeding ecology of the earliest stem mammals[END_REF][START_REF] Debuysschere | Origine et première diversification des mammaliaformes: Apport des faunes du Trias supérieur de Lorraine[END_REF]. The K-Pg extinction event was the starting point for the Cenozoic radiation of mammals, which led them to colonise the ecological niches left empty by non-avian dinosaurs [START_REF] Rose | The beginning of the age of mammals[END_REF]; but see [START_REF] Wilson | Adaptive radiation of multituberculate mammals before the extinction of dinosaurs[END_REF]. Today, mammals are extremely diverse, both taxonomically and ecologically. With over 5,000 recognised extant species to date [START_REF] Upham | Inferring the mammal tree: Specieslevel sets of phylogenies for questions in ecology, evolution, and conservation[END_REF], they are found all over the world, at all levels of the trophic network, on land, in the seas and, to some extent, in the air [START_REF] Vaughan | Mammalogy[END_REF]. They range in size from the bumblebee bat, which weighs only a few grams, to the blue whale, the largest animal on the planet, weighing more than 100 tons-the weight of a few dozen elephants. Mammals are also particularly diverse in their posture: small mammals like rodents have a "crouched" posture, with quasi-horizontal limbs [START_REF] Jenkins | Limb posture and locomotion in the Virginia opossum (Didelphis marsupialis) and in other non-cursorial mammals[END_REF], while in the cursorial and graviportal taxa, such as artiodactyls and proboscideans, limbs are more vertical [START_REF] Gregory | Notes on the principles of quadrupedal locomotion and on the mechanism of the limbs in hoofed animals[END_REF]. Some monotremes have more transversely-oriented humeri [START_REF] Pridmore | Terrestrial locomotion in monotremes (Mammalia: Monotremata)[END_REF]. The forelimbs of moles are also modified in relation to their burrowing lifestyle [START_REF] Lin | How moles walk; it's all thumbs[END_REF].

Both reptiles and synapsids underwent a postural transition during the Mesozoic. The first parasagittally locomoting erect bipedal amniotes evolved convergently during the Triassic in the archosaurian clades Avemetatarsalia and Pseudosuchia [START_REF] Sereno | Basal archosaurs: Phylogenetic relationships and functional implications[END_REF][START_REF] Hutchinson | The evolution of locomotion in archosaurs[END_REF][START_REF] Kubo | Tetrapod postural shift estimated from Permian and Triassic trackways[END_REF][START_REF] Sullivan | Evolution of hind limb posture in Triassic archosauriforms[END_REF][START_REF] Cuff | Walking-And running and jumping-With dinosaurs and their cousins, viewed through the lens of evolutionary biomechanics[END_REF]Figure i-4). Parasagittally locomoting erect bipedalism was often cited as a key element in the success of Avemetatarsalia (e.g. [START_REF] Kubo | Associated evolution of bipedality and cursoriality among Triassic archosaurs: A phylogenetically controlled evaluation[END_REF]. However, the steps that led to this bipedal state remain enigmatic and more conclusively determining the locomotion and posture adopted by many taxa that lived at this time, such as the archosauriform Euparkeria, the crocodylomorph Terrestrisuchus or the dinosauromorph Marasuchus, involve considerable obstacles and ambiguities (e.g. [START_REF] Bishop | Relationships of mass properties and body proportions to locomotor habit in terrestrial Archosauria[END_REF]. Although it is accepted that mammals experienced a postural transition from approximately transversely-oriented to more parasagittally-oriented limbs, the timing of this transition has been widely debated without reaching a consensus. Some authors [START_REF] Jenkins | The functional anatomy and evolution of the mammalian humero-ulnar articulation[END_REF][START_REF] Jenkins | The postcranial skeletons of the Triassic mammals Eozostrodon, Megazostrodon and Erythrotherium[END_REF][START_REF] Pridmore | Terrestrial locomotion in monotremes (Mammalia: Monotremata)[END_REF][START_REF] Sereno | Shoulder girdle and forelimb in multituberculates: Evolution of parasagittal forelimb posture in mammals[END_REF] have argued that early mammals had already acquired a more parasagittal limb posture and gait by the Late Triassic/Early Jurassic based on anatomical evidence, while others [START_REF] Gambaryan | Sprawling versus parasagittal stance in multituberculate mammals[END_REF][START_REF] Kielan-Jaworowska | Limb posture in early mammals: Sprawling or parasagittal[END_REF] favoured the hypothesis of a later acquisition in early therians based on both anatomy and ichnology. Today, posture in mammals and in older stem taxa, such as Dimetrodon, still raises many questions leading to numerous studies that enrich our knowledge of the evolution of locomotion in mammals [START_REF] Abbott | The Dimetrodon dilemma: Reassessing posture in sphenacodontians and related non-mammalian synapsids[END_REF][START_REF] Regnault | Shoulder muscle architecture in the echidna (Monotremata: Tachyglossus aculeatus) indicates conserved functional properties[END_REF][START_REF] Jones | Adaptive landscapes challenge the "lateral-to-sagittal" paradigm for mammalian vertebral evolution[END_REF][START_REF] Brocklehurst | Musculoskeletal modeling of sprawling and parasagittal forelimbs provides insight into synapsid postural transition[END_REF].

Many studies have already identified the link between lifestyle (aquatic to terrestrial) and bone microanatomy, including using multivariate quantitative methods [START_REF] Germain | Microanatomy of the radius and lifestyle in amniotes (Vertebrata, Tetrapoda)[END_REF][START_REF] Kriloff | Evolution of bone microanatomy of the tetrapod tibia and its use in palaeobiological inference[END_REF][START_REF] Canoville | Microanatomical diversity of the humerus and lifestyle in lissamphibians[END_REF], 2010;[START_REF] Quemeneur | Microanatomy of the amniote femur and inference of lifestyle in limbed vertebrates[END_REF][START_REF] Amson | Gradual adaptation of bone structure to aquatic lifestyle in extinct sloths from Peru[END_REF][START_REF] Ibrahim | Semiaquatic adaptations in a giant predatory dinosaur[END_REF][START_REF] Nakajima | Turtle humeral microanatomy and its relationship to lifestyle[END_REF][START_REF] Cooper | Aquatic habits of cetacean ancestors: Integrating bone microanatomy and stable isotopes[END_REF]Houssaye et al., 2016a;[START_REF] Klein | Diverse aquatic adaptations in Nothosaurus spp. (Sauropterygia)-Inferences from humeral histology and microanatomy[END_REF][START_REF] Houssaye | From land to water: Evolutionary changes in long bone microanatomy of otters (Mammalia: Mustelidae)[END_REF][START_REF] Fabbri | Subaqueous foraging among carnivorous dinosaurs[END_REF]; fewer have focused on the link between locomotion/limb posture and microanatomy (Houssaye et al., 2016b;Bishop et al., 2018a[START_REF] Bishop | Cancellous bone and theropod dinosaur locomotion. Part III-Inferring posture and locomotor biomechanics in extinct theropods, and its evolution on the line to birds[END_REF]Bishop et al., , 2018c;;[START_REF] Plasse | Trabecular architecture in the humeral metaphyses of non-avian reptiles (Crocodylia, Squamata and Testudines): Lifestyle, allometry and phylogeny[END_REF][START_REF] Wagstaffe | Divergent locomotor evolution in "giant" kangaroos: Evidence from foot bone bending resistances and microanatomy[END_REF].

This thesis is an extension of this work. It addresses the complex interaction between locomotion/posture and the microarchitecture of limb bones (humeri and femora) in amniotes through two fundamental questions: Is it possible to link the microanatomy of limb bones to locomotion and posture in amniotes? and Can we use the microanatomy of limb bones to infer locomotion/posture in extinct taxa? To address these questions, I use multivariate statistical methods accounting for evolutionary relationships between species (phylogenetic comparative methods) applied to the major postural transitions of the Mesozoic. In the first chapter, I use femoral crosssections of reptiles to develop inference models to assess locomotion and posture in some Triassic archosaurs. In the second chapter, using these same femoral crosssections of reptiles and using Fourier analyses, I study the angular variations of microanatomy according to posture. The third chapter is the methodological analogue of the first chapter, but it focuses on the humerus of mammals. In this chapter, I investigate the transition in synapsids from sprawling to more parasagittal limbs during the Mesozoic. In the last chapter, I apply ancestral state reconstruction methods to microanatomical parameters measured on bone cubes extracted from the articular head of reptile and mammal femora in a postural context. 

Introductory abstract

Today, amniotes show great locomotor and postural diversity, particularly among Reptilia, whose extant representatives include parasagittally locomoting erect and crouched bipeds (birds), subparasagittal "semi-erect" quadrupeds (crocodylians)

and sprawling quadrupeds (lepidosaurs and turtles). But the different steps leading to such diversity remain enigmatic and the type of locomotion/posture adopted by many extinct species raises questions. This is notably the case of certain Triassic taxa, such as

Euparkeria and Marasuchus (see Introduction). The exploration of bone microanatomy in reptiles could help to overcome these uncertainties. Indeed, this locomotor and postural diversity is accompanied by great microanatomical disparity. On land, the bones of the appendicular skeleton support the weight of the body and are subject to multiple constraints that partly shape their external and internal morphology (see Introduction). In this first chapter, we show how microanatomical parameters measured in cross-section, such as bone compactness or the position of the medullocortical transition, can be related to locomotion and femoral posture. Using phylogenetic ANOVAs, we show that bipedal taxa have a larger medullary cavity than quadrupeds, but no significant difference in terms of compactness. We hypothesise that this could be due to variations in cortical thickness. Using statistical methods that take phylogeny into account (phylogenetic flexible discriminant analyses), we develop several inference models from a sample of femoral cross-sections from 51 reptile species. We use these models to infer locomotion and posture in 7 extinct reptile taxa for which they remain debated or not fully clear. Our models produce reliable inferences for taxa that preceded and followed the quadruped/biped and sprawling/erect transitions, notably within Captorhinidae and Dinosauria. For taxa contemporary with these transitions, such as Terrestrisuchus and Marasuchus, the inferences are more questionable. We use linear models to investigate the effect of body mass and lifestyle on our inference models. We show that body mass seems to significantly impact our inferences in most cases, unlike lifestyle. Finally, we illustrate how taphonomic processes can impact certain microanatomical parameters, especially the cross-sectional eccentricity, while addressing some other potential methodological limitations. This study sheds light on the evolution of locomotion in several enigmatic early reptiles. Extending our method to other bones of the locomotor apparatus could provide a better understanding of locomotion and posture in extinct taxa that exhibit a mixture of plesiomorphic and apomorphic traits.

Résumé introductif

Aujourd'hui, les amniotes présentent une grande diversité locomotrice et L'extension de notre méthode à d'autres os de l'appareil locomoteur pourrait permettre de mieux comprendre la locomotion et la posture chez les taxons éteints qui présentent un mélange de traits plésiomorphes et apomorphes.

Materials and methods

Biological sample

To train our statistical models, we used femoral microanatomical data from a large number of specimens and taxa in Reptilia: 53 adult individuals from 51 species (37 archosaurs, 12 lepidosaurs and 2 turtles). Of these species, 6 are extinct (but of "known" posture). The latter include Masiakasaurus knopfleri, Allosaurus fragilis, Tyrannosaurus rex, Dinornis sp., Pezophaps solitaria and Raphus cucullatus (Table 1-1; see also electronic supplementary information in the Supplementary information section at the end of this manuscript). All of these are theropod dinosaurs with a parasagittally locomoting erect bipedal stance [START_REF] Hutchinson | Bipedalism[END_REF]. We constructed our sample to be as representative as possible of the phylogenetic spectrum of Reptilia and to maximise coverage of the range of locomotor and postural diversity in the clade.

We used our models to infer the posture of 7 extinct taxa of interest: Labidosaurus hamatus, Euparkeria capensis, Terrestrisuchus gracilis, Marasuchus lilloensis, Plateosaurus engelhardti, Dysalotosaurus lettowvorbecki and an indeterminate hypsilophodontid (Table 1-2; see electronic supplementary information).

Locomotor modes and postures

For this study, any animal for which bipedalism is the exclusive locomotor mode on land or for which quadrupedalism is only marginally functional is referred to as an obligate biped. Among extant amniotes, obligate bipedalism is found mainly in humans and birds [START_REF] Hutchinson | Bipedalism[END_REF][START_REF] Schmitt | Insights into the evolution of human bipedalism from experimental studies of humans and other primates[END_REF]. Similarly, any animal for which quadrupedalism is the exclusive locomotor mode on land or for which bipedalism is inconvenient is referred to as an obligate quadruped. Most extant mammals are obligate quadrupeds [START_REF] Feldhamer | Mammalogy: Adaptation, diversity, ecology[END_REF]. Among extant reptiles, the vast majority of lepidosaurs, turtles (except marine ones) and crocodylians are obligate quadrupeds [START_REF] Blob | Mechanics of limb bone loading during terrestrial locomotion in the green iguana (Iguana iguana) and American alligator (Alligator mississippiensis)[END_REF]Butcher et al., 2008). Any animal that does not meet either of the above conditions is termed a facultative quadruped/biped.

Facultative quadrupedalism/bipedalism occurs in both mammals and reptiles [START_REF] Snyder | Bipedal locomotion of the lizard Basiliscus basiliscus[END_REF][START_REF] D'août | Locomotion in bonobos (Pan paniscus): Differences and similarities between bipedal and quadrupedal terrestrial walking, and a comparison with other locomotor modes[END_REF][START_REF] Russo | Another look at the foramen magnum in bipedal mammals[END_REF]. Some varanids sometimes adopt a tripod stance in which the tail rests on the ground as part of defensive For each taxon, the reported body mass value (in grams) is the median [START_REF] Myhrvold | An amniote life-history database to perform comparative analyses with birds, mammals, and reptiles[END_REF]. Abbreviations: Aq, semi-aquatic; Ar, arboreal; B, biped; C, crouched; E, erect; FB, facultative biped; Fo, fossorial; Q, quadruped; S, sprawling; SE, semi-erect; Te, terrestrial. *Data collected on https://www.morphosource.org. displays or during intraspecific confrontations [START_REF] Schuett | The evolution of bipedal postures in varanoid lizards[END_REF]. As this is a largely static posture, it is not considered here as a case of bipedalism.

For the purpose of this study, in a context where quantitative data are scarce, we provide the following definitions for postures (Figure 1-1) based on the literature;

and mainly based upon normal walking kinematics [START_REF] Jenkins | Limb posture and locomotion in the Virginia opossum (Didelphis marsupialis) and in other non-cursorial mammals[END_REF][START_REF] Brinkman | The hind limb step cycle of Iguana and primitive reptiles[END_REF][START_REF] Biewener | Scaling body support in mammals: Limb posture and muscle mechanics[END_REF]Gatesy, 1991a[START_REF] Gatesy | Hind limb scaling in birds and other theropods: Implications for terrestrial locomotion[END_REF][START_REF] Gatesy | An electromyographic analysis of hindlimb function in Alligator during terrestrial locomotion[END_REF][START_REF] Gatesy | Bipedal locomotion: Effects of speed, size and limb posture in birds and humans[END_REF][START_REF] Carrano | Locomotion in non-avian dinosaurs: Integrating data from hindlimb kinematics, in vivo strains, and bone morphology[END_REF][START_REF] Reilly | Locomotion in Alligator mississippiensis: Kinematic effects of speed and posture and their relevance to the sprawling-to-erect paradigm[END_REF][START_REF] Bels | Behavior of lizards: Evolutionary and mechanistic perspectives[END_REF][START_REF] Galvis | Kinematic model for robotic terrestrial locomotion inspired in doves (Columba livia)[END_REF][START_REF] Grinham | Testing for a facultative locomotor mode in the acquisition of archosaur bipedality[END_REF][START_REF] Nyakatura | Reverseengineering the locomotion of a stem amniote[END_REF]:

Parasagittal gait-The femur forms an angle of 15 degrees or less with the parasagittal plane, resulting in a slightly abducted femur. Species with mostly parasagittally moving limbs can present either a more crouched (small birds) or vertically-oriented femur (larger birds and cursorial/graviportal mammals).

o Crouched. The femur is constrained in a sub-horizontal position in small birds, between about 15 and 30 degrees below the dorsal horizontal plane.

o Erect. The femur of large birds tends to be more upright compared to small species, although it is less vertical than that of cursorial/graviportal mammals, and even non-avian theropods [START_REF] Gatesy | Hind limb scaling in birds and other theropods: Implications for terrestrial locomotion[END_REF]. Thus, the femur is retracted from the dorsal horizontal plane by about 30-60 degrees in erect birds and by about 35-90 degrees (vertical) in erect mammals, resulting in a more or less anteroventral oscillation of the femur relative to the pelvic girdle.

Sub-parasagittal gait-Small mammals, and to some respect crocodylians considering their evolutionary history, can be considered to have a sub-parasagittal gait. The femur is more abducted compared to fully parasagittally locomoting species, operating between 10 and 30 degrees from the parasagittal plane in small mammals, and between 20-50 degrees in crocodylians. Sub-parasagittally locomoting taxa exhibit either a more crouched pose (small mammals) or semi-vertical femur (crocodylians).

o Crouched. The femur in small mammals sometimes protracts slightly above the dorsal horizontal plane and regularly retracts beyond the vertical (90 degrees).

o Semi-erect. The femur of crocodylians can be described as held in a semierect posture, although the term is subjective and not entirely appropriate (Gatesy, 1991a). We use this term to emphasise how the gait of some animals, such as Crocodylia, tends to be "intermediate" when compared with fully sprawling (e.g. squamates) and quite erect (e.g. large mammals) taxa (see [START_REF] Nyakatura | Reverseengineering the locomotion of a stem amniote[END_REF].

Sprawling gait-The femur is fully abducted and is contained in the dorsal horizontal plane. It protracts and retracts between 15 and 155 degrees from the parasagittal. Lepidosaurs and non-marine turtles are sprawlers.

Data acquisition

We measured different microanatomical parameters on femoral shaft crosssections. To do so, we relied mainly on CT scan data that we retrieved from the literature and from https://www.morphosource.org. We scanned some of the specimens on the tomography platforms of the Muséum national d'histoire naturelle and the university of Montpellier. We also used unpublished images of histological sections from the study by [START_REF] Quemeneur | Microanatomy of the amniote femur and inference of lifestyle in limbed vertebrates[END_REF]. In the literature, the reference plane for the sections is traditionally located at the midpoint of the bone or at the level of the ossification centre [START_REF] Quemeneur | Microanatomy of the amniote femur and inference of lifestyle in limbed vertebrates[END_REF]Houssaye et al., 2018). For CT scan data, we decided to locate the reference plane where the perimeter of the shaft was the smallest, because this is an area where mechanical stresses are important [START_REF] Beck | Dual-energy X-ray absorptiometry derived structural geometry for stress fracture prediction in male U.S. marine corps recruits[END_REF][START_REF] Tommasini | Relationship between bone morphology and bone quality in male tibias: Implications for stress fracture risk[END_REF][START_REF] Campione | A universal scaling relationship between body mass and proximal limb bone dimensions in quadrupedal terrestrial tetrapods[END_REF]. For histological sections, the reference plane is located at the midpoint of the bone. Mixing sections with slightly different reference planes in comparative studies is not considered a problem, however, as long as the species in question do not show excessive microanatomical variation along the shaft [START_REF] Amson | Scaling effect on the mid-diaphysis properties of long bones-The case of the Cervidae (deer)[END_REF]Houssaye et al., 2018). The scans were processed in ImageJ [START_REF] Abràmoff | Image processing with ImageJ[END_REF] and MorphoDig [START_REF] Lebrun | MorphoDig, an open-source 3D freeware dedicated to biology[END_REF]. Each bone was oriented so that the section plane was as perpendicular as possible to the axis of the shaft. Data for all left femora were symmetrised so that the sample consisted of right femora only. Finally, we performed thresholding before taking our microanatomical measurements in ImageJ with the BoneJ plugin [START_REF] Doube | BoneJ: Free and extensible bone image analysis in ImageJ[END_REF] and BoneProfileR [START_REF] Girondot | Bone Profiler: A tool to quantify, model, and statistically compare bone-section compactness profiles[END_REF][START_REF] Gônet | BoneProfileR: the next step to quantify, model and statistically compare bone section compactness profiles[END_REF].

Microanatomical parameters

We measured various parameters that have previously been associated in the relevant literature with locomotor mode and posture, and more generally with lifestyle in amniotes [START_REF] Canoville | Microanatomical diversity of the humerus and lifestyle in lissamphibians[END_REF], 2010;[START_REF] Amson | Gradual adaptation of bone structure to aquatic lifestyle in extinct sloths from Peru[END_REF]Houssaye et al., 2016a;[START_REF] Houssaye | From land to water: Evolutionary changes in long bone microanatomy of otters (Mammalia: Mustelidae)[END_REF]. When a species in our sample was represented by more than one individual, the values of these microanatomical parameters were averaged.

We measured six geometric parameters with BoneJ [START_REF] Doube | BoneJ: Free and extensible bone image analysis in ImageJ[END_REF]:

Pemin, the minimum diaphyseal perimeter; BCSA, the area occupied by bone on the section; TCSA, the total area of the section; Ecc, the eccentricity of the section corresponding to the ratio of the area moment of inertia around the major axis (Imax) to the area moment of inertia around the minor axis (Imin). The area moment of inertia, or second moment of area, corresponds to the way in which the constituent material of a section is distributed around an axis of reference. It reflects the capacity to resist bending. The higher the area moment of inertia, the greater the resistance to bending.

The major and minor axes are perpendicular (Figure 1-2). They correspond to the axes around which the area moment of inertia is respectively maximum and minimum. In our case, a high ratio value reflects cross-sectional eccentricity. Zpol is the polar section modulus. It corresponds to the area moment of inertia around the axis perpendicular to the plane of the section and passing through the intersection of the major and minor axes (Figure 1-2), divided by the section radius. It describes the resistance to torsion of a cylindrical object (here a bone shaft). The higher Zpol, the more resistant the bone will be to torsion. SR is the slenderness ratio (equation 1). It corresponds to the ratio of the length of the bone to the square root of the ratio of the area moment of inertia around the minor axis to the total area of the section. A high SR indicates a slender bone, while a low SR indicates a more robust bone.

Slenderness ratio =

Bone length

√ I min TCSA (1)
We used BoneProfileR [START_REF] Gônet | BoneProfileR: the next step to quantify, model and statistically compare bone section compactness profiles[END_REF]; see Appendices at the end of this thesis) to measure seven compactness parameters. BoneProfileR determines the ). The area moment of inertia is the greatest around the major axis (blue; Imax) and reflects greater resistance to bending under stress applied perpendicularly to this axis (blue arrow). Conversely, the area moment of inertia is the smallest around the minor axis (green; Imin) and reflects lower resistance to bending under stress applied perpendicularly to this axis (green arrow). The polar section modulus (Zpol) is derived from the polar moment of inertia, which is calculated around a third axis (purple) perpendicular to the section plane and passing through the intersection of the major and minor axes. Zpol gives an indication of the resistance to torsion around this axis (purple arrow).

position of the centre of unmineralisation, i.e. the centre of the medulla, and segments the cross-section into 100 concentric circles. Bone compactness (measured by number of bone pixels relative to the total number of pixels) is measured in each of these circles from the centre of the medulla to the edge of the cross-section. It is between 0 and 1. A compactness of 0 corresponds to an area devoid of bone, while a compactness of 1 corresponds to a surface entirely filled with bone. We can then model a sigmoid curve called compactness profile (Figure 1-3). From this profile, we extracted the parameter as obtained with BoneProfileR [START_REF] Gônet | BoneProfileR: the next step to quantify, model and statistically compare bone section compactness profiles[END_REF]. The compactness is null in the centre of the section (medulla) and maximum on the edge (cortex). The point P is located at the inflection of the sigmoid curve modelled from the observed compactness, it corresponds to the distance from the centre of the medullo-cortical transition. In this example, the section is segmented into 30 concentric circles and radii for better readability.

calculated from the 60 radial P and S values. RSSP and RSSD represent the standard deviation associated with RP and RS and quantify the variability of the medullocortical transition zone, i.e. its distance from the centre (RSSP) and extent (RSSD)

depending on the position on the cross-section.

Building reference phylogenies

In order to perform phylogenetically informed statistical analyses, we needed a reference phylogeny of amniotes including all the studied species. Such a phylogeny was not available in the literature, so we built a composite phylogeny (Figure 1-4). Furthermore, we constructed a set of 100 reference trees to include phylogenetic uncertainty in our analyses. However, some portions do not vary because tree sets were not available for all clades (Testudines and Crocodylia). The position of the taxa for which we wanted to infer the locomotion and posture do not vary either. We built the trees in R (R Core Team, 2013) using the packages paleotree [START_REF] Bapst | Paleotree: An R package for paleontological and phylogenetic analyses of evolution[END_REF], phytools [START_REF] Revell | phytools: An R package for phylogenetic comparative biology (and other things)[END_REF] and TreePar [START_REF] Stadler | Mammalian phylogeny reveals recent diversification rate shifts[END_REF]. The trees in Newick tree format are available as electronic supplementary information.

The divergence between Lepidosauria and Archelosauria (Archosauria + Testudines) was set at 281.88 Myr following [START_REF] Turner | Empirical and Bayesian approaches to fossil-only divergence times: A study across three reptile clades[END_REF]. Concerning the relationships within lepidosaurs, we extracted on https://vertlife.org a set of 100 trees with only the species of interest from the work of [START_REF] Tonini | Fullysampled phylogenies of squamates reveal evolutionary patterns in threat status[END_REF]. Although controversial [START_REF] Laurin | A reassessment of the taxonomic position of mesosaurs, and a surprising phylogeny of early amniotes[END_REF][START_REF] Lichtig | Chinlechelys from the Upper Triassic of New Mexico, USA, and the origin of turtles[END_REF], most recent molecular studies suggest that turtles are the sister group to archosaurs [START_REF] Chiari | Phylogenomic analyses support the position of turtles as the sister group of birds and crocodiles (Archosauria)[END_REF][START_REF] Irisarri | Phylotranscriptomic consolidation of the jawed vertebrate timetree[END_REF]. We follow the latter and set the divergences between turtles and archosaurs and between Chelydra and Chelonoidis (Durocryptodira) at 255 and 118.57

Myr, respectively, based on [START_REF] Chiari | Phylogenomic analyses support the position of turtles as the sister group of birds and crocodiles (Archosauria)[END_REF] and [START_REF] Joyce | A divergence dating analysis of turtles using fossil calibrations: An example of best practices[END_REF]. We set the divergence between Crocodylia and Dinosauria at 237.36 Myr based on the timecalibrated Bayesian tree of archosaurs (vartime = 1) in [START_REF] Turner | Empirical and Bayesian approaches to fossil-only divergence times: A study across three reptile clades[END_REF] and we retrieved the time-calibrated tree of Crocodyliformes from [START_REF] Drumheller | A synthetic approach for assessing the interplay of form and function in the crocodyliform snout[END_REF]. We used the cal3TimePaleoPhy function in the paleotree package to generate 100 time-calibrated trees of non-avian theropods with the tree topology and occurrence matrix from [START_REF] Rauhut | Probable basal allosauroid from the early Middle Jurassic Cañadón Asfalto Formation of Argentina highlights phylogenetic uncertainty in tetanuran theropod dinosaurs[END_REF], retrieving speciation, extinction, and sampling rates from [START_REF] Bapst | Topology, divergence dates, and macroevolutionary inferences vary between different tip-dating approaches applied to fossil theropods (Dinosauria)[END_REF]. For birds, we extracted 100 trees from the Hackett all species subset on Vertlife [START_REF] Jetz | The global diversity of birds in space and time[END_REF] and branched them as the sister taxon of Tyrannosaurus rex in our non-avian theropod trees. We used the divergence between Columba livia and Caloenas nicobarica in our bird trees to attach the Raphus-Pezophaps clade. We set the age of divergence between Raphus cucullatus and Pezophaps solitaria at 25.6 million years following [START_REF] Shapiro | Flight of the dodo[END_REF]. We branched Dinornis midway between the Palaeognathae and Tinamidae (Tinamus major+Eudromia elegans)

nodes for each tree. We then removed Tinamus major from the trees as it was initially not part of our sample of reptile femoral cross-sections.

For the statistical analyses, we also needed reference trees that included the taxa for which we wanted to infer the locomotion and posture. We set the divergence between the captorhinid eureptile Labidosaurus and Diapsida at 323 Myr based on [START_REF] Didier | Exact distribution of divergence times from fossil ages and tree topologies[END_REF]. We branched the Triassic archosauriform Euparkeria, the dinosauriform Marasuchus and the crocodylomorph Terrestrisuchus at respectively 237.53, 233.81 and 194.4 Myr following [START_REF] Turner | Empirical and Bayesian approaches to fossil-only divergence times: A study across three reptile clades[END_REF]. The divergences between saurischian and ornithischian dinosaurs and between Plateosaurus and theropod dinosaurs were set at 226.1 and 222.83 Myr respectively following [START_REF] Turner | Empirical and Bayesian approaches to fossil-only divergence times: A study across three reptile clades[END_REF].

Concerning the relationship between ornithopods, we used the consensus tree from [START_REF] Strickson | Dynamics of dental evolution in ornithopod dinosaurs[END_REF]. We replaced the dryosaurid taxa in Strickson's topology with Dysalotosaurus. Its first (FAD) and last appearance data (LAD) were considered to be the lower and upper Kimmeridgian boundaries (155.7-150.8), the estimated age for the Middle Dinosaur member of the Tendaguru Formation that yielded remains of this taxon [START_REF] Sames | Application of Ostracoda and Charophyta from the Late Jurassic to Early Cretaceous Tendaguru formation at Tendaguru, Tanzania (East Africa)-Biostratigraphy, palaeobiogeography and palaeoecology[END_REF]. We considered the hypsilophodontid in our sample as a member of Elasmaria based on [START_REF] Herne | New small-bodied ornithopods (Dinosauria, Neornithischia) from the Early Cretaceous Wonthaggi Formation (Strzelecki Group) of the Australian-Antarctic rift system, with revision of Qantassaurus intrepidus Rich and Vickers-Rich[END_REF] and inserted it between Jeholosaurus and Hypsilophodon. The Wonthaggi Formation encompassing the Flat Rocks locality where the hypsilophodontid was recovered [START_REF] Woodward | The bone microstructure of polar "hypsilophodontid" dinosaurs from Victoria, Australia[END_REF] is Late Barremian (~125-127.2 Ma) in age [START_REF] Herne | New small-bodied ornithopods (Dinosauria, Neornithischia) from the Early Cretaceous Wonthaggi Formation (Strzelecki Group) of the Australian-Antarctic rift system, with revision of Qantassaurus intrepidus Rich and Vickers-Rich[END_REF]. We then used the cal3TimePaleoPhy function of the R package paleotree to calibrate this topology over time based on the FADs and LADs mentioned above.

Phylogenetic nomenclature

The terms reptile and Reptilia is used throughout the article following the definition of [START_REF] Laurin | Reptilia[END_REF]: "The smallest crown clade containing Testudo graeca Linnaeus 1758 (Testudines), Iguana iguana Linnaeus 1758 (Lepidosauria), and Crocodylus (originally Lacerta) niloticus Laurenti 1768 (Archosauria)." Therefore, Reptilia is composed of turtles, lepidosaurs, archosaurs (including birds), and all extinct forms that derive from their most recent common ancestors.

Body mass estimates

Scaling describes how certain biological traits in individuals vary with body size, which may include allometry or disproportionate change of a trait with size [START_REF] Gould | Allometry and size in ontogeny and phylogeny[END_REF]. Knowing this, it is important to consider this size effect when studying a biological trait in a large number of individuals that vary greatly in size. For this work, we considered body mass as a proxy for body size. We gathered body mass estimates from the literature for each species in our sample (Table 1-1; electronic supplementary information). For extant species, we mainly relied on the database of [START_REF] Myhrvold | An amniote life-history database to perform comparative analyses with birds, mammals, and reptiles[END_REF], which compiles median body masses for a large proportion of amniote taxa. In some particular cases, when the species was not known, e.g. Gallus sp., we calculated the average body mass of the species in the genus. When a species was absent from the database-this was especially the case for extinct species-, we used the cQE function from the R package MASSTIMATE [START_REF] Campione | On the ancestry of feathers in Mesozoic dinosaurs[END_REF] to estimate body mass in the bipedal non-avian dinosaurs in our sample from femoral circumference (Pemin). The cQE function employs the equation for bipeds presented in [START_REF] Campione | Body mass estimation in non-avian bipeds using a theoretical conversion to quadruped stylopodial proportions[END_REF], which is a corrected version of the equation for quadrupeds in [START_REF] Campione | A universal scaling relationship between body mass and proximal limb bone dimensions in quadrupedal terrestrial tetrapods[END_REF]. Preservation of the Tyrannosaurus femur (MOR 1125) prevented us from extracting a cross section where the perimeter was the smallest, resulting in a likely overestimation of body mass. Therefore, for an estimate of Tyrannosaurus body mass, we relied on the literature [START_REF] Hutchinson | A computational analysis of limb and body dimensions in Tyrannosaurus rex with implications for locomotion, ontogeny, and growth[END_REF][START_REF] Campione | Body mass estimation in non-avian bipeds using a theoretical conversion to quadruped stylopodial proportions[END_REF].

Lifestyle definitions

In order to investigate a possible effect of lifestyle on locomotion and posture, and given that several environments may involve the same functional demand [START_REF] Bels | Behavior of lizards: Evolutionary and mechanistic perspectives[END_REF], we defined four lifestyle categories based on limb use in relation to the known or inferred environment:

Terrestrial-An animal that spends all its time on the ground (ground dwelling) is considered to be terrestrial.

Semi-aquatic-An animal that is adapted to both terrestrial and aquatic environments, between which it shares its time, is considered to be semi-aquatic. In water, semi-aquatic animals move by swimming (thrust is generated by undulatory movements of all or part of the body and/or by movements of the limbs) or by walking on the bottom [START_REF] Densmore | Crocodylia (including crocodiles and alligators)[END_REF][START_REF] Dunstone | Behaviour and ecology of riparian mammals[END_REF].

Fossorial-An animal that spends most of its time underground, including for foraging, or that habitually retreats into a burrow-type underground shelter excavated by itself for protective and/or thermoregulatory purposes, is considered to be fossorial, even though digging may represent only a small proportion of its activity.

An animal that anecdotally digs into the substrate to hibernate/aestivate and/or lay its eggs is not considered as such. Fossorial species present adaptations related to digging, such as robust forelimbs and long clawed fingers [START_REF] Shimer | Adaptations to aquatic, arboreal, fossorial and cursorial habits in mammals. III. Fossorial adaptations[END_REF]. Such species tend to use their forelimbs for excavation and hind limbs to kick the loosened soil backward [START_REF] Reichman | Burrows and burrowing behavior by mammals[END_REF][START_REF] Thompson | Foraging patterns and behaviours, body postures and movement speed for goannas, Varanus gouldii (Reptilia: Varanidae), in a semi-urban environment[END_REF].

Arboreal (or scansorial)-An animal that spends most of its time climbing trees or inclined surfaces is considered to be arboreal, although it may engage in a variety of ground-based activities, such as foraging. Elongated, slender forelimbs and clawed fingers, among other things, are often found in arboreal species [START_REF] Dublin | Adaptations to aquatic, arboreal, fossorial and cursorial habits in mammals. II. Arboreal adaptations[END_REF].

Statistical treatment in a phylogenetic framework

Phylogenetic signal-We estimated the phylogenetic signal in locomotion and posture and in each geometric and compactness parameters retained in our models.

For categorical traits (locomotion and posture), we used the delta-statistic [START_REF] Borges | Measuring phylogenetic signal between categorical traits and phylogenies[END_REF]. The delta-statistic depends on the uncertainty associated with the inference of ancestral states. It is accepted that the more a trait follows the phylogeny, the less uncertainty there is in the reconstruction of ancestral states. The calculation of uncertainty is based on Shannon's concept of entropy [START_REF] Shannon | A mathematical theory of communication[END_REF]. The lower the uncertainty, the lower the entropy and the higher the value of delta. The higher the delta, the stronger the phylogenetic signal. A p-value is obtained through a randomisation process: the states of the trait under consideration are randomly shuffled and a new delta-statistic is calculated. The operation is repeated 1000 times before comparing the randomised delta-values to the initial one. For continuous traits (geometric and compactness parameters), we used lambda [START_REF] Pagel | Inferring the historical patterns of biological evolution[END_REF]. This was done with the phylosig function of the phytools package in R [START_REF] Revell | phytools: An R package for phylogenetic comparative biology (and other things)[END_REF]. The function also allows the user to perform a likelihood ratio test to obtain an associated p-value for lambda.

Numerical description of the cross-sections-A sample of the femoral crosssections used in this study is presented in Figure 1-5. We used phylogenetic analysis of variance (ANOVA) in R using the geiger [START_REF] Pennell | geiger v2.0: An expanded suite of methods for fitting macroevolutionary models to phylogenetic trees[END_REF] and phytools [START_REF] Revell | phytools: An R package for phylogenetic comparative biology (and other things)[END_REF] packages to investigate differences between locomotor modes and postures in the geometric and compactness parameters underlying our models. When an ANOVA was significant, we performed pairwise post-hoc tests with the Bonferroni correction to explore the differences between group means while controlling for the experimental error rate. ANOVA is fairly robust to data departures from normality [START_REF] Glass | Consequences of failure to meet assumptions underlying the fixed effects analyses of variance and covariance[END_REF][START_REF] Lix | Consequences of assumption violations revisited: A quantitative review of alternatives to the one-way analysis of variance F test[END_REF]. It is less robust to violations of the equal variance assumption, especially when group sizes are unequal [START_REF] Keppel | Design and analysis: A researcher's handbook[END_REF]. Our data sometimes violate the latter assumption. To overcome this issue, outliers were removed from the data for the relevant parameters: Varanus gouldii, Iguana iguana and Allosaurus fragilis (P ~ Locomotion); Iguana iguana, Coleonyx elegans, Phrynosoma cornutum, Allosaurus fragilis, Chelonoidis carbonaria and Chelydra serpentina (P ~ Posture).

Phylogenetic generalised least squares-We used phylogenetic generalised least squares (PGLS) in R to study a potential influence of body size on the different geometric and compactness parameters retained in our models. We performed PGLS using the caper package [START_REF] Orme | The caper package: Comparative analysis of phylogenetics and evolution in R. R package version 1[END_REF]. PGLS fits a linear regression between a dependent variable and one or more independent variables while accounting for phylogeny [START_REF] Symonds | A primer on phylogenetic generalised least squares[END_REF]. This is done by adjusting branch length transformations with lambda [START_REF] Pagel | Inferring the historical patterns of biological evolution[END_REF]. PGLS were performed with 100 phylogenetic trees. Phylogenetic flexible discriminant analysis-We imported our reptile dataset into R and log transformed the variables, with the exception of ratios (Ecc and SR). To avoid future complications related to the existence of singular variance-covariance matrices, we generated a dissimilarity matrix from the correlation coefficients of the microanatomical variables before performing a hierarchical cluster analysis to identify and eliminate highly correlated variables (correlation coefficient above 0.95). For our dataset, we retained 9 variables out of 13 (Pemin, Ecc, SR, Cobs, P, S, RS, RPSD, RSSD).

Linear discriminant analysis (LDA), classically used to separate groups from explanatory variables and to make predictions, cannot remove phylogenetic bias [START_REF] Motani | Phylogenetic versus functional signals in the evolution of form-function relationships in terrestrial vision[END_REF]. We thus used phylogenetic flexible discriminant analysis (PFDA) devised by [START_REF] Motani | Phylogenetic versus functional signals in the evolution of form-function relationships in terrestrial vision[END_REF]. It is derived from flexible discriminant analysis (FDA; [START_REF] Hastie | Flexible discriminant analysis by optimal scoring[END_REF] and corresponds to its phylogenetically informed version. FDA is a classification model based on a combination of linear regression models. It employs optimal scoring to transform the response variable. To quote Montani & Schmitz: "Given that FDA reduces a discrimination problem to a regression problem, it is compatible with the common framework of phylogenetic bias removal, which is a GLS problem." In practice, PFDA incorporates a phylogenetic distance matrix whose terms are multiplied by lambda [START_REF] Pagel | Inferring the historical patterns of biological evolution[END_REF]. Lambda is optimised to minimise the model error, i.e. the part of variance explained by the phylogeny. Its value is comprised between 0 and 1. A lambda of 0 indicates that the phylogeny does not explain trait distribution, while a lambda of 1 indicates that the phylogeny explains as much variance in the character as under a Brownian model of evolution. In other words, PFDA is used to explain a factor (in our case, locomotion and posture) from explanatory variables (here geometric and compactness parameters) while taking phylogeny into account. PFDA was performed with all our 100 trees since a small variation in lambda can impact the results. For a detailed description of PFDA, refer to [START_REF] Motani | Phylogenetic versus functional signals in the evolution of form-function relationships in terrestrial vision[END_REF].

Overfitting and taphonomic aspect-Overfitting occurs when a model becomes too complex, that is, when the number of its estimated parameters becomes too high [START_REF] Everitt | The Cambridge dictionary of statistics[END_REF]). An overfitted model will perform very well in explaining the initial data (training), while performing poorly with new data or predictions (testing). The key to selecting the best model lies in optimising the choice of parameters to be included to minimise test error. In our case, the selection criterion we used is the rate of correct classification (RCC) obtained after a cross-validation procedure (CV; [START_REF] Stone | Cross-validatory choice and assessment of statistical predictions[END_REF]. The latter consists of: 1) extracting 1 species among the 51 species of the training dataset; 2) generating a model with 51 -1 species; 3) predicting the locomotion and posture of the extracted species. The operation is repeated for each of the species in the training dataset, with replacement in each round. Since the locomotion/posture of the species in the training dataset is known, it is possible to produce a RCC. The higher this rate, the better the model performs under test conditions. Cross-validation was performed for all possible combinations of parameters and for each of the 100 phylogenetic trees, for a total of more than 50,000 cross-validation procedures. We averaged the RCC for each combination. The Akaike information criterion (AIC; [START_REF] Akaike | A new look at the statistical model identification[END_REF] was also calculated for each model. In the end, we retained 2 models, which are presented in Table 1-3. [START_REF] Akaike | A new look at the statistical model identification[END_REF]; RCC, rate of correct classification.

Among the parameters retained for our second model is the eccentricity of the cross-section (Ecc). The latter can be impacted by taphonomic processes in the case of fossils, which can be problematic in an inferential framework. This is why we selected a third model for which the eccentricity was discarded (Table 1-3).

Analysis of covariance-We designed several linear models in R to compare the means of the coordinates of the extant species (training sample) on the first two PFDA axes across lifestyles while controlling for the effect of body mass. First, we added a constant value to the species coordinates equal to the lowest coordinate on each of the first two axes of our PFDA models in order to transform negative coordinates into positive ones. We then log10 transformed our coordinates. In total, we developed four linear models. We incorporated the interaction term between lifestyle and body mass when it was significant. When there was a significant difference between lifestyles for a given parameter, we performed pairwise post-hoc tests with false discovery rate (FDR) correction.

Results

Phylogenetic signal

A phylogenetic signal is found for both locomotion and posture (Table 1-4).

Delta ranges from 5.5 to 414.6 (mean = 31.6) for locomotion and from 4.7 to 14.77 (mean = 10.293) for posture. These results are consistently significant (p-values < 0.001). A strong phylogenetic signal is found for the geometric parameters Pemin (cross-sectional minimum perimeter cross-section) and SR (slenderness ratio), with lambda being respectively between 0.987 and 0.999 (mean = 0.999) and between 0.774 and 0.889 (mean = 0.826), and a mean p-value below 0.001 in each case (Table 1-4). The 

Morphometric separation of locomotor and postural groups

The models generated from our geometric and compactness measurements on the femur successfully discriminate locomotor and postural groups. Figure 1-6A

shows that the phylogenetic discriminant space produced from PFDA with tree 1 discriminates reasonably well bipeds from quadrupeds, but occasional bipeds overlap both other categories. The variables retained for the analysis are Pemin, Cobs, P, RS (Reptile 1; see Table 123). The groups correspond to the three levels of the trait locomotion (quadruped, biped and facultative biped).

The rate of correct classification (RCC) for the entire tree population ranges from 84 to 86% (mean = 84%). The 34 bipeds in the training sample are classified correctly in almost all cases (97-100% of correct classification; mean = 97%). The 14 quadrupeds are also classified correctly in the majority of cases (71% of correct classification). The misclassified taxa, the quadrupedal varanids and iguanids, Varanus gouldii and Varanus griseus, and Iguana iguana and Cyclura cornuta, respectively, are found among bipeds. Indeed, they are at the origin of the overlap between bipeds and quadrupeds on the graph. When they are removed from the analysis, the average RCC reaches 94% and increases from 82 to 91% in CV (cross-validation). When removing varanids and iguanids, all bipeds and quadrupeds are correctly classified for all trees (see Supplementary information: Figure S1-1). The 3 facultative bipeds are systematically misclassified with or without varanids and iguanids in the sample.

The inferences for the taxa of interest are generally plausible and consistent.

The captorhinid eureptile Labidosaurus and the archosauriform Euparkeria are always inferred as quadrupeds. The dinosauriform Marasuchus is inferred as a facultative When removing varanids and iguanids from the analysis, Terrestrisuchus is inferred as a biped in 100% of cases (see Supplementary information: Figure S1-1).

Lambda ranges between 0.3 and 0.36 over the entire tree population (mean = 0.33). However, the RCCs vary little between these two extremes and the inferences for the taxa of interest are the same except for Terrestrisuchus gracilis (see above).

Figure 1-6B shows a moderately good separation of postural categories according to the phylogenetic discriminant space produced from PFDA with tree 1.

The variables retained for the analysis are Pemin, Ecc, SR, P and RSSD (Reptile 2; see Table 1-3). The groups correspond to the four levels of the trait femoral posture (crouched, erect, semi-erect and sprawling).

The RCC for the entire tree population ranges from 82 to 84% (mean = 82%).

The 23 crouched species in the training sample show a good classification rate (78-83% of correct classification; mean = 78%). This is also the case for the 11 erect and 14 sprawling (82 and 93% of correct classification, respectively). The 3 semi-erect species show 67% of correct classification. However, the presence of varanids and iguanids in our sample affects these results. Again, varanids and iguanids are responsible for the overlap between postural categories. If we remove them from the analysis, the RCC reaches 91% for this combination of parameters and increases from 66 to 81% in CV (see Supplementary information: Figure S1-2). Crouched species achieve 91% of correct classification on average; as do erect species. Sprawling species reach 100% of correct classification, while semi-erect species remain at 67%. S1-3).

Lambda varies between 0.27 and 0.3 (mean = 0.28), which means that the phylogenetic signal is weak. However, the RCCs from the Reptile 2 model barely vary between these two extremes and the inferences for the taxa of interest are the same.

Relationship with body mass and lifestyle

The coordinates on the first axis of the locomotion model (Reptile 1) are always significantly associated with body mass (p-values < 0.002; mean < 0.001), but never with lifestyle (0.181 < p-value < 0.224; mean = 0.202; see Supplementary information: Table S1-1). However, differences between regression slopes for the different locomotor modes are significant (p-values < 0.001; Figure 1-7A). The coordinates on the second axis are always significantly associated with body mass (0.004 < p-value < 0.008; mean = 0.007) and only once with lifestyle (p-value = 0.048; tree 22). For the other trees, the p-value approaches the significance level without ever reaching it (0.051 < p-value < 0.09; mean = 0.06). The results of the post-hoc tests for tree 22 are all non-significant (see Supplementary information: Table S1-2).

The coordinates on the first axis of the postural model (Reptile 2) are always significantly associated with body mass (p-values < 0.001) and never with lifestyle (0.356 < p-value < 0.404; mean = 0.38; Table S1-1). The coordinates on the second axis are almost significantly associated with body mass (0.062 < p-value < 0.116; mean = 0.091), but this relationship never reaches the significance level. These coordinates are never correlated with lifestyle (0.603 < p-value < 0.637; mean = 0.622). However, interactions exist between the regression slopes (0.014 < p-value < 0.017; mean = 0.015; 

Discussion

Size of the medullary cavity

Bipeds appear to have a higher P (distance from the centre of the crosssection of the medullo-cortical transition) than quadrupeds, indicating that the medullary region is larger. However, according to our results, femoral bone compactness at mid-diaphysis (Cobs) does not seem to differ between bipeds and quadrupeds when phylogeny is taken into consideration. This is surprising, as the parameter P and bone compactness generally evolve in an inverse way: as P increases, bone compactness decreases, and vice versa. This relationship between P and Cobs is A C B D sometimes referred to in the literature as the cortico-diaphyseal index [START_REF] Castanet | Influence du mode de vie sur les caractéristiques pondérales et structurales du squelette chez les amphibiens anoures[END_REF][START_REF] Canoville | Microanatomical diversity of the humerus and lifestyle in lissamphibians[END_REF]. In this case, considering P, we would expect a significantly lower bone compactness in bipeds. Bone compactness is strongly influenced by the environment, e.g. high bone compactness can sometimes be explained by an aquatic lifestyle (pachyostosis and osteosclerosis). Indeed, an increase in bone compactness reduces buoyancy, so that the animal can remain passively underwater, thus limiting its energetic consumption [START_REF] Germain | Microanatomy of the radius and lifestyle in amniotes (Vertebrata, Tetrapoda)[END_REF]Houssaye et al., 2016a). Conversely in birds, a decrease in bone compactness reduces the overall body mass of the animal, which is an advantage for flight [START_REF] Dumont | Bone density and the lightweight skeletons of birds[END_REF].

But in our case, our reptile sample does not contain any fully aquatic species and birds are mostly ground birds or poor flyers. However, it is true that some of the sampled birds (e.g. ratites) are secondarily flightless. Thus, it is conceivable that they evolved through a flight bottleneck that may have impacted femoral bone compactness. The addition of other non-avian theropods to the sample should provide further insight.

Although beyond the scope of this study, this question definitely deserves further investigation. Large body mass (graviportality) can also affect the cortical area (Houssaye et al., 2016b). But again, our sample does not contain particularly graviportal taxa and there is no significant association between body mass and bone compactness with our sample (Table 123456).

A possible hypothesis to explain this decorrelation between the parameter P and femoral bone compactness is based on the way the cortex is structured (Figure 12345678). Indeed, one way for P to vary without altering bone compactness implies the presence of more or less cancellous bone (Figure 1-8B): if P decreases, Cobs mechanically increases, unless the cortical bone becomes spongier, in which case Cobs remains constant. However, the taxa in our sample do not have particularly spongy bones, with the exception of turtles, but there are only two of them. Another plausible hypothesis is that the cortex shows variations in thickness (Figure 1-8C). As a reminder, bone compactness, as derived with BoneProfiler, is calculated from the centre of the cross-section in increasingly larger concentric circles. If the thickness of the cortex is not the same all around the section, with thinner and thicker areas, this considerably extends the overall transition zone between the medulla and the cortex (S), and the global P could vary, while Cobs remains constant. The RSSD and RPSD parameters (the standard deviation associated with RS and RP, respectively) allow us to study the angular variation of S and P. However, the results of the phylogenetic ANOVAs are not significant. This issue is addressed further in Chapter II.

Palaeobiological implications

The captorhinid eureptile Labidosaurus is inferred as quadrupedal with our locomotion models (Figure 1-6A; Figure S1-1), which was expected given that Labidosaurus, and Captorhinidae in general, are usually presented as quadrupedal sprawlers on the basis of osteological, muscular and ichnological evidence [START_REF] Heaton | A skeletal reconstruction of the Early Permian captorhinid reptile Eocaptorhinus laticeps (Williston)[END_REF][START_REF] Sumida | The appendicular skeleton of the Early Permian genus Labidosaurus (Reptilia, Captorhinomorpha, Captorhinidae) and the hind limb musculature of captorhinid reptiles[END_REF][START_REF] Holmes | The hind limb of Captorhinus aguti and the step cycle of basal amniotes[END_REF][START_REF] Logghe | Hyloidichnus trackways with digit and tail drag traces from the Permian of Gonfaron (Var, France): New insights on the locomotion of captorhinomorph eureptiles[END_REF]. However, it is inferred as erect with our postural models (Figure 1-6B; Figure S1-2), which is more surprising, and probably wrong. When we remove the cross-sectional eccentricity (Ecc) from the model parameters, it is inferred semi-erect (Figure S1-3), which might be considered plausible. Indeed, similarities may exist between Captorhinidae and Crocodylia, at least from an ichnological perspective, with digit and tail drag tracks suggesting a similar step cycle [START_REF] Logghe | Hyloidichnus trackways with digit and tail drag traces from the Permian of Gonfaron (Var, France): New insights on the locomotion of captorhinomorph eureptiles[END_REF], although the mechanics of the limb are most likely different. 

A B C

The locomotion in Euparkeria has been controversial for decades. Euparkeria has been interpreted as a facultative biped on the basis of its limb proportions [START_REF] Ewer | The anatomy of the thecodont reptile Euparkeria capensis Broom[END_REF], although this has been questioned. [START_REF] Remes | Evolution of the pectoral girdle and forelimb in Sauropodomorpha (Dinosauria, Saurischia): Osteology, myology and function[END_REF] suggested that it could have adopted a sprawling or semi-erect posture. Our locomotion models infer Euparkeria as a quadruped (Figure 1-6A; Figure S1-1). Our models include only a small number of facultative bipeds but still have a good overall classification score, so we are fairly confident in this result, which is in agreement with other recent work [START_REF] Demuth | 3D hindlimb joint mobility of the stem-archosaur Euparkeria capensis with implications for postural evolution within Archosauria[END_REF][START_REF] Pintore | Femoral specializations to locomotor habits in early archosauriforms[END_REF]. With our postural models, Euparkeria is classified as either erect or with a sprawling posture (Figure 1-6B; Figure S1-2, S1-3), two apparently contradictory but plausible hypotheses. Indeed, the hind limb of Euparkeria displays a mosaic of ancestral and derived characters. In particular, the pelvis suggests a slightly more erect posture, while the ankle evokes a more sprawling posture [START_REF] Demuth | 3D hindlimb joint mobility of the stem-archosaur Euparkeria capensis with implications for postural evolution within Archosauria[END_REF].

Among dinosaurians, the case of Marasuchus is reminiscent of that of Euparkeria. It has long been accepted as a biped based on a wide variety of evidence, such as limb proportions [START_REF] Benton | The origin of the dinosaurs[END_REF], as well as centre of mass and body shape [START_REF] Bishop | Relationships of mass properties and body proportions to locomotor habit in terrestrial Archosauria[END_REF] and 3D femur dimensions [START_REF] Pintore | Femoral specializations to locomotor habits in early archosauriforms[END_REF]. While it resembles later dinosaurs in several aspects, notably regarding the pelvis and the proximal part of the femur, the ankle retains some ancestral features [START_REF] Sereno | Dinosaurian precursors from the Middle Triassic of Argentina: Marasuchus lilloensis, gen. nov[END_REF].

Marasuchus is inferred as a facultative biped with our locomotion models (Figure 1-6A;

Figure S1-1). This implies that it spent most of its time on four legs, which is incompatible with its limb proportions and other aspects of its morphology, unless it adopted a sprawling posture, as our postural models suggest (Figure 1-6B; Figure S1-2, S1-3). Indeed, the facultative bipeds in our sample have the shortest forelimbs relative to the hind limbs, as well as a long, heavy tail for balancing during bipedal running [START_REF] Snyder | Bipedal locomotion of the lizard Basiliscus basiliscus[END_REF]. Marasuchus also has a very long tail [START_REF] Sereno | Dinosaurian precursors from the Middle Triassic of Argentina: Marasuchus lilloensis, gen. nov[END_REF].

If correct, our inferences would represent a significant change in the way we envision locomotion in this animal [START_REF] Cuff | Walking-And running and jumping-With dinosaurs and their cousins, viewed through the lens of evolutionary biomechanics[END_REF]. It could simply be that the femur retains a plesiomorphic microanatomy, like the ankle, without reflecting the actual posture of the animal. However, this is most likely due to a lower discriminatory power of our models. Still, a better characterisation of the traits associated with facultative bipedalism in early archosaurs is warranted [START_REF] Grinham | Testing for a facultative locomotor mode in the acquisition of archosaur bipedality[END_REF].

The first dinosaurs were bipedal with an erect posture. Dinosauria is a very interesting clade since it is the only known reptilian clade to have experienced several reversions to a quadrupedal state [START_REF] Barrett | The evolution of ornithischian quadrupedality[END_REF]. Plateosaurus is among the earliest described dinosaurs and has been assigned many different types of locomotion/posture over time, from erect bipedalism to facultative quadrupedalism to strict sprawling quadrupedalism [START_REF] Jaekel | Die Fussstellung und Lebensweise der grossen Dinosaurier[END_REF][START_REF] Von Huene | Vollständige Osteologie eines Plateosauriden aus dem Schwäbischen Keuper[END_REF][START_REF] Christian | Shape of the pelvis and posture of the hindlimbs in Plateosaurus[END_REF]. Recently, numerous studies have concluded that it was strictly bipedal [START_REF] Bonnan | Were the basal sauropodomorph dinosaurs Plateosaurus and Massospondylus habitual quadrupeds?[END_REF][START_REF] Mallison | The digital Plateosaurus I: Body mass, mass distribution, and posture assessed using CAD and CAE on a digitally mounted complete skeleton[END_REF][START_REF] Bishop | Relationships of mass properties and body proportions to locomotor habit in terrestrial Archosauria[END_REF]. Our results corroborate this modern consensus, since Plateosaurus is inferred as an erect biped in all cases (Figure 123456).

Dysalotosaurus is inferred to be bipedal and erect (Figure 123456). The indeterminate hypsilophodontid is inferred bipedal with our locomotion models (Figure 1-6A; Figure S1-1). It is inferred as a sprawler with the postural models including the eccentricity of the cross-section (Figure 1-6B, Figure S1-2). This result is obviously due to a taphonomic artefact. It is inferred as erect when eccentricity is excluded from the model (Figure S1-3). These results show that these ornithopod taxa do not exhibit, at least when considering femoral microanatomy, the characters associated with quadrupedalism in the geologically more recent ornithopod taxa.

Based on limb proportions, it has been suggested that early crocodylomorphs, such as Terrestrisuchus, were bipedal [START_REF] Seymour | Evidence for endothermic ancestors of crocodiles at the stem of archosaur evolution[END_REF], but a recent study employing 3D geometric morphometrics of the femur suggested that it instead was quadrupedal [START_REF] Pintore | Femoral specializations to locomotor habits in early archosauriforms[END_REF], in agreement with prior morphological analyses (e.g. [START_REF] Russell | The Crocodylomorpha at and between geological boundaries: The Baden-Powell approach to change[END_REF], including quantitative analysis of limb proportions [START_REF] Kubo | Associated evolution of bipedality and cursoriality among Triassic archosaurs: A phylogenetically controlled evaluation[END_REF]. Our locomotion model infers it to be bipedal or facultatively bipedal. When varanids and iguanids are excluded from the model, Terrestrisuchus is inferred as strictly bipedal (Figure S1-1). Bipedalism evolved independently in dinosaurs and Pseudosuchia, such as Poposaurus [START_REF] Gauthier | The bipedal stem crocodilian Poposaurus gracilis: Inferring function in fossils and innovation in archosaur locomotion[END_REF][START_REF] Kubo | Associated evolution of bipedality and cursoriality among Triassic archosaurs: A phylogenetically controlled evaluation[END_REF]. Thus, a bipedal posture in Terrestrisuchus remains open to interpretation.

Furthermore, because of its femoral morphology, it is thought to have adopted a strictly erect posture [START_REF] Crush | A late Upper Triassic sphenosuchid crocodilian from Wales[END_REF], which is purely inconsistent with the inferences of our postural models (sprawler; see Figure 1-6B; Figure S1-2, S1-3). This may be due to taphonomic artefact or low discriminative power of our models. In any case, while

Triassic crocodylomorphs are broadly accepted as having had more erect postures [START_REF] Crush | A late Upper Triassic sphenosuchid crocodilian from Wales[END_REF][START_REF] Sereno | Basal archosaurs: Phylogenetic relationships and functional implications[END_REF][START_REF] Russell | The Crocodylomorpha at and between geological boundaries: The Baden-Powell approach to change[END_REF], they deserve further morphofunctional work to better understand if bipedalism evolved in this group or not (see also [START_REF] Cuff | Walking-And running and jumping-With dinosaurs and their cousins, viewed through the lens of evolutionary biomechanics[END_REF].

Impact of body mass and lifestyle on the models

The impact of the presence of varanids and iguanids on the scores of our PFDA models could be related to their body mass. Indeed, varanids and iguanids are the heaviest among our sample of lepidosaurians. Furthermore, our analyses show that at least one axis of our models is significantly impacted by body mass. Body mass also appears to impact the first axis of our locomotion model, except that there is an interaction between regression slopes. Thus, the effect of body mass is not the same for all lifestyle categories (Figure 1-7A). Indeed, body mass increases for arboreal and terrestrial species as individuals have lower values on this axis. This also appears to be the case for fossorial species, even though small sample size (only three individuals). However, the opposite relationship is observed for aquatic species: body mass decreases as individuals present lower values on this axis.

This seems to be the result of mixing semi-aquatic birds and crocodylians in the same lifestyle category. Considered separately, birds and crocodylians seem to follow the same trend as the other groups. The same conclusion can be drawn for the second axis of our postural model (Figure 1-7D), despite the fact that the overall effect of body mass is only close to significance: body mass increases as individuals have lower values on this axis, except for aquatic species. But if we separate birds and crocodylians, we recover the above relationship.

Thus, body mass does seem to have an effect on our models. This is not surprising since these models are based on parameters, such as the cross-sectional perimeter (Pemin), which is significantly related to body mass (Table 123456). Locomotor mode, posture and body mass are generally related [START_REF] Biewener | Biomechanical consequences of scaling[END_REF]Houssaye et al., 2016b). Nevertheless, our models show a high discriminating power based only on easily measurable parameters, which is particularly important in the case of fossils, and yield decent inferences for extinct taxa, which was one of the goals of this study.

Furthermore, while body mass is strongly associated with locomotion and posture, it is not sufficient. For example, with our locomotion model, many species in the sample have equivalent body mass, but not the same locomotor mode, e.g. Gypaetus barbatus

(5.606 kg; biped) and Chelydra serpentina (5.17 kg; quadruped) in the sample. Similarly, while we are unable to say that the apparent discrimination between crouched and erect birds along the first axis of the postural model (Figure 1-6B) is not entirely due to body mass, our model seems much more reliable when considering the discrimination along the second axis between parasagittally locomoting taxa on the one hand and sub-parasagittally locomoting and sprawling taxa on the other. Therefore, we conclude that femoral geometric and compactness parameters contain a functional signal that a multivariate quantitative approach, such as PFDA, can effectively exploit.

The mean coordinates of the sampled individuals on the different axes of our models are never significantly different between lifestyles, except for the second axis of our locomotion model with tree 22. Unfortunately, our post-hoc tests are all non-significant, and thus prevent us from determining which group is different. This could be due to several reasons: 1) a lack of statistical power caused by overly small sample size; 2) lifestyle is coded as a four-level factor, which implies more comparisons that increase the penalty of each p-value that correction could not overcome; 3) the overall signal is not strong enough; 4) all of these reasons at once. In any case, we can assume that the effect of lifestyle on our models, if any, is very small.

Limitations of the methods

Composition of the sample-Our current sample is composed mainly of birds (61%), which is a concern. However, if we consider the taxonomic representation of each extant reptile clade, birds are only moderately over-represented. Indeed, there are nearly 10,000 extant species of birds [START_REF] Jetz | The global diversity of birds in space and time[END_REF], about 5,000 species of limbed squamates [START_REF] Brandley | Rates and patterns in the evolution of snake-like body form in squamate reptiles: Evidence for repeated re-evolution of lost digits and long-term persistence of intermediate body forms[END_REF], about 350 turtle species [START_REF] Thomson | A global phylogeny of turtles reveals a burst of climate-associated diversification on continental margins[END_REF], and around 25 species of crocodylians [START_REF] Brochu | Phylogenetic approaches toward crocodylian history[END_REF]. Also, a problematic overrepresentation of birds would result in a very good overall classification score for the models, but this would be an artefact caused by the good score of birds themselves (since the majority of observations are birds, we would expect them to weigh much more heavily in the score of the models), while non-avian taxa would be poorly discriminated, attracted by the bird "block". Here the non-avian taxa, despite small sample size, show decent rates of correct classification, e.g. quadrupeds with our locomotion model (71%) and sprawling species with our postural model (97%).

Nevertheless, there is no doubt that a larger sample of lepidosaurs, turtles and crocodylians would allow us to refine the inferences of our model.

Taphonomic impact-When the parameter Ecc is excluded from the postural model, inferences for extinct taxa appear to improve. This is relevant because crosssectional eccentricity is strongly influenced by taphonomic processes. A crushed or even plastically deformed diaphysis could largely impact the eccentricity of the crosssection. In Euparkeria, the angle between the proximal and distal epiphyses is unusually high [START_REF] Pintore | Femoral specializations to locomotor habits in early archosauriforms[END_REF]. This may result from taphonomic processes, which may have flattened the diaphysis. The Labidosaurus femur, however, does not appear to have been crushed or deformed. In the end, even after excluding this parameter from our model, some inferences remain surprising. This could be due to the model itself. Regardless, one should be cautious when considering parameters that might be influenced by taphonomic processes. 

Palaeobiological inferences outside the extant phylogenetic bracket-Euparkeria

Conclusions

We show from mid-diaphyseal femoral cross-sections that there is a significant difference in the parameter P (distance from the centre of the section of the medullo-cortical transition) between quadrupeds and bipeds (implying a larger medullary cavity in the latter), but not in bone compactness (Cobs). A possible reason for this result could be due to variations in cortical thickness. Extant phylogenetic bracketing applied to the taxa in this study. Depending on the position of turtles in the tree, Labidosaurus is contained within the bracket or not. The dotted branch represents turtles in parareptiles as sister taxa to Eureptilia, as proposed by [START_REF] Laurin | A reevaluation of early amniote phylogeny[END_REF].

In general, our inference models show good statistical power to discriminate locomotor modes and postures with our sample of extant species. The exclusion of varanids and iguanids from our sample increases the score of our models. Although body mass is significantly related to some parameters in the model and to the model axes (but not lifestyle), the models have some success in inferring the locomotion and posture in extinct animals. The fact that few parameters are used in our models is good for palaeontologists because most of the time, they work with incomplete material.

However, it seems necessary to consider the impact of taphonomy on the fossils because accurate assessment of some parameters, such as the eccentricity of the crosssection, requires undeformed bones. The fact that we use 100 phylogenetic trees allow us to take into account the phylogenetic uncertainty. While the literature mentions that even a small variation in lambda can have an impact on the results, the impact is very small here.

Our models produce some plausible inferences. The captorhinid eureptile Labidosaurus hamatus is inferred as a semi-erect quadruped, while the dinosaurs in our sample are inferred as erect bipeds, as expected. Euparkeria capensis is inferred as a quadrupedal sprawler, but this may be due to the fact that hind limbs in Euparkeria show a mosaic of ancestral and derived characters. Marasuchus lilloensis is inferred as a facultative biped with a sprawling posture, but we admit that this is highly contradictory of other analyses from multiple lines of evidence and may be an artefact of our analysis. Finally, Terrestrisuchus is inferred as a biped. There has been less functional analysis (especially quantitative) of the limbs of early Crocodylomorpha as compared with Marasuchus, so the question of locomotion in these taxa remains ambiguous.

Our study provides insight into the evolution of locomotion in various early reptiles. PFDA is proving to be a valuable tool for the study of locomotion and posture in reptiles, especially when combined with other lines of evidence. In the future, extending our method to other elements of the appendicular skeleton could help improve the inferences for extinct taxa, particularly "posturally transitioning" taxa, such as Euparkeria capensis, which tend to display a mosaic of characters. 
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Introductory abstract

In the first chapter, we saw that femoral microanatomy, through middiaphyseal cross sections, was a good proxy for locomotion and limb posture in reptiles. We also showed that bipedal (birds) and quadrupedal (lepidosaurs, turtles, crocodylians) taxa did not differ significantly in terms of bone compactness. However, bipeds had a significantly larger medullary cavity than quadrupeds. In an attempt to explain this apparent decorrelation between bone compactness and the size of the medullary cavity, we hypothesised that cortical thickness might vary according to the position on the cross-section. In this second chapter, we put this hypothesis to the test.

Very few studies have attempted to characterise bone microanatomy in an angular manner, i.e. how microanatomy varies with anatomical direction (anteroposterior/mediolateral). [START_REF] Dumont | Inner architecture of vertebral centra in terrestrial and aquatic mammals: A two-dimensional comparative study[END_REF] analysed angular microanatomical parameters on vertebral centra of terrestrial and aquatic mammals, but to our knowledge nothing like this has been done on femoral cross-sections of reptiles. Here we show, using elliptic Fourier transforms and statistical analyses integrating phylogeny, how angular microanatomical parameters measured on reptile femoral cross-sections, such as the angular bone compactness, can be related to locomotion in this clade. The Fourier decomposition/transformation, named after its author, the French mathematician Joseph Fourier, is a mathematical procedure consisting in reducing a complex general function into a sum of simpler functions, called harmonics, in order to facilitate its study. Each harmonic is described by several coefficients. Today, Fourier analysis is extensively used in various scientific fields, such as physics [START_REF] Ransom | Fourier techniques for very long astrophysical time-series analysis[END_REF] and engineering [START_REF] Cadet | Application of Fourier transform and proteochemometrics principles to protein engineering[END_REF], but also biology and palaeontology, especially for the study of biological shapes in morphometric studies [START_REF] Bonhomme | Intraspecific variability of pollen morphology as revealed by elliptic Fourier analysis[END_REF][START_REF] Caillon | A morphometric dive into fish diversity[END_REF][START_REF] Kruta | Enigmatic hook-like structures in Cretaceous ammonites (Scaphitidae)[END_REF][START_REF] Zaharias | Just the once will not hurt: DNA suggests species lumping over two oceans in deep-sea snails (Cryptogemma)[END_REF]. Although phylogeny seems to have a significant impact on our results, we show that a functional signal exists. In particular, we show that bipeds and quadrupeds exhibit anterolateral and anterior cross-sectional eccentricity, respectively. We relate this finding to the forces acting on the femur in different postural contexts. This work contributes to deciphering the complex interplay between phylogeny, femoral microanatomy and locomotion in reptiles. 

Résumé introductif

Materials and methods

Biological sample

We collected angular microanatomical data from mid-diaphyseal crosssections of femora belonging to a large number of adult extant reptiles, i.e. 47 specimens from 45 taxa, including 31 archosaurs, 12 lepidosaurs, and 2 turtles (Figure 2-1; Table 2-1; see also electronic supplementary information in the Supplementary information section at the end of this manuscript). In order to expand the size range of bipeds, but also to provide temporal depth to our sample, we included 6 extinct nonavian theropod taxa, which were all fully bipedal [START_REF] Hutchinson | Bipedalism[END_REF]: the Mesozoic Allosaurus fragilis, Masiakasaurus knopfleri, Tyrannosaurus rex, and the Quaternary Dinornis sp., Pezophaps solitaria and Raphus cucullatus.

Locomotion in reptiles

Reptiles exhibit a wide range of locomotion. The bipeds in our sample spend all their time on their hind limbs. Bipedalism in our sample is exclusive to theropods [START_REF] Hutchinson | Bipedalism[END_REF]. Conversely, quadrupeds always move on all fours. This is the case for most lepidosaurs and all turtles and crocodylians (Gatesy, 1991a;Butcher & Blob, 2008;[START_REF] Bels | Behavior of lizards: Evolutionary and mechanistic perspectives[END_REF]. For these examples, bipedalism and quadrupedalism are strict and are functionally imposed insofar as it is impossible for a bird to stand on four limbs or for the majority of lepidosaurs to adopt bipedal locomotion, especially for standing or slow walking. Some varanids may adopt a tripodal stance during intraspecific fights, standing on their hind limbs with the tail touching the ground [START_REF] Schuett | The evolution of bipedal postures in varanoid lizards[END_REF], but this is not bipedalism because it corresponds to brief moments that involve little movement. Nevertheless, bipedalism and quadrupedalism do not correspond to compartmentalised functional categories.

Indeed, some lepidosaurs spontaneously alternate between bipedalism and quadrupedalism. Basiliscus basiliscus, the common basilisk, and Chlamydosaurus kingii, the frilled dragon, are some examples [START_REF] Bennett | Notes on the Chlamydosaurus or frilled lizard of Queensland (Chlamydosaurus kingii, Gray), and the discovery of a fossil species on the Darling Downs, Queensland[END_REF][START_REF] Snyder | Bipedal locomotion of the lizard Basiliscus basiliscus[END_REF]. In these reptiles, bipedalism is usually associated with running [START_REF] Bels | Behavior of lizards: Evolutionary and mechanistic perspectives[END_REF], while they spend a considerable amount of time on all fours. This is called facultative bipedalism [START_REF] Hutchinson | Bipedalism[END_REF]Grinham & Norman, 2020a). 

Data acquisition and bone orientation

We measured different microanatomical parameters on femoral diaphyseal cross-sections obtained mainly via CT scan data retrieved from the literature and from the media repository MorphoSource. We scanned some specimens on the tomography platforms of the Muséum national d'histoire naturelle and the university of Montpellier. We extracted a cross-section from the CT scan data where the diaphysis had the smallest perimeter. Traditional histological sections were also incorporated into our dataset. For histological sections, the reference plane is located at mid-shaft.

Mixing sections from different diaphyseal locations in a comparative framework is not a problem as long as the taxa in question do not show excessive longitudinal microanatomical variation [START_REF] Amson | Scaling effect on the mid-diaphysis properties of long bones-The case of the Cervidae (deer)[END_REF]Houssaye et al., 2018). Scans were processed in ImageJ [START_REF] Abràmoff | Image processing with ImageJ[END_REF] and MorphoDig [START_REF] Lebrun | MorphoDig, an open-source 3D freeware dedicated to biology[END_REF]. Each bone was oriented so that the section plane was as perpendicular as possible to the axis of the diaphysis. As we wanted to study microanatomical angular variations, we used the distal condyles to orient the bones in a traditional anatomical position (Figure 2-2).

All left femora were symmetrised to obtain only right femora. Some scans were of modest quality, so we increased the resolution using bicubic interpolation in ImageJ.

Finally, we binarised the cross-sections before taking our microanatomical measurements with BoneProfileR [START_REF] Girondot | Bone Profiler: A tool to quantify, model, and statistically compare bone-section compactness profiles[END_REF][START_REF] Gônet | BoneProfileR: the next step to quantify, model and statistically compare bone section compactness profiles[END_REF]. the minimum and maximum bone compactness, respectively; P corresponds to the point of inflection of the sigmoid curve, it represents the distance from the centre of the cross-section of the transition between the medullary cavity (the void) and the cortex (the bone); S is the inverse of the tangent to the modelled curve at point P, it gives information on the extension of this medullo-cortical transition. BoneProfileR can also perform radial analyses: the section is segmented into equal slices (here 60 slices of six degrees) and a compactness profile is drawn for each of them.

Here we are particularly interested in how the medullo-cortical transition varies depending on the position on the cross-section. We therefore used the measures of Cobs, P and S, which in our case are the most important parameters to characterise this transition (Min and Max representing only extreme values), from each slice and calculated the associated standard deviations (CobsSD, PSD and SSD). For the parameter SSD, values were log10 transformed due to the wide dispersion of the data.

For taxa represented by several individuals, we calculated the mean value for each parameter.

Elliptic Fourier transform and principal component analysis

We applied elliptic Fourier transform [START_REF] Kuhl | Elliptic Fourier features of a closed contour[END_REF] to the angular measurements of Cobs, P, and S to study the variability of the medullo-cortical transition depending on its position in the anatomically oriented cross-sectional plane.

This was done with the efourier function of the R package Momocs [START_REF] Bonhomme | Momocs: Outline analysis using R[END_REF]. For radial analysis, BoneProfileR generates two vectors (one with the slice positions on the cross-section in radians, and the other with the associated microanatomical measurements). As the eFourier function was designed for shapes, we projected the microanatomical measurements (60 per cross-section) into a twodimensional space with xy coordinates (Figure 2-4), before embedding them into a COO (collection of coordinates) object recognised by the function. The analysis returns a COE (collection of coefficients) object with the harmonic coefficients for each cross sections. We prevented the normalisation of the coefficients by setting the norm argument to "FALSE". Indeed, by default, the function normalises the shapes in terms of size and rotation based on the "first ellipse", i.e. the coefficients of the first harmonic.

Instead, we pre-aligned the shapes based on the positional homology between taxa (Figure 2-2). We determined the optimal number of harmonics to include in the analysis using the calibrate_harmonicpower_efourier function. The cumulative power of the harmonics may be considered a measure of the amount of contour information carried by these harmonics [START_REF] Bonhomme | Momocs: Outline analysis using R[END_REF]. We selected the number of harmonics representing 95% of the cumulative harmonic power. We then performed a principal component analysis (PCA) on the Fourier coefficients.

Statistical treatment in a phylogenetic framework

Building a set of reference time-calibrated phylogenies-Most statistical analyses require the data to be independent, which is not the case when observations are made on evolutionarily related taxa. Indeed, many observable traits result from shared evolutionary history between taxa, and it is necessary to take this fact into account in order to minimise interpretation bias [START_REF] Felsenstein | Phylogenies and the comparative method[END_REF][START_REF] Martins | Phylogenies and the comparative method: A general approach to incorporating phylogenetic information into the analysis of interspecific data[END_REF]. To this end, we built a set of 100 time-calibrated phylogenetic trees of reptiles (Figure 2345). These are composite trees since, to our knowledge, there is no published phylogeny that includes all the sampled taxa. However, some portions do not vary because tree sets were not available for all clades (Testudines and Crocodylia). We manipulated the trees in R (R Core Team, 2013) using the packages paleotree [START_REF] Bapst | Paleotree: An R package for paleontological and phylogenetic analyses of evolution[END_REF], phytools [START_REF] Revell | phytools: An R package for phylogenetic comparative biology (and other things)[END_REF] and TreePar [START_REF] Stadler | Mammalian phylogeny reveals recent diversification rate shifts[END_REF]. The trees in Newick tree format are available as electronic supplementary information.

The divergence between Lepidosauria and Archelosauria (Archosauria + Testudines) was set at 281.88 Myr following [START_REF] Turner | Empirical and Bayesian approaches to fossil-only divergence times: A study across three reptile clades[END_REF]. Concerning the relationships within lepidosaurs, we extracted on https://vertlife.org a set of 100 trees from the work of [START_REF] Tonini | Fullysampled phylogenies of squamates reveal evolutionary patterns in threat status[END_REF]. VertLife offers the possibility to extract trees with only the species of interest, which we did. Based on [START_REF] Chiari | Phylogenomic analyses support the position of turtles as the sister group of birds and crocodiles (Archosauria)[END_REF] and [START_REF] Joyce | A divergence dating analysis of turtles using fossil calibrations: An example of best practices[END_REF], we set the divergences between turtles and archosaurs and between Chelydra serpentina and Chelonoidis carbonaria at 255 and 118.57 Myr, respectively. We set the divergence between Crocodylia and Dinosauria at 237.36 Myr based on the timecalibrated Bayesian tree of archosaurs (vartime = 1) in [START_REF] Turner | Empirical and Bayesian approaches to fossil-only divergence times: A study across three reptile clades[END_REF]. Concerning the relationships among the former, we retrieved the time-calibrated tree of Crocodyliformes from [START_REF] Drumheller | A synthetic approach for assessing the interplay of form and function in the crocodyliform snout[END_REF]; concerning the latter, we used the cal3TimePaleoPhy function in the paleotree package to generate 100 timecalibrated trees of non-avian theropods with the tree topology and occurrence matrix from [START_REF] Rauhut | Probable basal allosauroid from the early Middle Jurassic Cañadón Asfalto Formation of Argentina highlights phylogenetic uncertainty in tetanuran theropod dinosaurs[END_REF], retrieving speciation, extinction, and sampling rates from [START_REF] Bapst | Topology, divergence dates, and macroevolutionary inferences vary between different tip-dating approaches applied to fossil theropods (Dinosauria)[END_REF]. For birds, we extracted 100 trees from the Hackett all species subset on VertLife [START_REF] Jetz | The global diversity of birds in space and time[END_REF] and branched them as the sister taxon of Tyrannosaurus rex in our non-avian theropod trees. We replaced Caloenas nicobarica in our bird trees by the Raphus-Pezophaps clade. We set the age of divergence between Raphus cucullatus and Pezophaps solitaria at 25.6 Myr following [START_REF] Shapiro | Flight of the dodo[END_REF]. We branched Dinornis midway between the Palaeognathae and Tinamidae (Tinamus major+Eudromia elegans) nodes for each tree. We then removed Tinamus major from the trees as it was initially not part of our sample of reptile femoral cross-sections.

Phylogenetic signal-We used the delta-statistic [START_REF] Borges | Measuring phylogenetic signal between categorical traits and phylogenies[END_REF], which was designed to evaluate the phylogenetic signal in discrete data, to test for a signal in locomotion. The more a trait follows the phylogeny, the less uncertainty there is in the reconstruction of ancestral states. The delta-value is based on this uncertainty: the lesser the uncertainty, the stronger the phylogenetic signal, and the higher the delta- statistic. A p-value is obtained by a randomisation process. We calculated a deltastatistic and its associated p-value for each of our 100 phylogenetic trees.

We used the phylosig function from the R package phytools [START_REF] Revell | phytools: An R package for phylogenetic comparative biology (and other things)[END_REF] to calculate the K-statistic of [START_REF] Blomberg | Testing for phylogenetic signal in comparative data: Behavioral traits are more labile[END_REF], which is designed to estimate the phylogenetic signal in continuous data. The latter is compared to the signal expected under a Brownian model of evolution (K = 1). A K-statistic greater than 1 suggests that closely related species in the tree are more similar to each other than would be expected with a Brownian model of evolution, implying a substantial phylogenetic signal in the data. Conversely, a K-statistic below 1 suggests that closely related species are less similar than expected, implying a pattern of evolutionary convergence or higher variance among rather than within clades. The phylosig function also provides a way to compute a p-value using a randomisation process. We searched for a phylogenetic signal in the microanatomical parameters CobsSD, PSD and SSD and in the log10 transformed body mass with our 100 phylogenetic trees.

Phylomorphospace-Using the R package phytools [START_REF] Revell | phytools: An R package for phylogenetic comparative biology (and other things)[END_REF], we plotted a phylogenetic tree on the PCA graphs to visualize the spread of the different clades, and thus attempt to reveal a possible impact of the phylogeny.

Impact of body mass-We collected mass estimates from the literature for each taxon in our sample to investigate a possible association between the microanatomical parameters and body mass. We relied primarily on the database of [START_REF] Myhrvold | An amniote life-history database to perform comparative analyses with birds, mammals, and reptiles[END_REF], which compiles median body masses for a large number of extant amniotes.

When only the genus was known, the mean median body mass of the relevant genus was used. We used the cQE function from the R package MASSTIMATE [START_REF] Campione | MASSTIMATE: Body mass estimation equations for vertebrates[END_REF] to estimate body mass for the bipedal non-avian theropods in our sample from femur circumference [START_REF] Campione | A universal scaling relationship between body mass and proximal limb bone dimensions in quadrupedal terrestrial tetrapods[END_REF][START_REF] Campione | Body mass estimation in non-avian bipeds using a theoretical conversion to quadruped stylopodial proportions[END_REF]. However, this method overestimated body mass for Tyrannosaurus. This is because we could not obtain a cross-section where the diaphyseal perimeter was smallest due to poor scan contrast. Therefore, we relied on the literature for this taxon [START_REF] Hutchinson | A computational analysis of limb and body dimensions in Tyrannosaurus rex with implications for locomotion, ontogeny, and growth[END_REF][START_REF] Campione | Body mass estimation in non-avian bipeds using a theoretical conversion to quadruped stylopodial proportions[END_REF]. Because the range of body mass in our sample is large (from 3 g to 7000 kg; see Table 2-1), we applied a log10 transformation to body mass.

We used phylogenetic generalised least squares (PGLS) in R to study the association of the different microanatomical parameters and the coordinates of the taxa on the first principal component (PC) of each Fourier-derived PCA with body mass.

We performed PGLS using the caper package [START_REF] Orme | The caper package: Comparative analysis of phylogenetics and evolution in R. R package version 1[END_REF]. PGLS fits a linear regression between a dependent variable and one or more independent variables while accounting for relatedness between taxa [START_REF] Symonds | A primer on phylogenetic generalised least squares[END_REF]. This is done by adjusting branch length transformations using the optimal value of lambda [START_REF] Pagel | Inferring the historical patterns of biological evolution[END_REF] obtained by maximum likelihood. PGLS were performed with 100 phylogenetic trees.

Impact of locomotion and lifestyle-We used the phylogenetic analysis of variance of [START_REF] Garland | Phylogenetic analysis of covariance by computer simulation[END_REF] implemented by the phylANOVA function in the R package phytools [START_REF] Revell | phytools: An R package for phylogenetic comparative biology (and other things)[END_REF] to investigate the impact of locomotion and lifestyle (semi-aquatic, terrestrial, fossorial and arboreal) on the microanatomical parameterswhen a parameter was significantly associated with body mass, we used the residuals from the PGLS model instead of the original values-and on the coordinates of the taxa on the first PC of the Fourier-derived PCAs. Significant phylogenetic ANOVAs were followed by pairwise post-hoc tests with false discovery rate (FDR) correction to explore differences between group means while controlling for experimental error rate. Phylogenetic ANOVAs were performed with 100 phylogenetic trees.

Phylogenetic flexible discriminant analysis-We used phylogenetic flexible discriminant analysis (PFDA) to explain locomotion from the first PC of the Fourierderived PCAs while accounting for phylogeny. PFDA is derived from flexible discriminant analysis (FDA; [START_REF] Hastie | Flexible discriminant analysis by optimal scoring[END_REF] and corresponds to its phylogenetically informed version [START_REF] Motani | Phylogenetic versus functional signals in the evolution of form-function relationships in terrestrial vision[END_REF]. PFDA is a classification model based on a combination of linear regressions. It incorporates a phylogenetic distance matrix whose terms are multiplied by lambda [START_REF] Pagel | Inferring the historical patterns of biological evolution[END_REF]. Lambda is optimized to minimise the part of the model error that is due to phylogeny. PFDA was performed only on the first PC because it yielded the highest classification rates after leave-one-out crossvalidation [START_REF] Stone | Cross-validatory choice and assessment of statistical predictions[END_REF]. PFDA was performed with all our 100 phylogenetic trees.

Results

Phylogenetic signal in the data

Locomotion is significantly associated with the phylogeny (mean p-value < 0.001), with the delta-statistic ranging from 8.04 to 376.27 (mean = 22.63). A significant phylogenetic signal is also found in PSD (0.001 < p-value < 0.17; mean = 0.006) and in body mass (0.001 < p-value < 0.035; mean = 0.001; Values are averaged over 100 time-calibrated trees. P-values for delta and K are obtained from 10 and 1000 randomisations, respectively. SSD and body mass are log10 transformed.

Elliptic Fourier transform and effect of the phylogeny

PCA successfully separates the locomotor modes with the parameters Cobs and P. Thus, we will focus on the latter in this section. However, the PCA results with the parameter S are available as supplementary information (Figure S2-1).

For both Cobs and P, the number of harmonics aggregating 95% of the harmonic power is 12 (see Supplementary information: 

Effect of body mass on the radial microanatomical parameters

Body mass is significantly linked with PSD (0.016 < p-value < 0.042; mean = 0.027; Table 2-3). Lambda ranges from 0.745 to 0.841 (mean = 0.79). However, no association is found with CobsSD (0.118 < p-value < 0.122; mean = 0.12) and with SSD (0.271 < p-value < 0.35; mean = 0.304). Also, there is no association between body mass and the taxon coordinates on the first PC of the Fourier-derived PCAs (Table 2-3).

Effect of locomotion and lifestyle on femoral microanatomy

None of the microanatomical parameters are significantly associated with locomotion or lifestyle ( Values reported are means obtained from 100 phylogenetic trees. SSD is log10 transformed. Abbreviations: LM, locomotor mode; LS, lifestyle; PC1, taxon coordinates on principal component 1.

Phylogenetic classification of locomotor groups

PFDA is moderately successful in discriminating locomotor groups from the first axis of the Fourier-derived PCA for Cobs (Figure 2-8A). Indeed, leave-one-out cross-validation for the 100 phylogenetic trees yields a rate of correct classification (RCC) that ranged between 59% and 61% (mean = 60%). On average, bipeds (34) are correctly classified at 52% (50%-53%). Quadrupeds ( 14) are correctly classified at 93% with all trees in our phylogenetic tree sample. The 3 facultative bipeds are never classified correctly. Lambda ranges between 0.48 and 0.58 (mean = 0.529).

PFDA performs slightly better with the parameter P (Figure 2-8B). Leaveone-out cross-validation yields a RCC between 63% and 67% (mean = 64%). In-group classification rates are more balanced. Indeed, bipeds are correctly classified at 66% (62%-68%) and quadrupeds at 74% (71%-79). Facultative bipeds are never correctly classified. Lambda ranges between 0.4 and 0.48 (mean = 0.442). 2-2). In the case of body mass and PSD, the K-statistic is less than 1 and suggests convergence. However, the presence or absence of a phylogenetic signal in the data obviously depends on the sampling. Indeed, if the clades studied here (Dinosauria, Crocodylia, Testudines and Lepidosauria) seem at first sight rather different from a microanatomical perspective (Figure 2-1), the existence of a phylogenetic signal is not guaranteed within other clades, such as Mammalia. In our case, the presence of a phylogenetic signal, at least in some parameters, justifies the use of comparative phylogenetic methods.

PSD is the only microanatomical parameter to be significantly associated with body mass and none of them seem to be associated with locomotion or lifestyle (Table 2-3, 2-4), which may seem surprising at first glance given that PCA manages to correctly separate locomotor modes, at least for the parameters Cobs and P. Indeed, CobsSD, PSD and SSD, and the 60 angular values of Cobs, P and S do not convey the same information: CobsSD, PSD and SSD correspond to measures of standard deviation, while the 60 angular values of Cobs, P and S, considered as a whole in the context of elliptic Fourier transform, contain shape information. Therefore, at least in this case, it is important not to consider these two types of metrics as equivalent.

Morphometric separation of locomotor groups

PCA on Fourier coefficients correctly separates the locomotor modes, at least for the parameters Cobs and P (Figure 23456). Along PC 1, Cobs tends to be homogeneous in quadrupeds, whereas bipeds show lower bone compactness in anterolateral and posteromedial positions. Conversely, quadrupeds have a lower mediolateral P, whereas bipeds have a relatively homogeneous P. This apparent lack of correlation between Cobs and P is surprising because they generally evolve in an inverse fashion:

if Cobs increases, P decreases, and reciprocally [START_REF] Castanet | Influence du mode de vie sur les caractéristiques pondérales et structurales du squelette chez les amphibiens anoures[END_REF][START_REF] Canoville | Microanatomical diversity of the humerus and lifestyle in lissamphibians[END_REF]. This may be related to the presence of more or less spongiosa. For example, a mediolateral excursion of cancellous bone into the medullary cavity could account for constant bone compactness and lower P in this direction in quadrupeds.

Although this is correct in theory, a return to the specimens reveals that the vast majority is devoid of spongiosa. Hence, this lack of correlation clearly is artificial. The apparent homogeneity of Cobs and P for quadrupeds and bipeds respectively comes from the fact that in these two cases the measured values vary while being close to 1.

To clarify, for the same amplitude of variation, it tends to be less visible on the shapes reconstructed with the eFourier function when the values of the microanatomical parameter considered are high than when they are close to 0. By observing the raw data, it is clear that high values of Cobs correspond to low values of P for a given taxon, and conversely. This is even more evident when looking at the PCA plots (Figure 2-6):

we notice a mirror effect between Cobs and P. The inverse relationship between Cobs and P is thus confirmed, which implies that when studying the medullo-cortical transition, considering only one of these parameters is sufficient and prevents redundancies.

In the first chapter of this thesis, we proposed that the lack of correlation between Cobs and P across taxa (which is different from the point discussed above, which concerns a lack of correlation within individuals) was related to variations in cortical thickness in either bipeds or quadrupeds. It is clear that both bipeds and quadrupeds show variations in Cobs and P. Thus, this lack of correlation cannot be explained by varying cortical thickness in either locomotor mode and must be attributed to another cause, including a potential statistical artefact. However, while

Cobs and P do vary in bipeds and quadrupeds, they do not vary in the same way, which is interesting. Furthermore, do these variations in bone compactness (and medullary cavity size) reflect genuine variation in cortical thickness? At first sight, this is not obvious (see Figure 2-1). Another explanation lies in the eccentricity of the crosssections. If a cross-section shows eccentricity, bone compactness, as measured with BoneProfileR, will be lower where the cortex is furthest from the centre, even if cortical thickness remains constant. The majority of the cross-sections considered do present eccentricity (see Supplementary information: Table S2-3) and the direction of elongation tends to be in line with the PCA results for bipeds and quadrupeds. Indeed, the former present anterolateral eccentricity and the latter anterior eccentricity.

Wilson & Carrano (1999) associated the highly eccentric femora of some sauropod dinosaurs with their "wide-gauge" stance, i.e. with feet away from the midline. In this study, the authors explain that, while the limbs are subject to compressive forces because they support the body weight, they are also subject to lateral bending because they are not located directly under the centre of mass, resulting in lateral eccentricity. A wide-gauge stance increases this lateral bending and thus eccentricity. [START_REF] Maidment | Limb-bone scaling indicates diverse stance and gait in quadrupedal ornithischian dinosaurs[END_REF] also suggested that, as the limbs of some ornithopod dinosaurs were slightly flexed, the stresses must have been directed mainly cranially, resulting in eccentricity in that direction. Thus, cross-sectional eccentricity is generally related to force transmission in a postural context, and in particular to bending forces. Looking at our sample, we can observe that quadrupeds (sprawling and "semi-erect" taxa represented by lepidosaurs and turtles, and crocodylians, respectively) show strong femoral abduction, unlike bipeds (parasagittally locomoting "crouched" and erect taxa represented by avian and nonavian theropods). In the former, the limbs are mainly loaded in torsion, while in the latter they are mainly loaded in bending [START_REF] Blob | In vivo locomotor strain in the hindlimb bones of Alligator mississippiensis and Iguana iguana: Implications for the evolution of limb bone safety factor and non-sprawling limb posture[END_REF], 2001;[START_REF] Blob | Interspecific scaling of the hindlimb skeleton in lizards, crocodilians, felids and canids: Does limb bone shape correlate with limb posture[END_REF]Butcher et al., 2008;Butcher & Blob, 2008; but see [START_REF] Carrano | Locomotion in non-avian dinosaurs: Integrating data from hindlimb kinematics, in vivo strains, and bone morphology[END_REF][START_REF] Main | Skeletal strain patterns and growth in the emu hindlimb during ontogeny[END_REF][START_REF] Butcher | In vivo strains in the femur of the Virginia opossum (Didelphis virginiana) during terrestrial locomotion: Testing hypotheses of evolutionary shifts in mammalian bone loading and design[END_REF]. In fact, in both cases, the limbs are subject to multiple stresses (compression/tension, bending, torsion), but in different proportions. In sprawling and semi-erect taxa, the anterior aspect of the femur, as defined in this study (Figure 2-2), is dorsally oriented. In a way, sprawling and semi-erect taxa can be considered to have a "very wide gauge" stance, implying greater lateral bending that may account for anterior eccentricity in quadrupeds. In parasagittally locomoting taxa, the anterior aspect of the femur is oriented craniodorsally (the limbs are flexed). Thus, the concepts presented by [START_REF] Wilson | Titanosaurs and the origin of "wide-gauge" trackways: A biomechanical and systematic perspective on sauropod locomotion[END_REF], i.e. lateral bending, and [START_REF] Maidment | Limb-bone scaling indicates diverse stance and gait in quadrupedal ornithischian dinosaurs[END_REF], i.e. limb flexion, may be combined to explain anterolateral eccentricity in bipeds.

Phylogeny vs locomotion

Based on the visualisation of the phylomorphospaces, the observations are mostly grouped by clade, with birds on one side of the graph, and lepidosaurs, turtles and crocodylians on the other (Figure 234567). This is far from surprising since all bipeds are contained in a single clade (birds/Theropoda). We are actually constrained by our taxonomic sampling. In this context, it is difficult to assert with certainty the existence of a functional signal that would not be due solely to phylogeny. However, correct classification rates of about 60-70% from PFDA and significant phylogenetic ANOVAs (see Supplementary information: Table S2-1), suggest that despite a phylogenetic effect, the data appear to contain a substantial functional signal. Furthermore, we provide biomechanical arguments that are fully congruent with the microanatomical patterns we observe (see above).

Conclusions

We show that the parameter PSD is the only microanatomical parameter to carry a phylogenetic signal and to be significantly associated with body mass. The parameters CobsSD and SSD are not related to phylogeny, body mass nor lifestyle. This seems contradictory at first sight, as Fourier-derived PCAs correctly separate locomotor modes. This is most likely due to the nature of the parameters themselves.

Indeed, CobsSD, PSD and SSD are, in fact, not microanatomical parameters but statistical values corresponding to the standard deviations of Cobs, P and S, whereas the latter reflect shapes in the context of Fourier analysis.

PCA performed on the Fourier coefficients properly separates locomotor modes for the parameters Cobs and P (the angular distributions of bone compactness and of the distance of the medullo-cortical transition from the centre of a cross-section, respectively), mainly along the first component, which explains most of the variation (about 90%). The lack of correlation between Cobs and P is actually artificial, as it is due to high values of Cobs and P in quadrupeds and bipeds, respectively. The results with

Cobs and P are basically redundant. This implies that only one of these two parameters is necessary to study the medullo-cortical transition in this context.

Our hypothesis proposed in Chapter I that bipeds or quadrupeds could show variations in cortical thickness, proves to be wrong, as both bipeds and quadrupeds show variations in bone compactness. The differential variation in bone compactness between bipeds and quadrupeds is consistent with anterolateral and anterior cross-sectional eccentricity in bipeds and quadrupeds, respectively. In both cases, cross-sectional eccentricity is most likely determined by limb posture. The sampled quadrupeds have a sprawling or "semi-erect" posture (lepidosaurs and turtles, and crocodylians, respectively), while bipeds have a parasagittally locomoting crouched or erect posture (birds). Hence, lateral bending and limb flexion could explain femoral cross-sectional eccentricity in these taxa.

Finally, phylogeny clearly seems to impact our results, as shown by the phylomorphospaces. Nevertheless, correct classification rates over 60% from PFDA and significant phylogenetic ANOVAs, sustained by cogent biomechanical arguments, suggest the presence of a substantial functional signal in the data.

This study shows the impact of locomotion on the shape of mid-diaphyseal femur cross-sections among Reptilia. Using statistical methods that take phylogeny into account, this study provides a better understanding of the locomotor diversity in this clade. The addition of new taxa, including facultative bipeds, but also taxa with a more developed spongiosa, would improve our understanding of the complex interaction between phylogeny, locomotion and femoral cross-sectional geometry. The results of this study could ultimately be useful in palaeontology, especially in species for which locomotion remains uncertain. Indeed, in an actualistic context, the acquisition of prior knowledge on modern taxa is an essential tool to address past diversity. Eccentricity corresponds to the ratio of the area moment of inertia along the minor (Imin) and major (Imax) axes, as calculated with the BoneJ plugin in ImageJ. Eccentricity is ranked in ascending order.

Electronic supplementary information
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Introductory abstract

Mammals have an evolutionary history spanning hundreds of millions of years. Today, they represent one of the most diverse groups of tetrapod vertebrates. In particular, they present a great postural diversity (see Introduction). The humeri, in particular, adopt different positions: small mammals have a "crouched" posture with quasi-horizontal humeri, while in larger species, they are more vertical. Some Dimetrodon and a crouched posture for Peratherium. This work contributes to unravel the complex interaction between humeral posture and microanatomy, mediated by body mass and lifestyle, in mammals. Extending our method to other elements of the appendicular skeleton could help refine our inferences, especially for taxa with a mosaic of primitive and derived characters.

Résumé introductif

Les 

Materials and methods

Biological sample

To train our statistical model, we compiled a set of microanatomical data collected on humeral mid-diaphyseal cross-sections from a large number of mammal taxa with known posture. The dataset includes 43 individuals from 41 extant species (Table 3-1; see also electronic supplementary information in the Suplementary information section at the end of this manuscript). We built our dataset to be as taxonomically exhaustive as possible and to maximise coverage of the postural diversity of Mammalia. We used our postural models to infer the posture of two extinct taxa: the Early Permian stem mammal Dimetrodon natalis and the Late Eocene herpetotheriid Peratherium cuvieri (see electronic supplementary information).

Postural definitions

Most non-flying mammals are obligate quadrupeds, that is, they move exclusively on four limbs [START_REF] Vaughan | Mammalogy[END_REF]. A few taxa, especially among rodents, marsupials and primates, are known to be facultatively bipedal or quadrupedal, meaning that they alternate between bipedalism and quadrupedalism [START_REF] D'août | Locomotion in bonobos (Pan paniscus): Differences and similarities between bipedal and quadrupedal terrestrial walking, and a comparison with other locomotor modes[END_REF][START_REF] Russo | Another look at the foramen magnum in bipedal mammals[END_REF]. Some pangolins (e.g. Smutsia temminckii) are also able to move on their hind limbs for some distance [START_REF] Pietersen | Temminck's pangolin Smutsia temminckii (Smuts, 1832)[END_REF]. Obligate bipedalism is restricted to humans [START_REF] Niemitz | The evolution of the upright posture and gait-A review and a new synthesis[END_REF]).

Yet, mammals show great diversity in limb posture, especially regarding the humerus (Figure 3-1). During normal walking, the specialised "erect" (or upright) forelimb posture of mammals exhibits fairly low humeral abduction (less than 10 degrees to the parasagittal plane; [START_REF] Jenkins | Limb posture and locomotion in the Virginia opossum (Didelphis marsupialis) and in other non-cursorial mammals[END_REF]. The humerus is oblique with the elbow always functioning below the shoulder joint between approximately 30 and 75 degrees from the horizontal. Erect limbs are found in "hoofed" mammals, such as artiodactyls and proboscideans [START_REF] Gregory | Notes on the principles of quadrupedal locomotion and on the mechanism of the limbs in hoofed animals[END_REF], in carnivores [START_REF] Blob | Interspecific scaling of the hindlimb skeleton in lizards, crocodilians, felids and canids: Does limb bone shape correlate with limb posture[END_REF] and in cursorial and graviportal mammals in general [START_REF] Gregory | Notes on the principles of quadrupedal locomotion and on the mechanism of the limbs in hoofed animals[END_REF][START_REF] Jenkins | Limb posture and locomotion in the Virginia opossum (Didelphis marsupialis) and in other non-cursorial mammals[END_REF]; but see [START_REF] Stein | What is a cursorial mammal?[END_REF][START_REF] Carrano | What, if anything, is a cursor? Categories versus continua for determining locomotor habit in mammals and dinosaurs[END_REF]. Taxa with more generalised locomotor adaptations, such as rodents, have a so-called "crouched" posture [START_REF] Jenkins | Limb posture and locomotion in the Virginia opossum (Didelphis marsupialis) and in other non-cursorial mammals[END_REF]. The For each taxon, the reported body mass value (in grams) is the median [START_REF] Myhrvold | An amniote life-history database to perform comparative analyses with birds, mammals, and reptiles[END_REF]. Abbreviations: Aq, semi-aquatic; Ar, arboreal; C, crouched; E, erect; Fo, fossorial; M, modified; S, sprawling; Te, terrestrial. *Data collected on https://www.morphosource.org. [START_REF] Jenkins | Limb posture and locomotion in the Virginia opossum (Didelphis marsupialis) and in other non-cursorial mammals[END_REF][START_REF] Pridmore | Terrestrial locomotion in monotremes (Mammalia: Monotremata)[END_REF][START_REF] Lin | How moles walk; it's all thumbs[END_REF]. [START_REF] Jenkins | Limb posture and locomotion in the Virginia opossum (Didelphis marsupialis) and in other non-cursorial mammals[END_REF]. It is also more horizontal, with the elbow oscillating from about 20 degrees above the shoulder joint to 45 degrees below it.

Besides this general pattern, some taxa have atypical humeral posture.

Monotremes, Tachyglossus and Ornithorhynchus, have more "sprawling" humeri, akin to what exists in extant ectothermic reptiles [START_REF] Bakker | Dinosaur physiology and the origin of mammals[END_REF]; but see [START_REF] Pridmore | Terrestrial locomotion in monotremes (Mammalia: Monotremata)[END_REF][START_REF] Gambaryan | An evolutionary perspective on the walking gait of the long-beaked echidna[END_REF]. In Tachyglossus, the humerus is completely horizontal. The elbow oscillates laterally between 80 and 100 degrees from the parasagittal plane [START_REF] Jenkins | Limb posture and locomotion in the Virginia opossum (Didelphis marsupialis) and in other non-cursorial mammals[END_REF][START_REF] Pridmore | Terrestrial locomotion in monotremes (Mammalia: Monotremata)[END_REF]. In Ornithorhynchus, the humerus is abducted between 40 and 75 degrees from the parasagittal plane, with the elbow operating above the shoulder joint up to 45 degrees from the horizontal [START_REF] Pridmore | Terrestrial locomotion in monotremes (Mammalia: Monotremata)[END_REF]. The forelimbs of moles (Talpidae) are also highly modified in relation to their burrowing behaviour. The humerus is slightly abducted (less than 20 degrees from the parasagittal plane). The elbow oscillates cranially relative to the shoulder joint, rising 40 to 65 degrees from the horizontal [START_REF] Lin | How moles walk; it's all thumbs[END_REF].

Building reference phylogenies

We constructed a set of 100 reference trees of mammals to include phylogenetic uncertainty in our statistical analyses (Figure 3-2). The trees were manipulated in R (R Core Team, 2013) using the packages phytools [START_REF] Revell | phytools: An R package for phylogenetic comparative biology (and other things)[END_REF] and

TreePar [START_REF] Stadler | Mammalian phylogeny reveals recent diversification rate shifts[END_REF]. We extracted 100 trees with only the species of interest from a distribution of 10 000 Bayesian supertrees of mammals calibrated in time (node-dating, We measured various geometric and compactness parameters that have been previously associated in the literature with locomotion and posture, and more generally with lifestyle in amniotes [START_REF] Canoville | Microanatomical diversity of the humerus and lifestyle in lissamphibians[END_REF], 2010;[START_REF] Amson | Gradual adaptation of bone structure to aquatic lifestyle in extinct sloths from Peru[END_REF]Houssaye et al., 2016a;[START_REF] Houssaye | From land to water: Evolutionary changes in long bone microanatomy of otters (Mammalia: Mustelidae)[END_REF][START_REF] Scheidt | The evolution of femoral crosssectional properties in sciuromorph rodents: Influence of body mass and locomotor ecology[END_REF]. This was done on cross-sections of mammal humeral shafts obtained mainly from CT data retrieved from the literature and from https://www.morphosource.org. We scanned some of the specimens on the AST-RX platform of the MNHN and on the MRI platform of the university of Montpellier. We extracted a cross-section from the CT data where the perimeter of the shaft was the smallest because this is an area where mechanical stresses generally are important [START_REF] Beck | Dual-energy X-ray absorptiometry derived structural geometry for stress fracture prediction in male U.S. marine corps recruits[END_REF][START_REF] Tommasini | Relationship between bone morphology and bone quality in male tibias: Implications for stress fracture risk[END_REF][START_REF] Campione | A universal scaling relationship between body mass and proximal limb bone dimensions in quadrupedal terrestrial tetrapods[END_REF]. We also used unpublished mid-diaphyseal histological sections from [START_REF] Quemeneur | Microanatomy of the amniote femur and inference of lifestyle in limbed vertebrates[END_REF]. Mixing sections with slightly different reference planes in comparative studies is not considered a problem as long as the species of interest does not show excessive longitudinal microanatomical variation [START_REF] Amson | Scaling effect on the mid-diaphysis properties of long bones-The case of the Cervidae (deer)[END_REF]Houssaye et al., 2018). The scans were processed in ImageJ [START_REF] Abràmoff | Image processing with ImageJ[END_REF] and MorphoDig [START_REF] Lebrun | MorphoDig, an open-source 3D freeware dedicated to biology[END_REF]. Each bone was oriented so that the section plane was as perpendicular as possible to the long axis of the diaphysis. Data for all left humeri were symmetrised so that the sample consisted of right side bones only. We binarised the cross-sections before taking our geometric and compactness measurements in ImageJ with the BoneJ plugin [START_REF] Doube | BoneJ: Free and extensible bone image analysis in ImageJ[END_REF] and in R (R Core Team, 2013) with the BoneProfileR package [START_REF] Girondot | Bone Profiler: A tool to quantify, model, and statistically compare bone-section compactness profiles[END_REF][START_REF] Gônet | BoneProfileR: the next step to quantify, model and statistically compare bone section compactness profiles[END_REF]see Appendices).

A sample of the mammal cross-sections used in this study are presented in Figure 3-2.

We measured six geometric parameters with BoneJ (Figure 3-3): Pemin, the minimum perimeter of the shaft; BCSA, the area occupied by bone on the section; TCSA, the total area of the section; Ecc, the eccentricity of the cross-section as the ratio of the area moments of inertia around the major and minor axes (Imax/Imin); Zpol, the polar section modulus reflecting the resistance of the shaft to torsion (the higher Zpol, the more resistant the bone will be to torsion); SR, the slenderness ratio (equation 1).

A high slenderness ratio SR indicates a slender bone, while a low SR indicates a more robust bone.

Slenderness ratio =

Bone length

√ I min TCSA (1)
We used BoneProfileR to measure seven compactness parameters (Figure 3-3). We set BoneProfileR to determine the position of the centre of unmineralisation, i.e. the centre of the unmineralised spaces on the bone section, and segment the crosssection into 100 concentric circles. Bone compactness, i.e. the number of bone pixels relative to the total number of pixels, was measured in each circle from the centre of the medulla to the edge of the cross-section. We extracted several parameters from the resulting compactness profiles: P, the distance from the centre of the medullo-cortical transition (a high P generally reflects low bone compactness); S, the inverse of the asymptote of the slope at point P (a high S corresponds to a gradual transition between the medulla and the cortex, as in the case of cancellous bone, while a low S reflects an abrupt transition). BoneProfileR also computes an observed global compactness value, Cobs. In addition, we performed a radial analysis with 60 sections to extract the radial component of the above parameters (RP and RS) and their associated standard deviation (RPSD and RSSD). When a species in our sample was represented by more than one individual, we calculated the mean value for each of the compactness parameters.

Body mass estimates and lifestyles

Body mass affects posture and bone microanatomy. Indeed, among mammals, the largest taxa tend to have more erect/upright limbs and greater bone compactness [START_REF] Biewener | Scaling body support in mammals: Limb posture and muscle mechanics[END_REF][START_REF] Biewener | Biomechanical consequences of scaling[END_REF]Houssaye et al., 2016b;[START_REF] Hutchinson | The evolutionary biomechanics of locomotor function in giant land animals[END_REF]. We therefore collected body mass estimates from the literature for each taxon in our sample (Table 3-1; electronic supplementary information). We relied entirely on the database of [START_REF] Myhrvold | An amniote life-history database to perform comparative analyses with birds, mammals, and reptiles[END_REF] which compiles median body mass values for a large number of extant amniotes. Lifestyle is also known to be related to bone microanatomy, e.g. fossorial talpids have greater extension of the medullo-cortical transition compared to terrestrial talpids [START_REF] Meier | Evolution of bone compactness in extant and extinct moles (Talpidae): Exploring humeral microstructure in small fossorial mammals[END_REF]. Thus, we defined four lifestyle categories based on limb use (semi-aquatic, terrestrial, fossorial and arboreal) to explore the potential relationship between lifestyle and posture (Table 3-1; electronic supplementary information).

Figure 3-3. All the geometric and compactness parameters measured in this study, illustrated here with a humerus of Marmota marmota (STIPB unnumbered specimen). The section on the compactness profile is divided into 30 concentric circles and 20 slices for better readability, but more were used in the analyses (100 and 60, respectively)

Statistical treatment in a phylogenetic framework

Phylogenetic signal-We used the delta-statistic [START_REF] Borges | Measuring phylogenetic signal between categorical traits and phylogenies[END_REF], which was designed for categorical traits, to estimate the phylogenetic signal in posture. The delta-statistic depends on the uncertainty associated with the inference of ancestral states: low uncertainty implies low entropy [START_REF] Shannon | A mathematical theory of communication[END_REF] and a high delta-statistic.

The higher the delta-statistic, the stronger the phylogenetic signal.

We used the phylosig function from the R package phytools [START_REF] Revell | phytools: An R package for phylogenetic comparative biology (and other things)[END_REF] to estimate the phylogenetic signal in each geometric and compactness parameters.

The phylosig function computes the K-statistic of [START_REF] Blomberg | Testing for phylogenetic signal in comparative data: Behavioral traits are more labile[END_REF]. A K-statistic greater than 1 indicates that closely related species in the tree show more similarity between them than what would be expected with a Brownian model of evolution, suggesting the existence of a substantial phylogenetic signal in the data. Conversely, a K-statistic lower than 1 implies that closely related species are more different than expected, highlighting evolutionary convergence or higher variance between clades rather than within them.

A p-value is obtained by randomisation: delta and K were computed 100 and 1000 times, respectively, with a random distribution of the traits at the terminal branches, then the resulting pool of values was compared to the original delta-and Kvalues, i.e. with the actual distributions. This was done for each tree in our phylogenetic tree sample.

Generalised least squares-We used the gls function from the R package nlme [START_REF] Pinheiro | nlme: Linear and nonlinear mixed effects models[END_REF] to model the relationship between each geometric and compactness parameter and postural groups while accounting for phylogeny, body mass and lifestyle. The gls function fits a linear model using generalised least squares (GLS) to optimise coefficients while allowing a covariance structure to be set between observations. Here the expected covariance of a given trait (or a relationship between traits) between two taxa corresponds to its evolution under a Brownian motion during the time from the root to their last common ancestor.

Phylogenetic flexible discriminant analysis-We used phylogenetic flexible discriminant analysis (PFDA) to explain posture in our sample of extant mammals and to infer humeral posture in Dimetrodon and Peratherium based on geometric and compactness measurements taken from humeral cross-sections while accounting for phylogeny. PFDA is a classification model based on a combination of linear regressions. It is derived from flexible discriminant analysis (FDA; [START_REF] Hastie | Flexible discriminant analysis by optimal scoring[END_REF] and corresponds to its phylogenetically informed version [START_REF] Motani | Phylogenetic versus functional signals in the evolution of form-function relationships in terrestrial vision[END_REF]. In practice, PFDA corresponds to a GLS where categories are split into dummy variables and treated as continuous variables while phylogeny is incorporated as a phylogenetic covariance matrix whose terms are multiplied by lambda to make phylogenetic inertia variable through model optimisation [START_REF] Pagel | Inferring the historical patterns of biological evolution[END_REF]. Lambda is assigned a value between 0 and 1 that minimises the model error, that is, the share of variance explained by phylogeny: 0 indicating that phylogeny does not explain the distribution of the trait on the tree; 1 indicating that phylogeny explains as much variance in the trait as is expected under a Brownian model of evolution.

Overfitting occurs when a model becomes overly complex by including too many parameters [START_REF] Everitt | The Cambridge dictionary of statistics[END_REF]). An overfitted model will perform well in explaining initial data (training), but will perform poorly with new data or predictions (testing). The key to preventing overfitting lies in optimising the choice of parameters to include in the model in order to minimise test error. We chose the rate of correct classification (RCC) obtained through leave-one-out cross-validation (CV; [START_REF] Stone | Cross-validatory choice and assessment of statistical predictions[END_REF] as our selection criterion. The higher the RCC, the better the model performed under test conditions. Prior to performing CV procedures, we generated a dissimilarity matrix from the correlation coefficients of the geometric and compactness parameters before performing a hierarchical cluster analysis to identify and eliminate highly correlated variables (correlation coefficient > 0.95) in order to avoid subsequent complications related to the existence of singular variance-covariance matrices. Pemin, BCSA, TCSA and Zpol were all inter-correlated. We decided to keep only the parameter Pemin, which, in a palaeobiological inference context, is the easiest to measure and least likely to be impacted by taphonomy. The parameters P and RP were also correlated.

We kept the former and removed the latter from our dataset. CV was performed with all possible combinations of the remaining parameters (Pemin, Ecc, SR, Cobs, P, S, RS, RPSD and RSSD) and for each of the 100 trees in our phylogenetic tree sample for a total of more than 50,000 CV. In the end, only 3 parameters out of the original 13 were retained for our humerus inference model (Pemin, SR and P). The R script and associated R environment allowing to replicate the postural inferences presented in the Results section of this study and allowing new inferences to be produced in other extinct synapsids from our dataset are available at the end of this manuscript as supplementary information and as electronic supplementary information, respectively.

We then designed linear models in R to examine the association of the coordinates of the sampled taxa on the first and second axis of the PFDA model with body mass and lifestyle. When the association with lifestyle was significant, we performed pairwise post-hoc tests with false discovery rate (FDR) correction using the emmeans_test function in the R package rstatix (Alboukadel 2021).

Results

Phylogenetic signal in the data

Humeral posture contains a substantial phylogenetic signal (mean p-value < 0.001), with the delta-statistic ranging from 3.194 to 21.471 (mean = 11.982; see Table 3-2). All geometric parameters except Ecc are significantly associated with the phylogeny (Table 3-2). For Pemin, BCSA, TCSA and Zpol, the K-statistic is below 1, suggesting patterns of evolutionary convergence. However, K is close to 1 for SR, implying that the distribution of this trait on the phylogeny is consistent with what would be expected under a Brownian model of evolution and therefore reflects a phylogenetic signal. S and RPSD are the only compactness parameters to be significantly associated with the phylogeny (mean p-value = 0.007 and 0.001, respectively; Table 3-2). K is lower than 1 in each case, highlighting convergence.

Geometric and compactness comparison of postural groups

The compactness parameter S and the geometric parameters Pemin, BCSA, TCSA, Zpol and SR are all significantly associated with posture (Table 3-3). They are also always significantly related to body mass and never to lifestyle except for SR and S, which are significantly associated with both body mass and lifestyle. RS and RSSD are significantly associated only with body mass and RPSD only with lifestyle. Body mass and all geometric and compactness parameters, except ratios, are log transformed. Abbreviations: BM, body mass; HP, humeral posture; LS, lifestyle.

Phylogenetic discrimination of postural groups

The PFDA model is very successful in discriminating between locomotor groups (Figure 3-4). Indeed, the mean training rate of correct classification (RCC) reaches 88% (88%-90%). Most of the time, crouched taxa are correctly classified at 83%

(19/23). The rest of the time (5% of the phylogenetic trees), they reach 87% (20/23).

With all trees, the erect taxa are correctly classified at 93% (13/14), while the 2 monotremes (sprawling) and the 2 talpids (modified) both achieved 100% of correct classifications. Dimetrodon and Peratherium are always inferred as sprawling and crouched, respectively. Lambda ranges from 0.04 to 0.17 (mean = 0.099), indicating a present but low influence of the phylogeny.

Body mass is significantly associated with taxon coordinates on the first and second PFDA axes (Table 3-4). Lifestyle is significantly associated with taxon coordinates on the first PFDA axis, but not on the second, although the p-values are close to the significance level. The results of the post-hoc tests with the first PFDA axis reveal that arboreal taxa are significantly different from semi-aquatic, terrestrial and fossorial taxa, and that fossorial taxa are significantly different from terrestrial taxa (Table 3-5). 

Discussion

Cross-sectional characterisation of postural groups

The parameters Pemin, BCSA, TCSA are all significantly associated with posture (Table 3-3). This is not surprising since Pemin is related to body mass [START_REF] Campione | A universal scaling relationship between body mass and proximal limb bone dimensions in quadrupedal terrestrial tetrapods[END_REF], and it is well known that body mass and limb posture in mammals are related [START_REF] Biewener | Scaling body support in mammals: Limb posture and muscle mechanics[END_REF][START_REF] Biewener | Biomechanical consequences of scaling[END_REF]Houssaye et al., 2016b). Indeed, in mammals, as an animal gets larger, one possibility to counterbalance stress increase due to increased body mass is to have more erect limbs that act as columns supporting body weight while minimising tissue stress [START_REF] Gregory | Notes on the principles of quadrupedal locomotion and on the mechanism of the limbs in hoofed animals[END_REF]Biewener, 1989a;[START_REF] Gatesy | Bipedal locomotion: Effects of speed, size and limb posture in birds and humans[END_REF][START_REF] Hutchinson | The evolutionary biomechanics of locomotor function in giant land animals[END_REF]. Indeed, bone resists compression better than flexion or torsion [START_REF] Currey | Bones: Structure and mechanics[END_REF]. Logically, Pemin increases with increasing bone size and so do both BCSA and TCSA. The significant association between Zpol and posture is interesting as it probably reveals a difference in torsional strength in the humerus between postures. Indeed, previous studies, including in-vivo measurements, has shown that crouched taxa, just like non-avian reptiles with a sprawling posture, exhibit increased torsional stress compared to erect taxa, which are primarily loaded in bending [START_REF] Biewener | Biomechanics of mammalian terrestrial locomotion[END_REF][START_REF] Blob | In vivo locomotor strain in the hindlimb bones of Alligator mississippiensis and Iguana iguana: Implications for the evolution of limb bone safety factor and non-sprawling limb posture[END_REF], 2001;Butcher et al., 2008[START_REF] Butcher | In vivo strains in the femur of the Virginia opossum (Didelphis virginiana) during terrestrial locomotion: Testing hypotheses of evolutionary shifts in mammalian bone loading and design[END_REF]. SR and S are the only parameters to be significantly associated with both posture and lifestyle. Monotremes and talpids have some of the most robust humeri. These taxa are also the most fossorial species in our sample. Indeed, burrowing habits generally go hand in hand with robust, stocky forelimbs for digging in hard substrates [START_REF] Shimer | Adaptations to aquatic, arboreal, fossorial and cursorial habits in mammals. III. Fossorial adaptations[END_REF]. Similarly, the primates in our sample have the slenderest humeri. They are also the species with the most arboreal habits. Indeed, arboreal species generally have slender, elongated forelimbs that allow them to move more efficiently in trees by increasing reach and saving force when climbing vertically [START_REF] Preuschoft | Size influences on primate locomotion and body shape, with special emphasis on the locomotion of 'small mammals[END_REF]. The talpids show the highest S values in the sample. Two reasons can explain this: 1) the presence of cancellous bone considerably extending the transition between the medulla and the cortex (the corresponding compactness profile is flattened, resulting in a low slope of the asymptote at point P and thus a high S value [S = 1/slope]); 2) heterogeneity of cortical thickness, i.e. variations in cortical thickness depending on the position on the cross-section mimic an extensive transition between the medulla and the cortex on the overall compactness profile. Talpids clearly show a thickening of the cortex anteroposteriorly (Figure 3-2). An increase in mechanical stress in these regions, due to the attachment of strong muscles involved in the adduction/abduction cycle of the humerus [START_REF] Rose | Muscle architecture and out-force potential of the thoracic limb in the eastern mole (Scalopus aquaticus)[END_REF] could explain these variations in cortical thickness.

Phylogenetic discriminant model and palaeobiological inferences

Lambda is always greater than 0, indicative of a phylogenetic involvement in maximising the relationships between posture and microanatomical parameters.

This result is far from being surprising. Indeed, we saw that humeral posture was significantly associated with the phylogeny (Table 3-2). Nevertheless, this confirms our choice to use a classification method accounting for species relatedness. With an average RCC exceeding 85%, the PFDA model is very successful in discriminating the postural groups. Even monotremes and talpids, each represented by only two taxa (Ornithorhynchus and Tachyglossus, and Euroscaptor and Talpa, respectively), are always correctly classified.

The Late Eocene herpetotheriid Peratherium cuvieri is inferred to be "crouched" with all trees in our phylogenetic tree sample. Studies on herpetotheriid locomotion are very sparse. [START_REF] Kurz | Ecomorphology of opossum-like marsupials from the Tertiary of Europe and a comparison with selected taxa[END_REF] designated Amphiperatherium and another indeterminate herpetotheriid as "cursorial" based on lumbar vertebral morphology and tail length, while [START_REF] Horovitz | The anatomy of Herpetotherium cf. Fugax Cope, 1873, a metatherian from the Oligocene of North America[END_REF] described Herpetotherium as "agile" based on femoral morphology. The literature is more abundant regarding their extant close relatives, the Didelphidae. The didelphids are often considered the most rootward lineage within Marsupialia and are therefore commonly used as models to study the evolution of therian locomotion [START_REF] Jenkins | Limb posture and locomotion in the Virginia opossum (Didelphis marsupialis) and in other non-cursorial mammals[END_REF][START_REF] Jenkins | The functional anatomy of the shoulder in the Virginia opossum (Didelphis virginiana)[END_REF][START_REF] Argot | Functional-adaptive anatomy of the forelimb in the Didelphidae, and the paleobiology of the Paleocene marsupials Mayulestes ferox and Pucadelphys andinus[END_REF][START_REF] Butcher | In vivo strains in the femur of the Virginia opossum (Didelphis virginiana) during terrestrial locomotion: Testing hypotheses of evolutionary shifts in mammalian bone loading and design[END_REF]. Didelphids, like most small mammals, have a crouched posture [START_REF] Jenkins | Limb posture and locomotion in the Virginia opossum (Didelphis marsupialis) and in other non-cursorial mammals[END_REF]. Thus, a crouched posture in Peratherium cuvieri is deemed very plausible.

The posture of permo-carboniferous synapsids (the earliest stem mammals) has been extensively studied, in comparison to that of herpetotherids. Indeed, it is widely accepted, based on anatomical, biomechanical and ichnological evidence, that the earliest stem mammals had sprawling limbs [START_REF] Jenkins | The functional anatomy and evolution of the mammalian humero-ulnar articulation[END_REF][START_REF] Hunt | Vertebrate tracks and the myth of the belly-dragging, tail-dragging tetrapods of the Late Paleozoic[END_REF][START_REF] Blob | Evolution of hindlimb posture in nonmammalian therapsids: Biomechanical tests of paleontological hypotheses[END_REF][START_REF] Benton | Vertebrate palaeontology[END_REF][START_REF] Hopson | Fossils, trackways, and transitions in locomotion: A case study of Dimetrodon[END_REF][START_REF] Wright | Functional morphology of the hindlimb during the transition from sprawling to parasagittal gaits in synapsid evolution[END_REF][START_REF] Cavanaugh | Reconstructing body size and center of mass in synapsids[END_REF]. Therefore, it is not surprising that Dimetrodon natalis is inferred as a sprawler by the PFDA model, although the postural homology with extant mammal sprawlers (monotremes) has not yet been clearly established. Sometimes described as "lizard-like" [START_REF] Bakker | Dinosaur physiology and the origin of mammals[END_REF][START_REF] Desmond | The hot-blooded dinosaurs: A revolution in palaeontology[END_REF], the sprawling posture of monotremes may in fact be close to the ancestral condition of synapsids, yet distinct from the sprawling posture of lizards and urodeles [START_REF] Gambaryan | An evolutionary perspective on the walking gait of the long-beaked echidna[END_REF][START_REF] Regnault | Shoulder muscle architecture in the echidna (Monotremata: Tachyglossus aculeatus) indicates conserved functional properties[END_REF], or it may be derived from early mammals with parasagittal limbs [START_REF] Pridmore | Terrestrial locomotion in monotremes (Mammalia: Monotremata)[END_REF]. Similarly in reptiles, crocodylians, with their "semi-erect" limbs, were commonly considered "primitive" posturally [START_REF] Bakker | Dinosaur physiology and the origin of mammals[END_REF][START_REF] Charig | The evolution of the archosaur pelvis and hindlimb: An explanation in functional terms[END_REF], when in fact they descend from more erect forms [START_REF] Parrish | The origin of crocodilian locomotion[END_REF]Gatesy, 1991a;[START_REF] Reilly | Locomotion in Alligator mississippiensis: Kinematic effects of speed and posture and their relevance to the sprawling-to-erect paradigm[END_REF].

Body mass seems to have a confounding effect on our PFDA model (Table 34). This is not surprising since the parameter Pemin is used in the model. However, body mass, although useful, is not sufficient to distinguish between postures. Indeed, some species have equivalent body mass but different posture, e.g. Marmota and

Tachyglossus (see Table 3-1). Lifestyle is significantly associated with the first axis of the model and was close to the significance level for the second axis. This is most likely due to the presence of SR in the model. Indeed, we saw that the slenderness ratio was significantly associated with both humeral posture, body mass and lifestyle (Table 3-3).

Post-hoc tests reveal that virtually all lifestyles are significantly different on the first axis with the exception of semi-aquatic taxa (Table 345). However, the only semi-aquatic taxon in our analysis is Ornithorhynchus. Therefore, this is most likely due to small sample size, which results in a lack of statistical power. At first glance, it is surprising that S was not retained in the PFDA model since it seems to be significantly associated with posture, unlike P (Table 3-3). However, the result of the crossvalidation with the parameters Pemin, SR and S gives only 73% of correct classification (15% less compared to the original model). Ultimately, joint use of Pemin, SR and P seems to be the best parameter choice to discriminate humeral posture with our mammal sample.

Conclusions

Using generalised least squares, we show that all parameters that are significantly associated with posture, i.e. minimum humeral shaft perimeter (Pemin), bone cross-sectional area (BCSA), total cross-sectional area (TCSA), polar section modulus (Zpol), slenderness ratio (SR) and the reciprocal of the slope of the asymptote at point P on the compactness profile (S), are also significantly associated with body mass. This was expected as body mass is known to have an impact on posture in mammals, with smaller species having a "crouched" posture and larger species having more "erect" limbs to minimise body weight-induced stresses. The association between Zpol and humeral posture was also expected since Zpol corresponds to the resistance of the shaft to torsion and previous studies have shown that in mammals (and other taxa) crouched limbs are subject to higher torsional stresses than erect limbs, which are primarily loaded in flexion. We showed that SR and S are also related to lifestyle, with burrowing taxa having more robust humeri and arboreal taxa having slender humeri, and moles exhibiting heterogeneity in cortical thickness most likely related to the attachment of strong muscles on the anterior and posterior surfaces of the humerus involved in the limb adduction/abduction cycle.

A number of parameters are significantly associated with the phylogeny (Pemin, BSCA, TCSA, Zpol, SR, S and RPSD), as well as humeral posture itself. The lambda values from the PFDA model indicate an influence of the phylogeny in the data, justifying the use of a phylogenetically informed classification method.

Elimination of overly correlated parameters followed by cross-validation procedures ultimately yielded a PFDA model with three variables (Pemin, SR, and P) that successfully discriminated postural groups (the average rate of correct classification derived from 100 phylogenetic trees of mammals reaches 88%). Despite small sample size, the model is able to correctly classify moles (modified humeral posture) and monotremes (sprawling humeral posture). Application of the model to extinct taxa yields plausible results. Peratherium cuvieri and Dimetrodon natalis are inferred to have had a crouched and sprawling humeral posture, respectively. The PFDA model appears to be significantly influenced by body mass and lifestyle, but nevertheless allows quantitative postural discrimination that size or lifestyle parameters alone would not achieve, while producing plausible inferences in extinct taxa.

Our study highlights the complex interplay between body mass, lifestyle, posture and humeral microanatomy in mammals. Our model can be used by palaeontologists to infer the humeral posture of other extinct species based on humeral cross-sections alone. Extending our method to other appendicular skeletal elements could help refine the inferences for extinct taxa, particularly those relevant in the context of the postural shift (more sprawling to more erect/parasagittal limbs) in early mammals, which tend to exhibit a mosaic of characters.

##This R script can be used to reproduce the postural inferences presented in [START_REF] Gônet | BoneProfileR: the next step to quantify, model and statistically compare bone section compactness profiles[END_REF] and to make new inferences in extinct synapsids ##The R environment associated with this R script contains all the PFDA functions of Motani and Schmitz 2011 ##Libraries library(nnet) library(mda) library(class) library(ape) library(geiger) library(lattice) library(phytools) ##Data preparation Dat <-rbind(Dat,Name_taxon=c("Unknown",log(Pemin),SR,log(P))) #Adds a new taxon to the analysis. Warning: requires adding the taxon of interest to the phylogenetic trees in the phylogenetic tree set (Tre only!) contained in the R environment associated with this R script. To do this, we recommend using the phytools package [START_REF] Revell | phytools: An R package for phylogenetic comparative biology (and other things)[END_REF] Dat <-Dat[-which(rownames(Dat)=="Name_taxon"),] #Removes a taxon from the analysis. Warning: requires removing the taxon of interest from the phylogenetic trees in the phylogenetic tree set (Tre only!) contained in the R environment associated with this R script. To do this, we recommend using the phytools package [START_REF] Revell | phytools: An R package for phylogenetic comparative biology (and other things)[END_REF]) g <-tempdat$Posture names(g) <-rownames(tempdat) taxaA <-tempTre$tip.label testtaxan <-row(ddA)[gA=="Unknown",1] opt.lambda <-optLambda(dd,g,temptre)$optlambda pri <-1 resPFDA [[i]] <phylo.fda.pred (ddA,gA,taxaA,tempTre,testtaxan,val=opt.lambda,priin=pri) 
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Introductory abstract

We have seen in the previous chapters that both reptiles and mammals underwent a postural transition during the Mesozoic from sprawling to more parasagittal limbs. In Reptilia, this postural change is fairly well identified in the Triassic with the appearance of the first archosaurs. However, the posture of certain key Triassic taxa remains poorly known, which makes it difficult to interpret this event (see Chapter I). In Synapsida, the chronology of this transition is much less clear (see Chapter III). We have also seen that bone microanatomy at the mid-diaphysis of the humerus and femur seems to be a good proxy for posture in amniotes. But what about the trabecular network at the epiphyses? Indeed, limb bones support the weight of the body and are therefore subject to various forces that partly shape their external and internal form (see Introduction). Yet, bone trabeculae tend to orient themselves along the lines of force: this is known as Wolff's law, or the trajectorial theory [START_REF] Wolff | Das Gesetz der Transformation der Knochen[END_REF].

Many authors have used bone cubes or spheres, also called VOI, for volume of interest, or ROI, for region of interest, to study the effect of, among other things, allometry and lifestyle, sometimes posture, on bone trabeculae in both reptiles and mammals [START_REF] Doube | Trabecular bone scales allometrically in mammals and birds[END_REF][START_REF] Amson | Trabecular architecture in the forelimb epiphyses of extant xenarthrans (Mammalia)[END_REF]Bishop et al., 2018c;[START_REF] Kivell | Trabecular architecture and joint loading of the proximal humerus in extant hominoids, Ateles, and Australopithecus africanus[END_REF][START_REF] Plasse | Trabecular architecture in the humeral metaphyses of non-avian reptiles (Crocodylia, Squamata and Testudines): Lifestyle, allometry and phylogeny[END_REF].

In this chapter, we use bone cubes extracted from the femoral head of a sample of amniote femora to try to show a link between femoral posture and femoral trabecular architecture. To do this, we use statistical methods that take into account evolutionary relationships between species (phylogenetic flexible discriminant analysis, generalised least squares), but also methods of ancestral state reconstruction. The latter have been used extensively to study vertebrate evolution: from inference of metabolic rate [START_REF] Legendre | Palaeohistological evidence for ancestral high metabolic rate in archosaurs[END_REF][START_REF] Benton | The origin of endothermy in synapsids and archosaurs and arms races in the Triassic[END_REF] to "resurrection" of genetic sequences [START_REF] Chang | Recreating a functional ancestral archosaur visual pigment[END_REF][START_REF] Thornton | Resurrecting ancient genes: Experimental analysis of extinct molecules[END_REF], diet reconstruction [START_REF] Brocklehurst | Rates and modes of body size evolution in early carnivores and herbivores: A case study from Captorhinidae[END_REF] and soft tissue studies [START_REF] Tsai | Hip joint articular soft tissues of non-dinosaurian Dinosauromorpha and early Dinosauria: Evolutionary and biomechanical implications for Saurischia[END_REF][START_REF] Campione | On the ancestry of feathers in Mesozoic dinosaurs[END_REF]. The use of ancestral state reconstruction methods for postural issues is rarer [START_REF] Grinham | Testing for a facultative locomotor mode in the acquisition of archosaur bipedality[END_REF][START_REF] Buchwitz | Evolutionary change in locomotion close to the origin of amniotes inferred from trackway data in an ancestral state reconstruction approach[END_REF] and, to our knowledge, they have never been applied to femoral trabecular architecture in the context of the postural transitions in amniotes during the Mesozoic.

We show that the microanatomical parameters measured on the bone cubes are not associated with femoral posture or lifestyle. However, we are able to show a strong association with body mass. We reconstruct ancestral states of femoral posture and of several microanatomical parameters, and obtain contradictory results. In general, the trabecular network of the femoral head is not a good indicator of femoral posture in amniotes. However, ancestral state reconstruction methods have great potential for the study of posture in the latter.

Résumé introductif

Nous avons vu dans les chapitres précédents que les reptiles comme les mammifères ont connu une transition posturale au cours du Mésozoïque, passant de membres transversaux à des membres parasagittaux. Chez les reptiles, ce changement postural est assez bien identifié au Trias avec l'apparition des premiers archosaures.

Cependant, la posture de certains taxons triassiques clés reste mal connue, ce qui rend difficile la lecture de cet évènement (voir Chapitre I). Chez les synapsides, la chronologie de cette transition est beaucoup moins claire (voir Chapitre III). Nous avons également vu que la microanatomie osseuse au niveau de la mi-diaphyse de l'humérus et du fémur semble être un bon indicateur de la posture chez les amniotes.

Mais qu'en est-il du réseau trabéculaire au niveau des épiphyses ? En effet, les os des membres soutiennent le poids du corps et sont de ce fait soumis à diverses forces qui façonnent en partie leur forme externe et interne (voir Introduction). Or, les trabécules osseuses ont tendance à s'orienter le long des lignes de force : c'est la loi de Wolff, ou théorie trajectorielle [START_REF] Wolff | Das Gesetz der Transformation der Knochen[END_REF]. De nombreux auteurs ont utilisé des cubes ou sphères osseuses, également appelés VOI, pour volume of interest, ou encore ROI, pour region of interest, afin d'étudier l'effet, entre autres, de l'allométrie et du mode de vie, parfois de la posture, sur les travées osseuses, tant chez les reptiles que chez les mammifères [START_REF] Doube | Trabecular bone scales allometrically in mammals and birds[END_REF][START_REF] Amson | Trabecular architecture in the forelimb epiphyses of extant xenarthrans (Mammalia)[END_REF]Bishop et al., 2018c ;[START_REF] Kivell | Trabecular architecture and joint loading of the proximal humerus in extant hominoids, Ateles, and Australopithecus africanus[END_REF][START_REF] Plasse | Trabecular architecture in the humeral metaphyses of non-avian reptiles (Crocodylia, Squamata and Testudines): Lifestyle, allometry and phylogeny[END_REF]. Dans ce chapitre, nous utilisons des cubes osseux extraits de la tête fémorale d'un échantillon de fémurs d'amniotes pour tenter de montrer un lien entre la posture du fémur et l'architecture trabéculaire fémorale. Pour ce faire, nous utilisons des méthodes statistiques prenant en compte les relations de parenté entre les espèces (analyse discriminante flexible phylogénétique, moindres carrés généralisés), mais aussi des méthodes de reconstruction des états ancestraux. Ces dernières ont été largement employées pour étudier l'évolution des vertébrés : de l'inférence du taux métabolique [START_REF] Legendre | Palaeohistological evidence for ancestral high metabolic rate in archosaurs[END_REF][START_REF] Benton | The origin of endothermy in synapsids and archosaurs and arms races in the Triassic[END_REF] à la « résurrection » de séquences génétiques [START_REF] Chang | Recreating a functional ancestral archosaur visual pigment[END_REF][START_REF] Thornton | Resurrecting ancient genes: Experimental analysis of extinct molecules[END_REF], en passant par la reconstruction du régime alimentaire [START_REF] Brocklehurst | Rates and modes of body size evolution in early carnivores and herbivores: A case study from Captorhinidae[END_REF] et l'étude des tissus mous [START_REF] Tsai | Hip joint articular soft tissues of non-dinosaurian Dinosauromorpha and early Dinosauria: Evolutionary and biomechanical implications for Saurischia[END_REF][START_REF] Campione | On the ancestry of feathers in Mesozoic dinosaurs[END_REF]. L'utilisation des méthodes de reconstruction des états ancestraux pour des questions posturales est plus rare [START_REF] Grinham | Testing for a facultative locomotor mode in the acquisition of archosaur bipedality[END_REF][START_REF] Buchwitz | Evolutionary change in locomotion close to the origin of amniotes inferred from trackway data in an ancestral state reconstruction approach[END_REF] 

Materials and methods

Biological sample

To conduct the statistical analyses in this study, we compiled a set of microanatomical data measured on bone cubes extracted from the femoral head of a large number of amniote taxa. We retrieved the list of taxa from [START_REF] Doube | Trabecular bone scales allometrically in mammals and birds[END_REF] and enriched it with new taxa, notably squamates and turtles, which were not previously included. However, we did not retain all mammal taxa, as they were overrepresented in the study by [START_REF] Doube | Trabecular bone scales allometrically in mammals and birds[END_REF]. In the end, our sample is composed of 93 amniote species for which femoral posture is known (Table 4-1). These include 57 mammal species and 36 reptile species (24 birds, 6 squamates, 3 crocodylians and 3 turtles). We tried to build our sample to be as representative as possible of the taxonomic and postural diversity of amniotes. Contrary to previous chapters, our sample does not include any extinct taxa, with the exception of Raphus cucullatus, Pezophaps solitaria and Dinornis sp., but these became extinct recently (within the last five centuries). Scans of older taxa, especially non-avian theropods, were not of sufficient quality to extract a bone cube from the femoral head and make microanatomical measurements.

Defining postures

We defined four postural categories: sprawling, crouched, erect and "semierect" (see previous chapters in this thesis). In sprawling species (lepidosaurs, turtles, but also monotremes, such as Ornithorhynchus), the femur extends laterally, while in crouched species (small mammals and small birds), it points more or less anteriorly.

In erect species (large mammals and large birds), the femur is held more vertically under the body. Finally, the semi-erect posture of crocodylians can be regarded as intermediate between sprawling and erect. We are aware of the limitations of such a classification, for example that posture in amniotes is more of a continuum than welldefined postural categories, or that the term "semi-erect" is evolutionarily and functionally ambiguous, but these categories remain practical in the framework of comparative phylogenetic studies. For each taxon, the reported body mass value (in grams) is the median [START_REF] Myhrvold | An amniote life-history database to perform comparative analyses with birds, mammals, and reptiles[END_REF]. Abbreviations: Aq, semi-aquatic; Ar, arboreal; C, crouched; E, erect; Fo, fossorial; S, sprawling; SE, semi-erect; Te, terrestrial.

Data acquisition

We strictly followed the protocol by [START_REF] Doube | Trabecular bone scales allometrically in mammals and birds[END_REF] for extracting new bone cubes in order to obtain comparable data. To validate the protocol, we retrieved some of the bone cubes from [START_REF] Doube | Trabecular bone scales allometrically in mammals and birds[END_REF] available online. The bone cubes were extracted and processed in ImageJ [START_REF] Abràmoff | Image processing with ImageJ[END_REF] to reproduce some of the trabecular measurements provided in the electronic supplementary material of [START_REF] Doube | Trabecular bone scales allometrically in mammals and birds[END_REF]. CT data for the new species in the sample were obtained either from the literature or by scanning the femora ourselves on the AST-RX platform of the Muséum national d'histoire naturelle and on the MRI platform of the university of Montpellier.

Bone cubes were extracted following the fit sphere routine with the BoneJ plugin [START_REF] Doube | BoneJ: Free and extensible bone image analysis in ImageJ[END_REF] in ImageJ. We extracted the largest cube that could be contained in a sphere fitted by least squares in the femoral head (Figure 4-1). First, the scans of the femur were resliced in ImageJ to position the bone vertically. Secondly, we placed six points to delineate the volume of the femoral head: two points to delineate the upper -1993-52). Bone cubes were extracted following the fit sphere routine with the BoneJ plugin [START_REF] Doube | BoneJ: Free and extensible bone image analysis in ImageJ[END_REF] in ImageJ. We extracted the largest cube that could be contained in a sphere fitted by least squares in the femoral head.

and lower parts of the femoral head, and four additional points (anterior, posterior, medial and lateral) on the slice halfway between the two slices comprising the first two points. Once extracted, the bone cubes were binarised using IsoData thresholding, purified (with BoneJ), eroded (in ImageJ: Process > Binary), purified again and dilated (in ImageJ: Process > Binary). For a detailed description of the procedure for extracting and processing bone cube data, see [START_REF] Doube | BoneJ: Free and extensible bone image analysis in ImageJ[END_REF]. We then measured six parameters with BoneJ (Figure 4-1): BV/TV, the bone volume fraction, corresponding to the number of bone voxels divided by the total number of voxels in the cube; BS/TV, the bone surface area per unit volume, defined as the bone surface area, obtained by summing the surface area of all the triangles constituting a 3D mesh of the trabecular network, divided by the total volume of the cube; Tb.Th, the mean trabecular thickness; Tb.Sp, the mean trabecular spacing; Conn.D, the connectivity density, which corresponds to the number of trabeculae divided by the total volume of the cube; DA, the degree of anisotropy, reflecting a more or less pronounced trabecular orientation (0 < DA < 1; 0 indicating no orientation and 1 parallel trabeculae).

Building reference time-calibrated phylogenies

In this study, we carried out several phylogenetically informed statistical analyses. Therefore, we needed time-calibrated phylogenetic trees comprising the amniote taxa in our sample. We constructed a set of 100 time trees to account for phylogenetic uncertainties. We retrieved 100 mammal, bird and squamate trees from tree distributions on VertLife: mammal trees were extracted from 10,000 trees (nodedated, 5911 species) from [START_REF] Upham | Inferring the mammal tree: Specieslevel sets of phylogenies for questions in ecology, evolution, and conservation[END_REF], bird trees (including Tinamus major)

were sampled from 10,000 trees (Hackett All Species) from [START_REF] Jetz | The global diversity of birds in space and time[END_REF], and squamate trees from 10,000 trees from [START_REF] Tonini | Fullysampled phylogenies of squamates reveal evolutionary patterns in threat status[END_REF]. For crocodylians and turtles, we built a unique tree (1 for crocodylians and 1 for turtles) directly in R (R Core Team, 2013). The trees were assembled in R using the phytools package [START_REF] Revell | phytools: An R package for phylogenetic comparative biology (and other things)[END_REF] and

TreePar [START_REF] Stadler | Mammalian phylogeny reveals recent diversification rate shifts[END_REF]. We set the divergence between mammals and reptiles at 330

Myr based on [START_REF] Didier | Exact distribution of divergence times from fossil ages and tree topologies[END_REF]. For later divergence times, we used the online resource TimeTree [START_REF] Kumar | TimeTree: A resource for timelines, timetrees, and divergence times[END_REF]. We set the divergence between Lepidosauria and other reptiles at 281 Myr. We considered turtles as the sister taxon to Archosauria (birds and crocodylians), as suggested by recent molecular studies [START_REF] Chiari | Phylogenomic analyses support the position of turtles as the sister group of birds and crocodiles (Archosauria)[END_REF][START_REF] Irisarri | Phylotranscriptomic consolidation of the jawed vertebrate timetree[END_REF], and set the age of the turtle+archosaur clade Archelosauria at 261

Myr. We set the divergence between Astrochelys radiata and Chelonoidis carbonaria The divergence between Dinornis and Tinamidae (Tinamus major+Eudromia elegans)

was initially set at 77 Myr (adjusted time), but this was older than the age of the Palaeognathae node for some of the trees in our phylogenetic tree set. We therefore decided to branch Dinornis halfway between the Palaeognathae and Tinamidae nodes for each tree. We then removed Tinamus major from our trees as it was not part of our analysed amniote sample. Finally, we set the divergence between Alligator mississippiensis and Caiman crocodilus (Alligatoridae), and between Crocodylus niloticus and Alligatoridae at 68 and 87 Myr, respectively. The trees in Newick tree format are available as electronic supplementary information.

Phylogenetic signal

We tested the phylogenetic signal in femoral posture. This was done using the delta-statistic [START_REF] Borges | Measuring phylogenetic signal between categorical traits and phylogenies[END_REF], which is based on the uncertainty associated with ancestral state reconstruction. The larger the delta-statistic, the smaller the uncertainty at the nodes and the stronger the phylogenetic signal. We tested the phylogenetic signal in femoral posture with our 100 trees and calculated a p-value each time based on 10 random permutations of femoral posture at the tips of the tree branches. We also searched for a phylogenetic signal in the aforementioned microanatomical parameters using the phylosig function of the R package phytools [START_REF] Revell | phytools: An R package for phylogenetic comparative biology (and other things)[END_REF], which computes the K-statistic [START_REF] Blomberg | Testing for phylogenetic signal in comparative data: Behavioral traits are more labile[END_REF]. A strong phylogenetic signal, implying that closely related species are more similar to each other than would be expected under a Brownian model of evolution, is indicated by a K-statistic greater than 1, while convergence is indicated by a K-statistic less than 1.

The function also performs a randomisation test to derive a p-value (1000 randomisations). We calculated K for the 100 trees in our phylogenetic tree set.

1.6. Generalised least squares

All the microanatomical parameters presented above have been previously associated with femoral posture, body mass or lifestyle in several amniote clades [START_REF] Doube | Trabecular bone scales allometrically in mammals and birds[END_REF]Bishop, 2018c;[START_REF] Mielke | Trabecular architecture in the sciuromorph femoral head: Allometry and functional adaptation[END_REF][START_REF] Plasse | Trabecular architecture in the humeral metaphyses of non-avian reptiles (Crocodylia, Squamata and Testudines): Lifestyle, allometry and phylogeny[END_REF]. As mentioned above, the species in our sample show a diversity of femoral postures, but also differ greatly in terms of body mass (from 2.33 g in Suncus etruscus to 3.22 t in Elaphas maximus), as well as a variety of lifestyles (semi-aquatic, arboreal, fossorial and terrestrial; see Table 4-1). To explore these relationships with our sample, we designed several linear models in R using the gls function from the package nlme [START_REF] Pinheiro | nlme: Linear and nonlinear mixed effects models[END_REF]. The function fits a linear models using generalised least squares (GLS). It allows the model errors to be correlated and/or have unequal variances. It is especially appropriate in the case of phylogenetic dependence. Here the expected covariance between two taxa for a given trait is the evolution of that trait under a Brownian model during the time between the root and their last common ancestor. GLS was conducted with all 100 phylogenetic trees.

Ancestral state reconstruction

We used the fastAnc and ace functions in the R packages phytools [START_REF] Revell | phytools: An R package for phylogenetic comparative biology (and other things)[END_REF] and ape [START_REF] Paradis | ape 5.0: An environment for modern phylogenetics and evolutionary analyses in R[END_REF] to reconstruct the ancestral states of femoral posture and of the microanatomical parameters. For femoral posture (discrete), inferred states are Bayesian posterior probabilities under an equal rate Markov model.

For the microanatomical parameters (continuous), inferred values are maximum likelihood estimates. Several nodes were of particular interest to us (Figure 4-2). In reptiles, the Triassic divergence between dinosaurs and pseudosuchians (Archosauria) also corresponds to the appearance of the first erect forms within these two clades [START_REF] Hutchinson | The evolution of locomotion in archosaurs[END_REF]. In mammals, the divergence between monotremes and therians in the Early Jurassic, and that between metatherians and eutherians in the Late Jurassic, are important because they represent two hypothetical origins of more parasagittal limbs in mammals [START_REF] Pridmore | Terrestrial locomotion in monotremes (Mammalia: Monotremata)[END_REF][START_REF] Kielan-Jaworowska | Limb posture in early mammals: Sprawling or parasagittal[END_REF]. Then, we constructed a distance matrix with the inferred states to compare the nodes of interest to our extant sample. Node states were reconstructed for the 100 phylogenetic trees at our disposal.

Principal component analysis

We performed a principal component analysis (PCA) on the microanatomical parameters. PCA creates new uncorrelated variables from the original variables and projects them into a space whose dimensions, called principal components (PCs), successively maximise the variance [START_REF] Jolliffe | Principal component analysis[END_REF]. This analysis was performed using the PCA function in the R package FactorMineR [START_REF] Lê | FactoMineR: An R package for multivariate analysis[END_REF].

Phylogenetic flexible discriminant analysis

We used phylogenetic flexible discriminant analysis (PFDA) to discriminate femoral posture based on the microanatomical parameters and to infer posture in the hypothetical last common ancestors of Archosauria, Mammalia and Theria while accounting for the phylogeny. In practice, PFDA consists of a combination of linear 

Ancestral state reconstruction

A sprawling posture (Figure 4-3) is the most probable at the Archosauria node (mean probability = 0.487), followed by a crouched posture (0.345). Semi-erect or erect postures are the least probable (0.131 and 0.04, respectively). A crouched posture is the most probable at the Mammalia node (0.886). Sprawling, semi-erect and erect postures all have a probability of less than 0.1 (0.094, 0.011 and 0.009, respectively). A crouched posture is even more likely at the Theria node (0.974). A sprawling posture has a probability of 0.02, while semi-erect or erect postures have a probability of only 0.003. We also reconstructed the ancestral values for the microanatomical parameters.

For the hypothetical ancestor of archosaurs, the most similar extant descendant according to the phenotypic distance matrix is Caiman crocodilus. The most similar extant descendant to the ancestor of mammals and therians is Tiliqua scincoides and Basiliscus basiliscus, respectively. Graphs with all reconstructed states and numerical values for nodes of interest are available at the end of this thesis as supplementary information (Figures S4-1 to S4-7; Table S4-2, S4-3). 

Postural inferences at nodes

We do not present here the best PFDA model because the cross-validation results associated with it are very unbalanced between the postural categories (see In all cases, PFDA is only moderately successful in discriminating femoral posture (mean model rate of correct classification: 62%; Figure 4-5; Table 4-4).

Although crouched species are reasonably recovered by the analysis (73%), both erect and sprawling species hardly pass 50% of correct classification (57% and 50%, respectively). Semi-erect species are always misclassified. We were still able to make postural inferences for the hypothetical ancestral taxa. All hypothetical ancestors are always inferred to be sprawlers (Figure 4-5), regardless of lambda value (0.25 < lambda < 0.28; mean = 0.27), and even with the best PFDA model. All posterior probabilities for each ancestral taxon are available at the end of this manuscript as supplementary information (see Table S4-9, S4-10).

Discussion

3.1. Femoral microanatomy vs phylogeny, body mass and posture BS/TV, Tb.Th, Tb.Sp and Conn.D are the main contributors to the first axis of the PCA. Crouched and erect species are better discriminated along this axis, with crouched and erect taxa having lower and higher values, respectively (Figure 4-4).

However, generalised least squares do not reveal a significant association between these microanatomical parameters and femoral posture (Table 4-3). This may be due to the fact that PCA does not take phylogeny into account, unlike GLS. Indeed, femoral posture carries a strong phylogenetic signal (Table 4-2). Furthermore, all these parameters are significantly associated with body mass (Table 4-3). Indeed, the trabecular thickness (Tb.Th) and the trabecular spacing (Tb.Sp) increase with body mass, while the bone area per unit volume (BS/TV), the number of trabeculae in the bone cube (Conn.D) and the degree of anisotropy (DA) decrease (see Table S4-1).

Previous studies identified similar scaling patterns within mammals and birds [START_REF] Doube | Trabecular bone scales allometrically in mammals and birds[END_REF], but also reptiles [START_REF] Plasse | Trabecular architecture in the humeral metaphyses of non-avian reptiles (Crocodylia, Squamata and Testudines): Lifestyle, allometry and phylogeny[END_REF]. Here we show that these allometric relationships appear to hold when considering amniotes as a whole. However, this is not surprising since we partially reused data from [START_REF] Doube | Trabecular bone scales allometrically in mammals and birds[END_REF]. Thus, the postural patterns revealed by PCA could be spurious and reflect both the effect of the phylogeny and body mass. Therefore, the microanatomical parameters measured in 3D at the femoral head may not be appropriate proxies to characterise femoral posture once phylogeny and body mass are taken into account, at least with our sample and methods. Also, PCA reveals that Conn.D and BS/TV are positively correlated, which is not surprising. Indeed, if the number of trabeculae increases, this logically leads to an increase in bone surface. Conn.D and BS/TV are also both negatively correlated as we were unable to demonstrate an association between bone microarchitecture and femoral posture with our amniote sample, we consider that functional hypotheses based on the maximum likelihood estimates of the microanatomical parameters should be formulated with caution. Be that as it may, these results should be seen in the context of previous studies. Among the proponents of an early origin of parasagittalism, [START_REF] Sereno | Shoulder girdle and forelimb in multituberculates: Evolution of parasagittal forelimb posture in mammals[END_REF], on the basis of morphological evidence, argued that multituberculates had parasagittal forelimbs and that parasagittal gait evolved once in mammals sometime before the Late Jurassic. [START_REF] Pridmore | Terrestrial locomotion in monotremes (Mammalia: Monotremata)[END_REF], following [START_REF] Jenkins | The postcranial skeletons of the Triassic mammals Eozostrodon, Megazostrodon and Erythrotherium[END_REF] S4-8). The main source of error is that some erect species are modelled as crouched taxa. The model presented in the Results section reduces this problem somewhat, but an imbalance persists (Table 4-4). A larger sample size could probably reduce the residual error further, but it also appears that the postural signal is weak for the 3D microanatomical parameters.

Postural inferences with hypothetical ancestral taxa are consistent with the reconstructed ancestral microanatomical parameters and support a late postural transition in mammals. However, these results should be viewed with caution with regard to the low robustness of the model, which is most likely due to the lack of association between the microanatomical parameters and femoral posture (Table 4-3).

Conclusions

Based on microanatomical data collected on 3D bone cubes extracted from the femoral head of a sample of amniote taxa, principal component analysis is not very effective in explaining femoral posture, although some patterns can be observed. The 

General conclusion

This PhD thesis focuses on two main questions in the context of the locomotor/postural transitions in reptiles and synapsids in the Mesozoic. The first question is the following: Is it possible to link the microanatomy of limb bones to locomotion and posture in amniotes? The results presented in the different chapters of this manuscript reveal that the answer to this question depends on the nature of the microanatomical parameters considered and their anatomical location. It seems that, in both reptiles and mammals, the microanatomical parameters measured in two dimensions at the level of the middle diaphysis of the humerus and femur do carry a locomotor/postural signal, unlike the parameters measured in three dimensions at the level of the articular head of the femur, which instead contain a body size signal.

Indeed, based on a reptile sample covering both the taxonomic and locomotor diversity of the clade, I show using phylogenetic analysis of variance (phylogenetic ANOVA), that the parameter P, i.e. the distance on a bone cross-section between the centre of the medulla and the medullo-cortical transition, as measured with BoneProfileR on femoral cross-sections, is significantly higher in bipedal birds than in other quadrupedal non-avian reptiles (see Chapter I). Similarly, based on a sample of mammal humeral cross-sections, I show, using generalised least squares (GLS) and using the parameter S, which provides information on the extension of the medullo-cortical transition, that the modified forelimb posture of talpids is significantly different from the other humeral postures, i.e. crouched, erect and sprawling (see Chapter III). In addition, I show that geometric parameters, such as the polar section modulus (Zpol), which reflects the torsional strength of the shaft, and the slenderness ratio (SR), an indicator of bone strength, as well as the minimum perimeter of the cross-section (Pemin), the bone cross-sectional area (BSCA) and the total crosssectional area (TCSA), as measured with the BoneJ plugin in ImageJ, are all significantly associated with humeral posture in mammals. Patterns of angular variation of the observed bone compactness (Cobs) and of the parameter P revealed by elliptic Fourier transform on reptile femoral cross-sections also distinguish bipedal from quadrupedal taxa (see Chapter II). Indeed, the femora of bipeds tends to be more eccentric anterolaterally in cross-section, while the femora of quadrupeds tend to be more eccentric anteriorly. In contrast, using a sample of femora of extant and recently extinct amniotes, I am unable to show a significant correlation between the 3D microarchitecture of the femoral head and femoral posture (see Chapter IV).

A key aspect of this thesis, as outlined in the various chapters, is that locomotion/posture in amniotes is intimately linked to other factors internal and external to the organism, such as body mass or lifestyle. Indeed, most of the microanatomical parameters studied, whether measured in two dimensions on humeral or femoral cross-sections, or in three dimensions at the femoral head, are significantly correlated with body mass. This is particularly the case for Pemin, which is associated with all the inference models for locomotion/posture presented. Indeed, Pemin increases with the mass of the organisms. Also, in mammals, and to a lesser extent in reptiles, larger individuals cope with the increased mechanical stress induced by their body weight by adopting a more erect posture. In addition, some parameters are significantly associated with lifestyle, e.g. the parameter SR, which is used in several of the inference models presented, including that used to infer posture in synapsids (Chapter III). SR is higher in primates, indicating slender humeri, and lower in monotremes and talpids, indicating robust humeri. Primates studied show some degree of arboreality, having long, slender humeri, which is useful for moving around in trees by increasing reach, while monotremes and talpids are the most fossorial species in the sample, using their powerful forelimbs to dig into the substrate.

Therefore, these different factors need to be taken into account when studying locomotion and posture in amniotes. Most of the models presented in this thesis are impacted by body mass and/or lifestyle. But my aim here is to generate palaeobiological inference models based on easily measurable geometric and compactness parameters. To this extent, if body mass and lifestyle are good proxies for locomotion and posture, I consider that I should integrate them into my models by including, or rather not excluding, parameters associated with them.

The second question around which this thesis is designed is: Can we use the postures [START_REF] Jenkins | Limb posture and locomotion in the Virginia opossum (Didelphis marsupialis) and in other non-cursorial mammals[END_REF][START_REF] Pridmore | Terrestrial locomotion in monotremes (Mammalia: Monotremata)[END_REF][START_REF] Lin | How moles walk; it's all thumbs[END_REF]. . 117 Extant amniotes show remarkable locomotor and postural diversity. Mammals are mainly quadrupedal, but show a variety of limb postures. Within Reptilia, birds are bipedal with parasagittally locomoting, more or less crouched limbs. Most lepidosaurs are quadrupedal with a sprawling posture, but some are able to run on their hind limbs for short distances.

Crocodylians are quadrupedal with a so-called "semi-erect" posture. This locomotor and postural diversity is associated with a marked microanatomical disparity. This is because the bones of the appendicular skeleton support the weight of the body, subjecting them to various stresses that partly shape their external and internal morphology. In this thesis, I present analyses demonstrating that some geometric and compactness parameters measured on amniote humeri and femora, especially in two dimensions, appear to be related to locomotion and posture. Using multivariate statistical methods that account for evolutionary relatedness between taxa (generalised least squares, phylogenetic flexible discriminant analysis, Fourier analysis, ancestral state reconstruction), I develop inference models to assess locomotion and posture in many extinct taxa documenting major episodes of locomotor and postural transitions during the Mesozoic. This work contributes to unravelling the complex interaction between phylogeny, body mass, lifestyle, microanatomy, locomotion and posture in amniotes.

Keywords: Amniota; locomotion; Mesozoic; microanatomy; palaeobiology; posture
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  and postural strategies favouring access to various ecological niches and contributing to the evolutionary success of tetrapods.

Figure i- 2 .

 2 Figure i-2. Acanthostega used its limbs to navigate through shallow waters in the Devonian. © Raúl Martín

Figure i- 3 .

 3 Figure i-3. Time-calibrated phylogeny showing the relationships between the major amniote clades. Clade numbering: 1, Amniota; 2, Diapsida (Reptilia); 3, Archelosauria; 4, Archosauria; 5, Mammalia (Synapsida); 6, Theria.

Figure i- 4 .

 4 Figure i-4. Amniotes roaming an alluvial plain in the Triassic. © Publiphoto

  posturale, notamment au sein du clade Reptilia, dont les représentants actuels comprennent des bipèdes avec des membres parasagittaux et une posture érigée ou accroupie (oiseaux), des quadrupèdes avec des membres subparasagittaux et une posture dite « semi-érigée » (crocodiliens), et des quadrupèdes avec des membres transverses (lépidosaures et tortues). Mais les différentes étapes menant à une telle diversité restent énigmatiques et le type de locomotion/posture adopté par de nombreuses espèces disparues pose question. C'est notamment le cas de certains taxons du Trias comme Euparkeria et Marasuchus (voir Introduction). L'exploration de la microanatomie osseuse des reptiles pourrait permettre de lever ces incertitudes. En effet, cette diversité locomotrice et posturale s'accompagne d'une grande disparité microanatomique. Sur terre, les os du squelette appendiculaire portent le poids du corps et sont soumis à de multiples contraintes qui façonnent en partie leur morphologie externe et interne (voir Introduction). Dans ce premier chapitre, nous montrons comment des paramètres microanatomiques mesurés en coupe, tels que la compacité osseuse ou la position de la transition médullo-corticale, peuvent être reliés à la locomotion et à la posture fémorale. À l'aide d'analyses de variance phylogénétiques, nous montrons que les taxons bipèdes présentent une cavité médullaire plus grande que les quadrupèdes, mais aucune différence significative en termes de compacité. Nous supposons que cela pourrait être dû à des variations de l'épaisseur corticale. En utilisant des méthodes statistiques intégrant la phylogénie (analyses discriminantes flexibles phylogénétiques), nous développons plusieurs modèles d'inférence à partir d'un échantillon de coupes transversales de fémurs appartenant à 51 espèces de reptiles. Nous utilisons ces modèles pour inférer la locomotion et la posture chez 7 taxons de reptiles éteints pour lesquels elles demeurent débattues ou mal définies. Nos modèles produisent des inférences fiables pour les taxons qui ont précédé et suivi les transitions quadrupède/bipède et transverse/érigée, notamment au sein des clades Captorhinidae et Dinosauria. Pour les taxons contemporains de ces transitions, comme Terrestrisuchus et Marasuchus, les inférences sont plus discutables. Nous utilisons des modèles linéaires pour étudier l'effet de la masse corporelle et du mode de vie sur nos modèles d'inférence. Nous montrons que la masse corporelle semble avoir un impact significatif sur les inférences dans la plupart des cas, contrairement au mode de vie. Enfin, nous illustrons l'excentricité de la section, tout en abordant certaines autres limites méthodologiques potentielles. Cette étude apporte un éclairage sur l'évolution de la locomotion chez plusieurs reptiles primitifs énigmatiques.
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 11 Figure 1-1. Schematic representation of the pelvic girdle and femur position for different postures. A, parasagittal femur in Rhea Americana (dorsal view); B, parasagittally locomoting erect posture in Rhea Americana (lateral view); C, parasagittally locomoting crouched posture in Columba livia (lateral view); D, "semi-erect" posture in Alligator mississippiensis in dorsal (left) and lateral (right) view; E, sprawling posture in Iguana iguana (dorsal view). The grey dotted line represents the parasagittal plane in dorsal view and the dorsal (horizontal) plane in lateral view. The green area represents the total amplitude of femoral excursion, with the blue dotted lines indicating minimum and maximum excursions.
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 12 Figure1-2. View of the different moments of inertia on a proximal end of a femur of Allosaurus fragilis (DNM 2560). The area moment of inertia is the greatest around the major axis (blue; Imax) and reflects greater resistance to bending under stress applied perpendicularly to this axis (blue arrow). Conversely, the area moment of inertia is the smallest around the minor axis (green; Imin) and reflects lower resistance to bending under stress applied perpendicularly to this axis (green arrow). The polar section modulus (Zpol) is derived from the polar moment of inertia, which is calculated around a third axis (purple) perpendicular to the section plane and passing through the intersection of the major and minor axes. Zpol gives an indication of the resistance to torsion around this axis (purple arrow).

P

  , which corresponds to the inflection point of the sigmoid curve and represents the distance from the centre of the transition between the medulla and the cortex. The reciprocal of the slope of the tangent at point P, called S, reflects the nature of this transition. A high S corresponds to a progressive transition, as in the case of cancellous bone, while a low S reflects an abrupt transition. BoneProfileR also calculates an observed global compactness value, Cobs. BoneProfileR can also perform radial analyses. The cross-section is segmented in 60 slices of six degrees. Compactness is measured in the same way as explained above and a compactness profile is modelled for each of these slices. An average radial P (RP) and an average radial S (RS) are
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 13 Figure 1-3. Compactness profile of a femoral diaphyseal cross-section of Allosaurus fragilis (DNM 2560) as obtained with BoneProfileR[START_REF] Gônet | BoneProfileR: the next step to quantify, model and statistically compare bone section compactness profiles[END_REF]. The compactness is null in the centre of the section (medulla) and maximum on the edge (cortex). The point P is located at the inflection of the sigmoid curve modelled from the observed compactness, it corresponds to the distance from the centre of the medullo-cortical transition. In this example, the section is segmented into 30 concentric circles and radii for better readability.
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 14 Figure 1-4. Time-calibrated phylogenetic tree with the extant and extinct species included in this study. The tree presented here is the first of the set of 100 trees we used for our statistical analyses. The stars indicate the species for which we wanted to infer the locomotion and posture.
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 15 Figure 1-5. Some of the femoral cross-sections used in this study. A, Chelonoidis carbonaria (quadruped, sprawling), MNHN-ZA-AC-1877-404; B, Crocodylus niloticus (quadruped, semi-erect), MNHN-ZA-AC-1963-22; C, Tiliqua scindoides (quadruped, sprawling), MNHN-ZA-AC-1898-285; D, Phrynosoma cornutum (quadruped, sprawling), MNHN-ZA-AC-1893-662; E, Chlamydosaurus kingii (facultative biped, sprawling), MorphoSource: ypm:vz:ypm herr 010336; F, Basiliscus basiliscus (facultative biped, sprawling), MNHN-ZA-AC-1888-124; G, Gypaetus barbatus (biped, crouched), MNHN-ZO-AC-1993-52; H, Masiakasaurus knopfleri † (biped, erect), FMNH PR 2117; I, Struthio camelus (biped, erect), YPM 2124; J, Columba livia (biped, crouched), RVC.
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 16 Figure 1-6. Morphometric separation of reptiles according to their locomotion and posture, as shown by phylogenetic discriminant spaces generated by PFDA on femoral geometric and compactness data with tree 1 (varanids and iguanids included). A, model 1 for the trait locomotor mode. Inferences: biped, Plateosaurus engelhardti, the indeterminate hypsilophodontid, Dysalotosaurus lettowvorbecki; facultative biped, Terrestrisuchus gracilis, Marasuchus lilloensis; quadruped, Euparkeria capensis, Labidosaurus hamatus. B, model 2 for the trait posture. Inferences: sprawling, Marasuchus lilloensis, Terrestrisuchus gracilis, the indeterminate hypsilophodontid; erect, Dysalotosaurus lettowvorbecki, Plateosaurus engelhardti, Euparkeria capensis, Labidosaurus hamatus.
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 1 Figure 1-7D).
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 17 Figure 1-7. Influence of body mass on the first two axes of the locomotion (A and B) and postural (C and D) models. The green diamonds represent arboreal taxa; the purple triangles, terrestrial species;the blue triangles, fossorial species; the red squares, semi-aquatic species.
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 18 Figure 1-8. Schematic representation of bone cross-sections with fixed bone compactness (Cobs) and variable P (distance from the centre of the section of the medullo-cortical transition), and their associated compactness profile as obtained with BoneProfileR (Gônet et al., 2022).

  The latter increases for all lifestyle categories, as individuals have larger values on the second axis of our locomotion model (Figure 1-7B). Body mass also increases, more dramatically, as individuals present higher values on the first axis of our postural model (Figure 1-7C).

,

  Terrestrisuchus and Marasuchus are contained within the extant phylogenetic bracket in the sense of[START_REF] Witmer | The extant phylogenetic bracket and the importance of reconstructing soft tissues in fossils[END_REF], i.e. they are "framed" by two clades with extant representatives (lepidosaurs and archosaurs) and which are their closest sister taxa (Figure1-9). Therefore, our current dataset is relevant for making palaeobiological inferences about these taxa. The same applies to the dinosaurs Plateosaurus, Dysalotosaurus and the indeterminate hypsilophodontid. The only taxon outside the bracket-if turtles are indeed among Diapsida as suggested by most molecular phylogenies (see Figure1-9)-is Labidosaurus. For it to remain in the bracket, we would have to include mammals in our sample, which we believe would be irrelevant since synapsids and reptiles show very different locomotor patterns. As is too often the case in palaeontology, we lack a good comparison in nature today. The diversity of extant reptiles remains the best source of comparison to try to understand the biology of early reptiles, such as Labidosaurus.

Figure

  Figure1-9. Extant phylogenetic bracketing applied to the taxa in this study. Depending on the position of turtles in the tree, Labidosaurus is contained within the bracket or not. The dotted branch represents turtles in parareptiles as sister taxa to Eureptilia, as proposed by[START_REF] Laurin | A reevaluation of early amniote phylogeny[END_REF].
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 1 Figure S1-1. Morphometric separation of reptiles according to their locomotion, as shown by PFDA on femoral geometric and compactness data with tree 1 (varanids and iguanids excluded). The red and blue circles represent bipedal and quadrupedal species, respectively. The green circles represent facultatively bipedal species. The purple circles represent the species for which we infer the locomotion. Inferences: biped, Plateosaurus engelhardti, Terrestrisuchus gracilis, the indeterminate hypsilophodontid, Dysalotosaurus lettowvorbecki; facultative biped, Marasuchus lilloensis; quadruped, Labidosaurus hamatus, Euparkeria capensis.
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 2 Figure S1-2. Morphometric separation of reptiles according to their femoral posture, as shown by PFDA on femoral geometric and compactness data with tree 1 (varanids and iguanids excluded). The squares represent crouched species. The regular and inverted triangles represent semi-erect and sprawling species, respectively. The diamonds represent erect species. The crosses represent the species for which we infer the femoral posture. Inferences: sprawling, Marasuchus lilloensis, Terrestrisuchus gracilis; crouched, the indeterminate hypsilophodontid; erect, Dysalotosaurus lettowvorbecki, Plateosaurus engelhardti, Euparkeria capensis, Labidosaurus hamatus.
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 3 Figure S1-3. Morphometric separation of reptiles according to their femoral posture, as shown by PFDA on femoral geometric and compactness data with tree 1 (eccentricity excluded; varanids and iguanids excluded). The squares represent crouched species. The regular and inverted triangles represent semi-erect and sprawling species, respectively. The diamonds represent erect species. The crosses represent the species for which we infer the femoral posture. Inferences: sprawling, Marasuchus lilloensis, Terrestrisuchus gracilis, Euparkeria capensis; semi-erect, Labidosaurus hamatus; erect, the indeterminate hypsilophodontid, Dysalotosaurus lettowvorbecki, Plateosaurus engelhardti.
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 3 Figure S1-3. Morphometric separation of reptiles according to their femoral posture, as shown by PFDA on femoral geometric and compactness data with tree 1 (eccentricity excluded; varanids and iguanids excluded). The squares represent crouched species. The regular and inverted triangles represent semi-erect and sprawling species, respectively. The diamonds represent erect species. The crosses represent the species for which we infer the femoral posture. Inferences: sprawling, Marasuchus lilloensis, Terrestrisuchus gracilis, Euparkeria capensis; semi-erect, Labidosaurus hamatus; erect, the indeterminate hypsilophodontid, Dysalotosaurus lettowvorbecki, Plateosaurus engelhardti.
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 21 Figure 2-1. Some of the femoral cross-sections used in this study. A, Sphenodon punctatus (sprawling quadruped), ummz:herps:40651; B, Urosaurus bicarinatus (sprawling quadruped), unnumbered specimen; C, Varanus gouldii (sprawling quadruped), MNHN-ZA-AC-1889-62; D, Cyclura cornuta (sprawling quadruped), MNHNZA-AC-1907-107; E, Basiliscus vittatus (sprawling facultative biped), MNHN-ZA-AC-1883-1830; F, Chelonoidis carbonaria (sprawling quadruped), MNHN-ZA-AC-1877-404; G, Alligator mississippiensis ("semi-erect" quadruped), MNHN-ZA-AC-1945-54; H, Phasianus colchinus (crouched biped), YPM 7778; I, Casuarius casuarius (erect biped), MNHN-ZO-AC-1946-72; J, Sagittarius serpentarius (crouched biped), YPM 1797; K, Allosaurus fragilis † (erect biped), DNM 2560.

Figure 2 - 2 .

 22 Figure 2-2. Orientation of the studied femora in the traditional anatomical system. A, symmetrised Allosaurus fragilis femur (DNM 2560) in anterior view. We oriented the femora so that the intercondylar fossa (if) faced forward; B, the same femur in lateral view; C, orthogonal view: (a), anteroposterior plane; (b), mediolateral plane; (c) cross-sectional plane.
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 23 Figure 2-3. Compactness profiles for two slices of a mid-diaphyseal femoral cross-section of Chelydra sepentina (MNHN-ZA-AC-1897-255) showing variations of the medullo-cortical transition. An observed global compactness (Cobs) is calculated for each slice. The parameters P and S are extracted from the modeled curve: P, the distance from the centre of the medullo-cortical transition; S, the inverse of the tangent to the curve at P (0.14 and 0.22 for the blue and purple slices, respectively).
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 24 Figure 2-4. Xy projection stacks of angular Cobs values for the 51 reptile taxa studied. Cobs, and the other microanatomical parameters, P and S, are measured in six degree increments with BoneProfileR. The purple region corresponds to Cobs measurements for Tiliqua scincoides (MNHN-ZA-AC-1898-285).
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 25 Figure 2-5. Tree 1 of our set of 100 time-calibrated composite phylogenies displaying the evolutionary relationships among the 51 reptile taxa in this study. Trees were compiled in R using the work of Shapiro et al. (2002), Chiari et al. (2012), Jetz et al. (2012), Joyce et al. (2013), Bapst et al. (2016), Tonini et al. (2016), Turner et al. (2017), Rauhut & Pol (2019) and Drumheller & Wilberg (2020). Clade numbering: 1, Lepidosauria; 2, Testudines; 3, Dinosauria; 4, Crocodylia.

  Figure S2-2). For Cobs, PCA performs well in segregating bipeds and quadrupeds, primarily along the first PC (Figure 2-6A), with the latter accounting for the majority of the variance (90.2%). The first two PCs together account for nearly 95% of the total variance. As shown by the two extreme shapes on either side of the first PC, quadrupeds appear to possess a rather homogeneous bone compactness in cross-section (left part of the morphological space), whereas bipeds tend to show lower bone compactness anterolaterally and posteromedially (right part of the morphospace). Facultative bipeds are found in the overlap between bipeds and quadrupeds.
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 26 Figure 2-6. Morphological separation of locomotor modes based on elliptic Fourier coefficients from angular measurements of Cobs (A) and P (B), as shown by PCA.
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 27 Figure 2-7. Projection of the phylogeny on the morphological spaces generated by PCA on Fourier coefficients from angular measures of Cobs (A) and P (B). Blue, Dinosauria; cyan, Crocodylia; green, Testudines; red, Lepidosauria. Circles, quadrupeds; squares, bipeds; triangles, facultative bipeds.
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 28 Figure 2-8. Phylogenetic discriminant space resulting from PFDA on the first PC of the Fourierderived PCA with Cobs (A) and P (B).

Figure S2- 1 .

 1 Figure S2-1. Morphological separation of locomotor modes based on elliptic Fourier coefficients from angular measurements of S, as shown by PCA.

Figure S2- 2 .

 2 Figure S2-2. Cumulative harmonic power (median and extreme values) from the Fourier decomposition of Cobs angular measurements.

  monotremes have more transversely-oriented humeri similar to those of reptiles. The forelimbs of moles are also modified in relation to their burrowing lifestyle. This postural diversity is accompanied by an important microanatomical disparity. Indeed, the bones of the appendicular skeleton support the weight of the body and are subject to various forces that partly shape their external and internal morphology (see Introduction). Mammals, just like dinosaurs and pseudosuchians (see Chapter I), underwent a postural transition during the Mesozoic. From forms with approximately transversely-oriented limbs, they evolved into taxa with more parasagittally-oriented limbs. However, the precise dating of this transition remains debated. Indeed, some studies favour an early transition at the end of the Triassic/beginning of the Jurassic, more or less concomitant with the appearance of the first mammals, while others support a late transition towards the end of the Jurassic/beginning of the Cretaceous within therian mammals (voir Introduction). This chapter is the methodological analogue of the first chapter applied to the postural transition in mammals. We show, using generalised least squares, how geometric and compactness parameters measured on cross-sections of humeri belonging to 41 extant mammal species, such as the polar section modulus or the position of the medullo-cortical transition, can be related to humeral posture in mammals. We use the collected data to generate a phylogenetically informed postural model capable of generating postural inferences in extinct taxa. Our model can be used by palaeontologists to infer the posture of extinct synapsids, especially in the context of the Mesozoic postural transition in mammals. As an example, we infer the posture of two iconic taxa that lived before and after this transitional episode: a sphenacodontid, Dimetrodon natalis, and the Cuvier's sarigue, Peratherium cuvieri. The results of the analysis indicate a sprawling posture for
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 31 Figure 3-1. Humeral excursion at the shoulder joint in lateral (left) and dorsal (right) views in several mammals with different postures[START_REF] Jenkins | Limb posture and locomotion in the Virginia opossum (Didelphis marsupialis) and in other non-cursorial mammals[END_REF][START_REF] Pridmore | Terrestrial locomotion in monotremes (Mammalia: Monotremata)[END_REF][START_REF] Lin | How moles walk; it's all thumbs[END_REF]. The scapula and humerus are shown in lateral view, but the scapula is not shown in dorsal view for better visibility of the humerus. A, erect humerus in Felis domestica; B, "crouched" humerus in Rattus norvegicus; C, sprawling humerus in Ornithorhynchus (left and hatched area on right) and Tachyglossus (right); D, modified humerus in Scalopus aquaticus. Abbreviations: HP, horizontal plane; PP, parasagittal plane.

  Figure 3-1. Humeral excursion at the shoulder joint in lateral (left) and dorsal (right) views in several mammals with different postures[START_REF] Jenkins | Limb posture and locomotion in the Virginia opossum (Didelphis marsupialis) and in other non-cursorial mammals[END_REF][START_REF] Pridmore | Terrestrial locomotion in monotremes (Mammalia: Monotremata)[END_REF][START_REF] Lin | How moles walk; it's all thumbs[END_REF]. The scapula and humerus are shown in lateral view, but the scapula is not shown in dorsal view for better visibility of the humerus. A, erect humerus in Felis domestica; B, "crouched" humerus in Rattus norvegicus; C, sprawling humerus in Ornithorhynchus (left and hatched area on right) and Tachyglossus (right); D, modified humerus in Scalopus aquaticus. Abbreviations: HP, horizontal plane; PP, parasagittal plane.

  5911 species) from the work of[START_REF] Upham | Inferring the mammal tree: Specieslevel sets of phylogenies for questions in ecology, evolution, and conservation[END_REF] and available on https://vertlife.org. The statistical analyses performed in this study required reference trees that included the taxa for which we wanted to infer posture. Therefore, Dimetrodon natalis (Sphenacodontidae) was branched at 313 Myr based on Didier & Laurin (2020). We followed[START_REF] Selva | Morphologie et fonction du système vestibulaire de l'oreille interne des mammifères souterrains[END_REF] in considering Peratherium cuvieri an herpetotheriid and set the age of divergence between Herpetotheriidae and Marsupialia at approximately 85 Myr. The trees in Newick tree format are available as electronic supplementary information.
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 32 Figure 3-2. Tree 1 of our set of 100 time-calibrated composite phylogenies displaying the evolutionary relationships among the extant and extinct species included in this study, with some of the humeral cross-sections analysed. A, Peratherium cuvieri † (humeral posture unknown), MNHN-F-GY679b; B, Aepyprymnus rufescens (crouched), MorphoSource: msu:mr:mr.4680; C, Meriones libycus (crouched), MNHN-ZM-MO-1981-619; D, Marmota marmota (crouched), STIPB unnumbered specimen; E, Macaca radiata (crouched), MNHN-ZM-AC-1845-271; F, Syncerus caffer (erect), NHMUK ZD 1874.11.2.4; G, Felis silvestris (erect), UFGK unnumbered specimen; H, Talpa europaea (modified), MNHN-ZM-MO-1953-829; I, Euroscaptor micrura (modified), MNHN-ZM-MO-1959-1795; J, Tachyglossus aculeatus (sprawling), MNHN-ZM-AC-1884-1125; K, Ornithorhynchus anatinus (sprawling), MNHN-ZM-AC-1906-484; L, Dimetrodon natalis † (unknown), IPBSH-4. The cross-sections are anatomically oriented (anterior to the top and lateral to the right) except for Dimetrodon. Trees were compiled in R using the work of Selva et al. (2017), Upham et al. (2019) and Didier & Laurin (2020).
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 34 Figure 3-4. Phylogenetic discriminant space generated from PFDA (Motani and Schmitz, 2011) on postural groups. Based on posterior probabilities, Dimetrodon and Peratherium are inferred as "sprawling" and "crouched", respectively.

  match(tempTre$tip.label,rownames(tempDat)),] #Reorders row names according to tip labels tempdat <-tempdat[match(temptre$tip.label,rownames(tempdat)),] ddA <-tempDat[,-1,ncol(tempDat)] #Removes posture from test data dd <-tempdat[,-1,ncol(tempdat)] #Removes posture from training data gA <-tempDat$Posture names(gA) <-rownames(tempDat)

  et, à notre connaissance, elles n'ont jamais été appliquées à l'architecture trabéculaire fémorale dans le cadre des transitions posturales chez les amniotes au Mésozoïque. Nous montrons que les paramètres microanatomiques mesurés sur les cubes osseux ne sont pas associés à la posture fémorale ou au mode de vie. En revanche, nous détectons une forte association avec la masse corporelle. Nous reconstruisons les états ancestraux de la posture fémorale et de plusieurs paramètres microanatomiques, et obtenons des résultats contradictoires.En général, le réseau trabéculaire de la tête fémorale n'est pas un bon indicateur de la posture du fémur chez les amniotes. Cependant, les méthodes de reconstruction ancestrale ont un grand potentiel pour l'étude de la posture chez ces derniers.
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 41 Figure 4-1. Proximal femur of Gypaetus barbatus (MNHN-ZO-AC-1993-52). Bone cubes were extracted following the fit sphere routine with the BoneJ plugin[START_REF] Doube | BoneJ: Free and extensible bone image analysis in ImageJ[END_REF] in ImageJ. We extracted the largest cube that could be contained in a sphere fitted by least squares in the femoral head.

(

  Testudinidae) and between Chelydra serpentina and Testudinidae at 48 (time adjusted) and 105 Myr (time adjusted), respectively. The divergence between birds and crocodylians (Archosauria) was set at 245 Myr. Raphus cucullatus, Pezophaps solitaria and Dinornis were absent from the bird trees of Jetz et al. (2012), so we had to add them. The divergence between Raphus and Pezophaps and between Columba livia and the Raphus+Pezophaps clade was set at 13.1 and 58 Myr (adjusted time), respectively.
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 42 Figure 4-2. Simplified cladogram showing the relationships between the main amniote taxa studied. Stars indicate nodes of interest for ancestral reconstruction: 1, Archosauria; 2, Mammalia; 3, Theria.
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 43 Figure 4-3. Posterior probabilities of femoral posture at nodes of interest (bottom to top: Archosauria; Mammalia; Theria) derived from ancestral state reconstruction with our sample of extant taxa.

Figure 4 - 4 .

 44 Figure 4-4. Principal component analysis showing the variation between the taxa in our sample. Eigenvalues and contribution of each microanatomical variable to the first two PCs are shown.
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 45 Figure 4-5. Discrimination of femoral posture within our amniote sample, as shown by phylogenetic flexible discriminant analysis (PFDA) on the microanatomical parameters with tree 1.

  bone surface area (BS/TV), the mean trabecular thickness (Tb.Th), the mean trabecular spacing (Tb.Sp) and the connectivity density (Conn.D) are the main contributors to the first component, while the bone volume fraction (BV/TV) and the degree of anisotropy (DA) contribute more to the second component. However, none of these parameters are significantly associated with femoral posture, nor with lifestyle, as shown by generalised least squares. On the contrary, we show that all microanatomical parameters, except BV/TV, are significantly associated with body mass. In addition, we show that femoral posture carries a phylogenetic signal.Reconstruction of the ancestral femoral posture reveals that the most probable posture at the Archosauria node is sprawling. However, the reconstructions could suffer from a "pull of the recent" bias, as crocodylians and birds differ from the probable ancestral archosaurian condition. In the future, the addition of fossils to the sample may partially correct this bias. A crouched posture is the most likely at the Mammalia and Theria nodes, implying an early postural transition in Synapsida, towards the Late Triassic/Early Jurassic. However, the reconstructed ancestral microanatomical parameters give strictly opposite results, except for the Archosauria node. Indeed, the reconstructed parameters indicate a more sprawling posture at the Mammalia and Theria nodes, suggesting a late postural transition. The addition of new taxa to the reconstructions, especially fossils with known posture, could help address this issue.Phylogenetic flexible discriminant analysis based on the microanatomical parameters does not perform better than PCA in separating the femoral postures. The rate of correct classification is highly unbalanced between postural categories. Adding taxa to the sample might help to overcome this problem, but considering the PFDA and PCA results together, it appears that, in amniotes, the trabecular architecture of the femoral articular head does not carry a particularly strong postural signal, at least with our sample. Nevertheless, we tentatively infer the posture of the hypothetical ancestor of archosaurs, mammals and therians, respectively. The model infers a sprawling posture in all cases, and thus supports a late postural transition in Synapsida. However, these results should be taken with caution given the lack of a statistically-validated relationship between the microanatomical data and femoral posture.The growing interest in postural issues in extant and extinct animals in recent decades has deepened our knowledge of vertebrate evolution and promises exciting future discoveries. In this paper, we show that, despite the weak association between femoral posture and trabecular architecture of the femoral head in amniotes, the application of ancestral state reconstruction methods to postural problems has potential. They deserve a more prominent place in the study of postural transitions, especially in the case of Mesozoic amniotes.
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Table 1 - 1 .

 11 List of the femora used to build the inference models presented in this study.

		Taxon	Collection number	Locomotor mode	Femoral posture	Lifestyle	Body mass
		Alligator mississippiensis	MNHN-ZA-AC-1945-54	Q	SE	Aq	62000
	Crocodylia	Caiman crocodilus	MNHN-ZA-AC-1910-87	Q	SE	Aq	10900
		Crocodylus niloticus	MNHN-ZA-AC-1963-22	Q	SE	Aq	94200
		Sphenodon punctatus	uf:herp:14110*	Q	S	Fo	430
	Rhynchocephalia	Sphenodon punctatus	ummz:herps:40651*	Q	S	Fo	430
		Basiliscus basiliscus	MNHN-ZA-AC-1888-124	FB	S	Ar	225
		Basiliscus vittatus	MNHN-ZA-AC-1883-1830	FB	S	Ar	60.87
		Chlamydosaurus kingii	ypm:vz:ypm herr 010336*	FB	S	Ar	449.125
		Coleonyx elegans	ummz:herps:125878*	Q	S	Te	11.2
		Cyclura cornuta	MNHN-ZA-AC-1907-107	Q	S	Te	16578.115
	Squamata	Iguana iguana	MNHN-ZA-AC-1974-129	Q	S	Ar	1530
		Phrynosoma cornutum	MNHN-ZA-AC-1893-662	Q	S	Te	27.335
		Tiliqua scincoides	MNHN-ZA-AC-1898-285	Q	S	Te	496.4
		Urosaurus bicarinatus	Unnumbered specimen	Q	S	Ar	3.415
		Varanus gouldii	MNHN-ZA-AC-1889-62	Q	S	Fo	671.92
		Varanus griseus	MNHN-ZA-AC-1920-146	Q	S	Fo	821.1
	Testudines	Chelonoidis carbonaria Chelydra serpentina	MNHN-ZA-AC-1877-404 MNHN-ZA-AC-1897-255	Q Q	S S	Te Aq	2000 5170
	Theropoda	Afropavo congensis	YPM 6658	B	C	Te	1149.25

Table 1 - 2 .

 12 List of the femora used to infer locomotion/posture in the extinct taxa of interest.

		Taxon	Age	Collection number
	Eureptilia	Labidosaurus hamatus †	Early Permian	CM 73371
	Archosauriformes	Euparkeria capensis †	Early Triassic	SAM PK 5867
	Crocodylomorpha	Terrestrisuchus gracilis †	Late Triassic	NHMUK 72-1
	Dinosauriformes	Marasuchus lilloensis †	Late Triassic	PVL 3870
		Plateosaurus engelhardti †	Late Triassic	SMNS F 29
	Dinosauria	Dysalotosaurus lettowvorbecki †	Late Jurassic	GPIT/RE/3588
		Indet. hypsilophodontid †	Early Cretaceous	NMV P221151

Table 1 -3.

 1 List of the PFDA models retained based on 50,000 cross-validation procedures.

	Model	Trait	Variables retained	Mean RCC (%)	Mean AIC
	Reptile 1	Locomotion	Pemin; Cobs; P; RS	82	0.979
	Reptile 2	Posture	Pemin; Ecc; SR; P; RSSD	66	0.562
	Reptile 3	Posture	Pemin; SR; Cobs; RS	60	0.648
	RCC and AIC are averaged over 100 time-calibrated phylogenetic trees. Abbreviations: AIC, Akaike
		information criterion		

Table 1 -4. Phylogenetic

 1 signal in the data.

	Trait	Mean delta-statistic	Mean lambda	Mean p-value
	Locomotion	31.6		<0.001***
	Posture	10.293		<0.001***
	Pemin		0.999	<0.001***
	Ecc		<0.001	1
	SR		0.826	<0.001***
	Cobs		0.706	<0.001***
	P		0.933	<0.001***
	RS		0.377	0.1
	RSSD		0.16	0.28
		Values are averaged over 100 time-calibrated trees.	
	compactness parameters Cobs (observed bone compactness) and P also contain a
	substantial phylogenetic signal between 0.7 and 0.747 (mean = 0.706) and between 0.91
	and 0.955 (mean = 0.933), respectively (p-values < 0.001). The parameter RS (radial S;

Table 1-5. Differences in P between locomotor and postural groups as shown by pairwise comparison.

  

	2.3. Effect of body mass on the variables in the models	
	Body mass is significantly associated with Pemin (p-values < 0.001), SR (p-
	values < 0.001) and Ecc (p-values ≈ 0.001; see Table 1-6). Lambda for Pemin and SR
	ranges from 0.515 to 0.586 (mean = 0.539) and from 0.689 to 0.826 (mean = 0.763),
	respectively. Lambda is always below 0.001 for Ecc. However, no association is found
	between body mass and Cobs (0.262 < p-value < 0.416; mean = 0.326), P (0.375 < p-value
	< 0.748; mean = 0.53), RS (0.075 < p-value < 0.157; mean = 0.109) and RSSD (0.185 < p-
	value < 0.282; mean = 0.229).		
	Table 1-6. Effect of body mass on the femoral geometric and compactness parameters in the models.
	PGLS model formula	Mean lambda	Mean R 2	Mean p-value
	Pemin ~ Body mass	0.539	0.927	<0.001***
	Ecc ~ Body mass	<0.001	0.191	0.001**
	SR ~ Body mass	0.763	0.248	<0.001***
	Cobs ~ Body mass	0.704	0.02	0.326
	P ~ Body mass	0.937	0.009	0.53
	RS ~ Body mass	0.572	0.052	0.109
	RSSD ~ Body mass	0.272	0.03	0.229
	Values reported are means obtained from 100 phylogenetic trees.
	Model	Pairwise comparison	Mean adjusted p-value
		Biped vs Facultative biped		0.958
	Reptile 1 (Locomotion)	Biped vs Quadruped		0.028*
		Facultative biped vs Quadruped		0.16
		Crouched vs Erect		0.313
		Crouched vs Semi-erect		0.022*
	Reptile 2 (Posture)	Crouched vs Sprawling Erect vs Semi-erect		0.754 0.056
		Erect vs Sprawling		1
		Semi-erect vs Sprawling		0.632
	P-values are averaged over 100 phylogenetic trees.	

Table S1 -

 S1 1. Effect of body mass and lifestyle on the first two axes of the inference models.

	Model	Linear model formula	Term	Mean p-value
			Body mass	<0.001***
		DA 1 ~ BM * LS	Lifestyle	0.202
			Interaction	<0.001***
	Reptile 1 (Locomotion)		Body mass	0.007**
		DA 2 ~ BM * LS	Lifestyle	0.06
			Interaction	0.182
			Body mass	<0.001***
		DA 1 ~ BM * LS	Lifestyle	0.38
	Reptile 2 (Posture)		Interaction Body mass	0.543 0.091
		DA 2 ~ BM * LS	Lifestyle	0.622
			Interaction	0.015*
	Model formula	Pairwise comparison	Adjusted p-value
		Semi-aquatic vs arboreal		0.164
		Semi-aquatic vs Fossorial		0.279
	DA 2 ~ BM * LS	Semi-aquatic vs Terrestrial Arboreal vs Fossorial		0.728 0.728
		Arboreal vs Terrestrial		0.089
		Fossorial vs Terrestrial		0.18

P-values are averaged over 100 trees. Abbreviations: BM, body mass; DA, discriminant axis; LS, lifestyle. Table S1-2. Differences between lifestyles on DA 2 of the postural model with tree 22. Abbreviations: BM, body mass; DA, discriminant axis; LS, lifestyle.

  Dans le premier chapitre, nous avons vu que la microanatomie fémorale, par le biais de coupes transversales mi-diaphysaires, était un bon indicateur de la

	locomotion et de la posture des membres chez les reptiles. Nous avons également
	montré que les taxons bipèdes (oiseaux) et quadrupèdes (lépidosaures, tortues,
	crocodiliens) ne différaient pas significativement en termes de compacité osseuse.
	Cependant, les bipèdes présentaient une cavité médullaire significativement plus
	grande que les quadrupèdes. Pour tenter d'expliquer cette absence de corrélation entre
	la compacité osseuse et la taille de la cavité médullaire, nous avons émis l'hypothèse
	semble avoir un impact significatif sur nos résultats, nous montrons qu'un signal
	fonctionnel existe. En particulier, nous montrons que les bipèdes et les quadrupèdes
	présentent en coupe une excentricité antéro-latérale et antérieure, respectivement.

que l'épaisseur corticale pouvait varier en fonction de la position sur la coupe transversale. Dans ce deuxième chapitre, nous mettons cette hypothèse à l'épreuve.

Très peu d'études ont tenté de caractériser la microanatomie osseuse de manière angulaire, c'est-à-dire la façon dont la microanatomie varie selon la direction anatomique (antéro-postérieure/médio-latérale).

[START_REF] Dumont | Inner architecture of vertebral centra in terrestrial and aquatic mammals: A two-dimensional comparative study[END_REF] 

ont analysé des paramètres microanatomiques angulaires sur des centres vertébraux de mammifères terrestres et aquatiques, mais à notre connaissance rien de tel n'a été fait sur des coupes fémorales de reptiles. Nous montrons ici, à l'aide de transformées de Fourier elliptiques et d'analyses statistiques intégrant la phylogénie, comment des paramètres microanatomiques angulaires mesurés sur des coupes transversales fémorales de reptiles, tels que la compacité osseuse angulaire, peuvent être reliés à la locomotion dans ce clade. Aujourd'hui, l'analyse de Fourier est largement employée dans divers domaines scientifiques tels que la physique

[START_REF] Ransom | Fourier techniques for very long astrophysical time-series analysis[END_REF] 

et l'ingénierie

[START_REF] Cadet | Application of Fourier transform and proteochemometrics principles to protein engineering[END_REF]

, mais aussi la biologie et la paléontologie, notamment pour l'étude des formes biologiques dans le cadre d'études morphométriques

[START_REF] Bonhomme | Intraspecific variability of pollen morphology as revealed by elliptic Fourier analysis[END_REF][START_REF] Caillon | A morphometric dive into fish diversity[END_REF][START_REF] Kruta | Enigmatic hook-like structures in Cretaceous ammonites (Scaphitidae)[END_REF][START_REF] Zaharias | Just the once will not hurt: DNA suggests species lumping over two oceans in deep-sea snails (Cryptogemma)[END_REF]

. Bien que la phylogénie Nous relions cette observation aux forces agissant sur le fémur dans différents contextes posturaux. Ce travail contribue à déchiffrer l'interaction complexe entre la phylogénie, la microanatomie du fémur et la locomotion chez les reptiles.

Table 2 - 1 .

 21 List of the femora used in this study.

		Taxon	Collection number	Origin of the section	Locomotor mode	Lifestyle	Body mass	CT resolution
		Alligator mississippiensis	MNHN-ZA-AC-1945-54	CT scan	Q	Aq	62000
	Crocodylia	Caiman crocodilus	MNHN-ZA-AC-1910-87	CT scan	Q	Aq	10900
		Crocodylus niloticus	MNHN-ZA-AC-1963-22	CT scan	Q	Aq	94200
		Sphenodon punctatus	uf:herp:14110*	CT scan	Q	Fo	430
	Rhynchocephalia	Sphenodon punctatus	ummz:herps:40651*	CT scan	Q	Fo	430
		Basiliscus basiliscus	MNHN-ZA-AC-1888-124	CT scan	FB	Ar	225
		Basiliscus vittatus	MNHN-ZA-AC-1883-1830	CT scan	FB	Ar	60.87
		Chlamydosaurus kingii	ypm:vz:ypm herr 010336*	CT scan	FB	Ar	449.125
		Coleonyx elegans	ummz:herps:125878*	CT scan	Q	Te	11.2
		Cyclura cornuta	MNHN-ZA-AC-1907-107	CT scan	Q	Te	16578.115
	Squamata	Iguana iguana	MNHN-ZA-AC-1974-129	CT scan	Q	Ar	1530
		Phrynosoma cornutum	MNHN-ZA-AC-1893-662	CT scan	Q	Te	27.335
		Tiliqua scincoides	MNHN-ZA-AC-1898-285	CT scan	Q	Te	496.4
		Urosaurus bicarinatus	Unnumbered specimen	Histological section	Q	Ar	3.415
		Varanus gouldii	MNHN-ZA-AC-1889-62	CT scan	Q	Fo	671.92
		Varanus griseus	MNHN-ZA-AC-1920-146	Histological section	Q	Fo	821.1
	Testudines	Chelonoidis carbonaria Chelydra serpentina	MNHN-ZA-AC-1877-404 MNHN-ZA-AC-1897-255	CT scan CT scan	Q Q	Te Aq	2000 5170
	Theropoda	Afropavo congensis	YPM 6658	CT scan	B	Te	1149.25

*Data collected on https://www.morphosource.org.

Table 2

 2 

	-2). The K-statistic is always

Table 2 -

 2 2. Phylogenetic signal in the data.

	Trait	Mean delta-statistic (min-max)	Mean K-statistic (min-max)	Mean p-value (min-max)
	Locomotion	22.63 (8.04-376.27)		<0.001*** (<0.001-<0.001)
	CobsSD		0.167 (0.043-0.232)	0.155 (0.051-0.395)
	PSD		0.37 (0.096-0.505)	0.006** (0.001-0.17)
	SSD		0.145 (0.086-0.205)	0.299 (0.097-0.654)
	Body mass		0.519 (0.172-0.603)	0.001** (0.001-0.035)

  Table 2-4). The taxon coordinates on the first PC of the Fourierderived PCAs are never significantly associated with locomotion (Table2-4). When TableS2-1). Post-hoc tests reveal that bipeds differed significantly from quadrupeds with the parameter P for 24% of the trees (TableS2-2). The taxon coordinates are never significantly associated with lifestyle (Table2-4).

outliers are removed, i.e. Allosaurus fragilis, Tyrannosaurus rex and Iguana iguana, taxon coordinates with the parameters Cobs and P become significantly associated with locomotion in 3% and 100% of the phylogenetic trees, respectively (see Supplementary information:

Table 2 -

 2 3. Effect of body mass on the femoral microanatomical parameters.Values reported are means obtained from 100 phylogenetic trees. SSD and body mass are log10 transformed. Abbreviations: BM, body mass; PC1, taxon coordinates on the first principal component.

	PGLS model formula	Mean lambda (min-max)	Mean R 2 (min-max)	Mean p-value (min-max)
	CobsSD ~ BM	<0.001	0.049 (0.048-0.049)	0.12 (0.118-0.122)
	PSD ~ BM	0.79 (0.745-0.841)	0.096 (0.082-0.113)	0.027* (0.016-0.042)
	SSD ~ BM	0.133 (0.107-0.183)	0.022 (0.018-0.025)	0.304 (0.271-0.35)
	PC1 (Cobs) ~ BM	0.781 (0.744-0.82)	0.031 (0.021-0.04)	0.22 (0.162-0.306)
	PC1 (P) ~ BM	0.882 (0.852-0.91)	0.024 (0.014-0.033)	0.284 (0.2-0.415)

Table 2 - 4 .

 24 Effect of locomotion and lifestyle on the microanatomical parameters and Fourier analyses.

	Phylogenetic ANOVA model formula	F-value	Mean p-value (min-max)
	CobsSD ~	LM LS	4.645 1.446	0.581 (0.533-0.63) 0.83 (0.795-0.867)
	PSD ~	LM LS	15.702 0.905	0.253 (0.212-0.303) 0.914 (0.889-0.931)
	SSD ~	LM LS	4.811 0.529	0.574 (0.505-0.623) 0.964 (0.95-0.983)
	PC1 (Cobs) ~	LM	22.68	0.165 (0.129-0.2)
		LS	0.69	0.945 (0.92-0.971)
	PC1 (P) ~	LM	31.552	0.101 (0.064-0.129)
		LS	0.691	0.944 (0.928-0.967)

Table S2 -

 S2 1. Locomotor effect on PC 1 of the Fourier-derived PCAs (outliers removed).

	Table S2-3. Cross-sectional eccentricity in the studied femora. Table S2-3 (continued)
	Phylogenetic ANOVA model formula Taxon Collection number F-value Taxon Collection number	Mean p-value (min-max) Eccentricity (Imax/Imin) Eccentricity (Imax/Imin)
	PC1 (Cobs) ~ Locomotion Urosaurus bicarinatus Anser albifrons		36.169 Unnumbered specimen UMZC 242.e	0.077 (0.044-0.106) 1 1.278
	PC1 (P) ~ Locomotion Argusianus argus Dinornis sp. †		YPM 2100 YPM 421	52	0.034* (0.017-0.048) 1.048 1.283
	P-values are averaged over 100 phylogenetic trees. Crocodylus niloticus MNHN-ZA-AC-1963-22 Phasianus colchicus YPM 7778	1.049 1.292
	Apteryx australis Dendragapus obscurus		UMZC 378.s YPM 11600		1.06 1.305
	Table S2-2. Differences between locomotions on PC 1 of the Fourier-derived PCAs (outliers removed). Iguana iguana MNHN-ZA-AC-1974-129 1.063 Basiliscus vittatus MNHN-ZA-AC-1883-1830 1.326
	Model Chelonoidis carbonaria Anas superciliosa		Pairwise comparison MNHN-ZA-AC-1877-404 UMZC 222.a	Mean adjusted p-value 1.073 1.338
	Caiman crocodilus Raphus cucullatus †	Biped vs Facultative biped MNHN-ZA-AC-1910-87 YPM 2064		0.304 (0.286-0.308) 1.08 1.353
	PC1 (Cobs) ~ Locomotion Columba livia Phrynosoma cornutum	Biped vs Quadruped RVC MNHN-ZA-AC-1893-662	0.097 (0.078-0.114) 1.093 1.356
	Synoicus ypsilophorus Gypaetus barbatus	Facultative biped vs Quadruped UMZC 405.a MNHN-ZO-AC-1993-52	0.304 (0.286-0.308) 1.108 1.376
	Alligator mississippiensis Rhea americana	Biped vs Facultative biped MNHN-ZA-AC-1945-54 MNHN-ZO-AC-1876-730	0.373 (0.325-0.419) 1.111 1.387
	PC1 (P) ~ Locomotion Apteryx haastii Dromaius novaehollandiae Biped vs Quadruped UMZC 378.p YPM 2128		0.061 (0.03-0.114) 1.135 1.407
	Chlamydosaurus kingii Tyrannosaurus rex †	Facultative biped vs Quadruped ypm:vz:ypm herr 010336 [3] MOR 1125	0.124 (0.087-0.159) 1.15 1.417
	Apteryx owenii Varanus griseus		UMZC 378.iii MNHN-ZA-AC-1920-146	1.151 1.424
	Gallus sp. Varanus gouldii		PJB MNHN-ZA-AC-1889-62		1.153 1.431
	Branta bernicla Cyclura cornuta		UMZC 246.f MNHN-ZA-AC-1907-107	1.156 1.433
	Alectura lathami Sagittarius serpentarius		YPM 379 YPM 1797		1.157 1.494
	Numida meleagris Somateria mollissima		PJB UMZC 704		1.158 1.587
	Chenonetta jubata Pezophaps solitaria †		UMZC 246.g YPM 1154		1.16 1.659
	Chelydra serpentina Cygnus olor		MNHN-ZA-AC-1897-255 RVC	1.184 1.696
	Cereopsis novaehollandiae Allosaurus fragilis †	UMZC 242.aa DNM 2560		1.188 1.718
	Meleagris gallopavo Struthio camelus		RVC RVC		1.192 2.212
	Basiliscus basiliscus		MNHN-ZA-AC-1888-124	1.195
	Casuarius casuarius		MNHN-ZO-AC-1946-72		1.231
	Sphenodon punctatus		ummz:herps:40651 [2]		1.231
	Tiliqua scincoides		MNHN-ZA-AC-1898-285	1.231
	Eudromia elegans		MNHN-ZO-AC-1905-31		1.237
	Sphenodon punctatus		uf:herp:14110 [1]		1.237
	Coleonyx elegans		ummz:herps:125878 [4]		1.244
	Eudromia elegans		UMZC 404.e		1.25
	Afropavo congensis		YPM 6658		1.265
	Geococcyx californianus		UMZC 429.p		1.269
	Masiakasaurus knopfleri †	FMNH PR 2117		1.271

P-values are averaged over 30 (Cobs) and 100 (P) phylogenetic trees.

  Nous utilisons les données recueillies pour générer un modèle posturale tenant compte de la phylogénie et capable de générer des inférences posturales chez les taxons éteints. Notre modèle peut être utilisé par les

	paléontologues pour inférer la posture de synapsides éteints, notamment dans le cadre
	de la transition posturale mésozoïque chez les mammifères. À titre d'exemple, nous
	inférons la posture de deux taxons emblématiques qui ont vécu avant et après cet
	mammifères ont une histoire évolutive qui s'étend sur des centaines de épisode de transition : un sphénacodontidé, Dimetrodon natalis, et la sarigue de Cuvier,
	millions d'années. Aujourd'hui, ils représentent l'un des groupes les plus diversifiés Peratherium cuvieri. Les résultats de l'analyse indiquent une posture transverse pour
	de vertébrés tétrapodes. En particulier, ils présentent une grande diversité posturale Dimetrodon et une posture accroupie pour Peratherium. Ce travail contribue à élucider
	(voir Introduction). Les humérus, en particulier, adoptent différentes positions : les l'interaction complexe entre la posture humérale et la microanatomie, médiée par la
	petits mammifères ont une posture « accroupie » avec des humérus quasi-horizontaux, masse corporelle et le mode de vie, chez les mammifères. L'extension de notre méthode
	à d'autres éléments du squelette appendiculaire pourrait permettre d'affiner nos
	inférences, notamment pour les taxons présentant une mosaïque de caractères
	primitifs et dérivés.
	privilégient une transition précoce à la fin du Trias/début du Jurassique, plus ou
	moins concomitante à l'apparition des premiers mammifères, tandis que d'autres
	soutiennent une transition tardive vers la fin du Jurassique/début du Crétacé au sein
	des mammifères thériens (voir Introduction). Ce chapitre est l'analogue
	méthodologique du premier chapitre appliqué à la transition posturale chez les
	mammifères. Nous montrons, à l'aide des moindres carrés généralisés, comment des
	paramètres géométriques et de compacité mesurés sur des coupes transversales

alors qu'ils sont plus verticaux chez les espèces plus grandes. Certains monotrèmes ont des humérus orientés plus transversalement, comme chez les reptiles. Les membres antérieurs des taupes sont également modifiés en lien avec leur mode de vie fouisseur. Cette diversité posturale s'accompagne d'une importante disparité microanatomique. En effet, les os du squelette appendiculaire portent le poids du corps et sont soumis à diverses forces qui façonnent en partie leur morphologie externe et interne (voir Introduction). Les mammifères, tout comme les dinosaures et les pseudosuchiens (voir chapitre I), ont opéré une transition posturale au cours du Mésozoïque. De formes avec des membres plus ou moins transversaux, ils ont évolué vers des taxons avec des membres orientés plus parasagittalement. Cependant, la datation précise de cette transition reste débattue. En effet, certaines études d'humérus appartenant à 41 espèces de mammifères actuels, tels que le module de section polaire ou la position de la transition médullo-corticale, peuvent être reliés à la posture humérale chez les mammifères.

Table 3 - 1 .

 31 List of the mammal taxa included in this study.

		Taxon	Collection number	Humeral posture	Lifestyle	Body mass
	Afrosoricida	Chrysochloris asiatica	MNHN-ZM-MO-1991-626C	C	Fo	36.93
		Alces americanus	UMZC H.17691	E	Te	368500
		Cephalophus silvicultor	NHMUK ZD 1961.8.9.80-1	E	Te	62006.6
		Cervus elaphus	MNHN unnumbered specimen	E	Te	160166.665
	Artiodactyla	Rangifer tarandus Rupicapra rupicapra	STIPB M47 STIPB M1639	E E	Te Te	101250 35383.175
		Sus scrofa	MNHN unnumbered specimen	E	Te	135000
		Sus scrofa	STIPB M56	E	Te	135000
		Syncerus caffer	NHMUK ZD 1874.11.2.4	E	Te	646332.99
		Felis silvestris	UFGK unnumbered specimen	E	Te	5036.54
		Martes martes	STIPB unnumbered specimen	C	Ar	1299.995
	Carnivora	Mustela putorius Panthera leo	STIPB unnumbered specimen MNHN-ZM-AC-1912-398	C E	Te Te	809 149061.965
		Ursus americanus	MNHN-ZM-MO-1902-1415	E	Te	132405
		Vulpes vulpes	STIPB M12	E	Te	4580.3
	Cingulata	Dasypus novemcinctus	MNHN-ZM-MO-2001-1317	C	Te	3949.01
		Aepyprymnus rufescens	msu:mr:mr.4680*	C	Fo	2820
	Diprotodontia	Macropus giganteus	MNHN-ZM-AC-A10098	C	Te	41454.945
		Thylogale stigmatica	umzc:vertebrates:a12.44/1*	C	Te	4305.735

Table 3 -

 3 2. Phylogenetic signal in the data.

	Trait	Mean delta-statistic (min-max)	Mean K-statistic (min-max)	Mean p-value (min-max)
	Humeral posture	11.982 (3.194-21.471)		<0.001*** (<0.001-0.01)
	Pemin		0.58 (0.506-0.706)	0.001** (0.001-0.003)
	BCSA		0.616 (0.536-0.745)	0.001** (0.001-0.003)
	TCSA		0.593 (0.517-0.72)	0.001** (0.001-0.002)
	Ecc		0.185 (0.1-0.251)	0.403 (0.194-0.63)
	Zpol		0.611 (0.531-0.742)	0.001** (0.001-0.002)
	SR		0.915 (0.796-1.069)	0.001** (0.001-0.001)
	Cobs		0.169 (0.078-0.254)	0.52 (0.177-0.781)
	P		0.237 (0.15-0.298)	0.151 (0.051-0.334)
	S		0.392 (0.339-0.472)	0.007** (0.002-0.017)
	RP		0.225 (0.144-0.279)	0.186 (0.092-0.359)
	RS		0.272 (0.237-0.332)	0.059 (0.03-0.105)
	RPSD		0.697 (0.586-0.813)	0.001** (0.001-0.003)
	RSSD		0.234 (0.2-0.274)	0.159 (0.081-0.278)
	Values are means obtain from 100 phylogenetic trees. All geometric and compactness parameters,
		except ratios, are log transformed.	

Table 3 -3.

 3 Effect of posture, body mass and lifestyle on the humeral cross-sectional parameters.

	GLS model formula	Independent variable	Mean chi-square (min-max)	Mean p-value (min-max)
		BM	536.358 (366.969-653.646)	<0.001*** (<0.001-<0.001)
	Pe min ~ BM + LS + HP	LS	3.311 (2.21-4.439)	0.35 (0.218-0.53)
		HP	14.653 (10.196-18.37)	0.003** (<0.001-0.017)
		BM	551.749 (509.506-597.076)	<0.001*** (<0.001-<0.001)
	BSCA ~ BM + LS + HP	LS	4.869 (4.208-5.937)	0.184 (0.115-0.24)
		HP	13.884 (12.008-15.852)	0.003** (0.001-0.007)
		BM	645.451 (478.171-755.691)	<0.001*** (<0.001-<0.001)
	TCSA ~ BM + LS + HP	LS	4.688 (3.44-6.266)	0.2 (0.099-0.329)
		HP	18.178 (13.67-22.052)	<0.001*** (<0.001-0.003)

Table 3

 3 
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 3 4. Effect of body mass and lifestyle on taxon coordinates on the PFDA discriminant axes.

	Linear model formula	Independent variable	F-value (min-max)	Mean p-value (min-max)
	TC1 ~ BM + LS	BM LS	53.88 (46.071-57.117) 11.807 (11.244-12.138)	<0.001*** (<0.001-<0.001) <0.001*** (<0.001-<0.001)
	TC2 ~ BM + LS	BM LS	14.499 (13.927-15.613) 2.7 (2.526-2.767)	<0.001*** (<0.001-0.001) 0.06 (0.056-0.073)

Abbreviations: BM, body mass; LS, lifestyle; TC1-2, taxon coordinates on the first and second axes.

Table 3 -

 3 5. Differences in humeral microanatomy between lifestyles.

	Pairwise comparison	Mean p-value (min-max)
	Lifestyle 1	Lifestyle 2	
		Arboreal	0.006** (0.005-0.007)
	Semi-aquatic	Fossorial	0.547 (0.533-0.563)
		Terrestrial	0.161 (0.145-0.171)
	Arboreal	Fossorial Terrestrial	<0.001*** (<0.001-<0.001) 0.001** (<0.001-0.001)
	Fossorial	Terrestrial	0.028* (0.023-0.036)

Table 4 - 1 .

 41 List of the amniote taxa analysed in this study.

		Taxon	Femoral posture	Lifestyle	Body mass	BV/TV	BS/TV	Tb.Th	Tb.Sp	Conn.D	DA
	Afrosoricida	Chrysochloris asiatica	C	Fo	36.93	0.447	10.583	0.134	0.249	81.741	0.737
		Bos taurus	E	Te	618642.42	0.498	4.043	0.34	0.57	3.862	0.502
		Capra hircus	E	Te	60500	0.368	4.518	0.228	0.581	5.502	0.545
		Cervus elaphus	E	Te	160166.665	0.408	4.943	0.207	0.569	4.846	0.4
		Giraffa camelopardalis	E	Te	800000	0.559	4.006	0.328	0.525	2.522	0.497
		Madoqua saltiana	E	Te	3337.235	0.472	6.379	0.194	0.336	6.054	0.628
	Artiodactyla	Ovis aries	E	Te	110000	0.436	4.144	0.288	0.595	3.602	0.347
		Sus scrofa	E	Te	135000	0.461	7.423	0.161	0.288	27.745	0.524
		Tragulus javanicus	E	Te	1753.965	0.324	6.415	0.144	0.455	12.754	0.551
		Tragulus kanchil	E	Te	3850	0.398	5.547	0.201	0.483	2.556	0.481
		Tragulus napu	E	Te	3850	0.478	5.916	0.215	0.373	7.115	0.613
		Vicugna pacos	E	Te	50000	0.416	5.55	0.202	0.489	8.691	0.348
		Acinonyx jubatus	E	Te	50577.92	0.569	5.11	0.291	0.408	7.39	0.485
		Canis lupus	E	Te	29190.755	0.425	5.183	0.23	0.464	8.155	0.541
		Felis catus	E	Te	4573.08	0.456	6.176	0.202	0.401	9.766	0.569
	Carnivora	Felis silvestris	E	Te	5036.54	0.481	3.581	0.383	0.596	2.134	0.746
		Herpestes ichneumon	C	Te	2950.01	0.481	7.849	0.165	0.278	26.325	0.462
		Mustela putorius	C	Te	809	0.401	8.804	0.129	0.26	51.729	0.486
		Nandinia binotata	E	Ar	2167.2	0.344	7.663	0.125	0.324	29.087	0.655

Table 4 -

 4 2. Phylogenetic signal in the data.

	Trait	Mean delta-statistic (min-max)	Mean K-statistic (min-max)	Mean p-value (min-max)
	Femoral posture	14.525 (3.428-26.676)		<0.001*** (<0.001-<0.001)
	BV/TV		0.141 (0.099-0.173)	0.002** (0.001-0.013)
	BS/TV		0.209 (0.158-0.247)	0.001** (0.001-0.002)
	Tb.Th		0.22 (0.149-0.283)	0.009** (0.001-0.055)
	Tb.Sp		0.186 (0.119-0.238)	0.009** (0.001-0.09)
	Conn.D		0.286 (0.242-0.328)	0.02* (0.006-0.045)
	DA		0.128 (0.076-0.159)	0.005** (0.001-0.043)
		Values are means obtain from 100 phylogenetic trees.	

Table 4 -

 4 3. Effect of body mass, lifestyle and femoral posture on the microanatomical parameters.

	GLS model formula	Independent variable	Mean chi-square (min-max)	Mean p-value (min-max)
			BM	0.812 (<0.001-2.428)	0.434 (0.119-0.991)
	BV TV	~ BM + LS + FP	LS	1.059 (0.767-1.531)	0.787 (0.675-0.857)
			FP	1.498 (0.655-3.255)	0.687 (0.354-0.884)
			BM	42.653 (18.355-55.78)	<0.001*** (<0.001-<0.001)
	BS TV	~ BM + LS + FP	LS	1.162 (0.727-1.532)	0.762 (0.675-0.867)
			FP	0.473 (0.216-2.8)	0.924 (0.424-0.975)
			BM	13.567 (3.973-18.544)	0.001** (<0.001-0.046)
	Tb.Th ~ BM + LS + FP	LS	0.231 (0.119-0.435)	0.972 (0.933-0.99)
			FP	4.858 (2.403-9.646)	0.197 (0.022-0.493)
			BM	7.236 (1.074-10.341)	0.014* (0.001-0.3)
	Tb.Sp ~ BM + LS + FP	LS	0.408 (0.145-0.665)	0.938 (0.882-0.986)
			FP	0.497 (0.154-2.456)	0.917 (0.483-0.985)
			BM	25.184 (18.105-29.566)	<0.001*** (<0.001-<0.001)
	Conn.D ~ BM + LS + FP	LS	3.44 (2.524-4.577)	0.332 (0.206-0.471)
			FP	0.35 (0.22-0.69)	0.95 (0.875-0.974)
			BM	11.352 (6.555-51.044)	0.002** (<0.001-0.01)
	DA ~ BM + LS + FP	LS	0.782 (0.427-2.149)	0.853 (0.542-0.935)
			FP	3.716 (0.932-11.108)	0.336 (0.011-0.818)

Body mass is log10 transformed. Abbreviations: BM, body mass; FP, femoral posture; LS, lifestyle.

Table S4 -

 S4 8). Instead, we show the model with the most balanced cross-validation results for each femoral posture (Table4-4). It is based on the following combination of microanatomical parameters: BV/TV, BS/TV, and Conn.D.

Table 4 -

 4 4. Success rate of the PFDA inference model of femoral posture assessed by cross-validation.

	PFDA model formula	Mean model RCC (min-max)	Femoral posture	Mean group RCC (min-max)
							Crouched	0.731 (0.705-0.773)
	FP ~	BV TV	+	BS TV	+ Conn.D	0.618 (0.591-0.645)	Erect Sprawling	0.567 (0.5-0.639) 0.495 (0.4-0.5)
							Semi-erect	0 (0-0)

Abbreviations: FP, femoral posture; RCC, rate of correct classification.

  , who pointed out the similarities between the postcranial skeletons of Late Triassic mammaliaformes and later therian mammals, argued that parasagittal gait had an Early Triassic origin. Among the supporters of the late parasagittal gait hypothesis,[START_REF] Gambaryan | Sprawling versus parasagittal stance in multituberculate mammals[END_REF], and later Kielan-Jaworowska & Hurum (2006), provided morphological and ichnological arguments for a therian origin of parasagittal gait. This needs to be studied in more detail, especially by adding extinct species to the reconstructions. Hopefully, further research, building on recent work (see Chapter III), will shed light on this issue.

	3.3. Inference model
	PFDA does not perform better than PCA in discriminating between femoral
	postures. The best combination of microanatomical parameters achieved by cross-
	validation yields a model rate of correct classification of about 65%, but very
	contrasting results between the postural categories (Table

Table S4 -

 S4 1. GLS coefficients for body mass (BM).

	GLS model formula	Mean BM estimate (min-max) Mean p-value (min-max)
	BV TV	~ BM + LS + FP	0.012 (-0.013-0.024)	0.436 (0.123-0.991)
	BS TV	~ BM + LS + FP	-1.924 (-2.044--1.12) <0.001*** (<0.001-<0.001)
	Tb.Th ~ BM + LS + FP	0.065 (0.03-0.073)	0.002** (<0.001-0.049)
	Tb.Sp ~ BM + LS + FP	0.115 (0.037-0.13)	0.015* (0.002-0.303)
	Conn.D ~ BM + LS + FP	-34.57 (-39.808--25.662) <0.001*** (<0.001-<0.001)
	DA ~ BM + LS + FP	-0.063 (-0.121--0.053)	0.003** (<0.001-0.012)
		Values are means obtain from 100 phylogenetic trees.

Table S4 -

 S4 2. Probability of each posture at ancestral nodes based on ancestral state reconstruction.

	Node	Femoral posture	Mean posterior probability (min-max)
		Crouched	0.341 (0.279-0.389)
	Archosauria	Erect Sprawling	0.04 (0.024-0.067) 0.487 (0.46-0.519)
		Semi-erect	0.131 (0.121-0.154)
		Crouched	0.886 (0.8-0.946)
	Mammalia	Erect Sprawling	0.009 (0.005-0.016) 0.094 (0.044-0.164)
		Semi-erect	0.011 (0.005-0.019)
		Crouched	0.974 (0.962-0.98)
	Theria	Erect Sprawling	0.003 (0.002-0.005) 0.02 (0.015-0.029)
		Semi-erect	0.003 (0.002-0.005)

Table S4 -

 S4 3. Maximum likelihood (ML) estimates of each parameter at ancestral nodes.

	Node	Parameter	Mean ML estimate (min-max)
		BV/TV	0.335 (0.332-0.34)
		BS/TV	5.965 (5.859-6.056)
	Archosauria	Tb.Th Tb.Sp	0.22 (0.21-0.233) 0.528 (0.511-0.547)
		Conn.D	29.967 (28.403-31.211)
		DA	0.614 (0.607-0.622)
		BV/TV	0.386 (0.378-0.393)
		BS/TV	7.269 (7.072-7.483)
	Mammalia	Tb.Th Tb.Sp	0.187 (0.181-0.194) 0.386 (0.375-0.399)
		Conn.D	42.559 (37.482-47.942)
		DA	0.654 (0.651-0.657)
		BV/TV	0.401 (0.395-0.406)
		BS/TV	7.487 (7.244-7.678)
	Theria	Tb.Th Tb.Sp	0.188 (0.181-0.197) 0.378 (0.367-0.389)
		Conn.D	45.983 (38.905-52.149)
		DA	0.65 (0.644-0.654)

Table S4 -

 S4 4. Eigenvalues and proportion of variance explained.

	Component	Eigenvalue	Variance (%)	Cumulative variance (%)
	1	2.58331	43.05509	43.05508
	2	1.44017	24.00291	67.05799
	3	1.06792	17.79872	84.85671
	4	0.66527	11.08782	95.94452
	5	0.13677	2.27948	98.224
	6	0.10656	1.776	100

Table S4 -

 S4 5.Correlation between the microanatomical parameters and the PCA axes.

	Parameter	Component 1	Component 2	Component 3	Component 4	Component 5
	BV/TV	0.14002	0.86613	-0.40928	0.17274	0.13643
	BS/TV	-0.92788	0.18677	0.15857	0.07626	0.19245
	Tb.Th	0.77583	0.42811	0.19124	0.36286	-0.11927
	Tb.Sp	0.75252	-0.39076	0.4194	0.21363	0.11927
	Conn.D	-0.71558	0.09719	0.49776	0.44779	-0.10263
	DA	0.15002	0.5565	0.64423	-0.50179	-0.00055

Table S4 -

 S4 6. Quality of representation of the microanatomical parameters on the PCA axes.

	Parameter	Component 1	Component 2	Component 3	Component 4	Component 5
	BV/TV	0.0196	0.75019	0.16751	0.02984	0.01861
	BS/TV	0.86095	0.03488	0.02514	0.00582	0.03704
	Tb.Th	0.60191	0.18328	0.03657	0.13167	0.01423
	Tb.Sp	0.56628	0.1527	0.1759	0.04564	0.05636
	Conn.D	0.51205	0.00945	0.24777	0.20051	0.01053
	DA	0.02251	0.30969	0.41504	0.2518	<0.00001

Table S4 -7.

 S4 Contribution of the microanatomical parameters to the PCA axes.

	Parameter	Component 1	Component 2	Component 3	Component 4	Component 5
	BV/TV	0.7589	52.09001	15.68532	4.48541	13.60888
	BS/TV	33.3276	2.42212	2.35439	0.87412	27.08034
	Tb.Th	23.30003	12.72596	3.42452	19.79175	10.40152
	Tb.Sp	21.92078	10.6026	16.47087	6.85991	41.2084
	Conn.D	19.82145	0.65584	23.20093	30.14013	7.70064
	DA	0.87125	21.50347	38.86397	37.84869	0.00022
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Postural signal in the amniote femoral head trabecular architecture? A test using ancestral state reconstruction J. Gônet, M. Laurin, J. R. Hutchinson
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Keywords: amniote; ancestral state reconstruction; posture; trabecular bone regressions where a categorical dependent variable is recoded into dummy variables to be treated as a continuous variable [START_REF] Motani | Phylogenetic versus functional signals in the evolution of form-function relationships in terrestrial vision[END_REF]. PFDA includes a phylogenetic variance-covariance matrix whose terms reflect the shared evolutionary time between two given taxa. The matrix is multiplied by lambda [START_REF] Pagel | Inferring the historical patterns of biological evolution[END_REF], which is optimised to minimise the error of the model. We performed leave-one-out crossvalidation with our 100 phylogenetic trees to identify the combination of microanatomical variables that best explains femoral posture. PFDA cannot make inferences at nodes. Instead, we inferred femoral posture in a hypothetical taxon to which we assigned the values of the microanatomical parameters derived from the ancestral state reconstruction and which we branched 0.1 Myr before each node of interest (branch length = 0.1 Myr; see electronic supplementary information).

Results

Phylogenetic signal

The delta-statistic for femoral posture ranges from 3.428 to 26.676 and is always significantly higher than the randomised deltas (p-values < 0.001), indicating that femoral posture conveys a strong phylogenetic signal (Table 4-2). The K-statistics for the microanatomical parameters are all significantly different from those with a random distribution of the parameter states (Table 4-2). However, K is always less than 1, indicating convergence (closely related species are more distinct from each other than would be expected with a Brownian model of evolution).

Interaction of microanatomy, posture, body mass and lifestyle

The allometric relationships of the microanatomical parameters, as shown by generalised least squares with our amniote sample (Table 4-3), are the following: the bone volume fraction (BV/TV) does not vary with body mass, unlike all other parameters. Indeed, the trabecular thickness (Tb.Th) and the trabecular spacing (Tb.Sp) increase with body mass, while the bone area per unit volume (BS/TV), the connectivity density (Conn.D) and the degree of anisotropy (DA) decrease (see Supplementary information: Table S4-1). However, none of the microanatomical parameters are associated with lifestyle or femoral posture (Table 4-3). with Tb.Sp, which is not surprising either. Indeed, if the amount of trabeculae increases, the trabecular spacing mechanically decreases. The positive correlation between BV/TV and DA is more difficult to explain. However, this apparent correlation might be an artefact. Indeed, if the cube extracted from the femoral head contains little bone, it becomes more difficult to detect a potential trabecular orientation [START_REF] Plasse | Trabecular architecture in the humeral metaphyses of non-avian reptiles (Crocodylia, Squamata and Testudines): Lifestyle, allometry and phylogeny[END_REF].

Palaeobiological implications

A sprawling posture is the most probable at the Archosauria node based on ancestral state reconstruction (Figure 4-3; Table S4-2). This is consistent with the reconstructed values of the microanatomical parameters at this node that place the ancestor of archosaurs closer to Caiman crocodilus (Table S4-3). However, the ancestor of crocodylians and birds lived in the Triassic, a period of postural transition for archosaurs [START_REF] Sereno | Basal archosaurs: Phylogenetic relationships and functional implications[END_REF][START_REF] Kubo | Tetrapod postural shift estimated from Permian and Triassic trackways[END_REF][START_REF] Sullivan | Evolution of hind limb posture in Triassic archosauriforms[END_REF][START_REF] Cuff | Walking-And running and jumping-With dinosaurs and their cousins, viewed through the lens of evolutionary biomechanics[END_REF].

Archosauria may have exhibited a mosaic of characters, as is the case for earlier Triassic taxa, such as Euparkeria capensis, an archosauriform (see Chapter I), and as posterior probabilities seem to suggest (a crouched posture is the second most probable posture at this node; see Figure 4-3 and Table S4-2). A key issue is that we reconstructed ancestral states and values from extant and recently extinct species only.

Crocodylians and birds in particular are very different from what the ancestral archosaur probably was like. Thus, our results may be partially subject to a "pull of the recent" bias. However, the inclusion of fossils in the sample could help to alleviate this issue. The most probable posture at the Mammalia and Theria nodes is crouched, implying that more parasagittal limbs appeared early in the evolution of synapsids, with the first mammals and potentially before. However, these results are in complete contradiction with the maximum likelihood estimates of the microanatomical parameters at the Mammalia and Theria nodes. The latter place the bone microarchitecture of the ancestor of mammals closer to Tiliqua scincoides and the ancestor of therians closer to Basiliscus basiliscus, two squamates with sprawling limbs (Table S4-3). In addition to supporting a late origin of parasagittal gait, this implies a potential convergence in the acquisition of more parasagittal femora. However, insofar 
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