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Mots clefs

Origine des Primates, main, pied, évolution, comportement, capteur de force, cladistiques, anatomie comparée ��� � analyses even trace back primates to 60 to 74 mya [START_REF] Pozzi | Primate phylogenetic relationships and divergence dates inferred from complete mitochondrial genomes[END_REF][START_REF] Janecka | Molecular and Genomic Data Identify the Closest Living Relative of Primates[END_REF][START_REF] Murphy | Resolution of the Early Placental Mammal Radiation Using Bayesian Phylogenetics[END_REF], or even earlier, around 85 mya, therefore preceding the extinction of dinosaurs [START_REF] Lee | Molecular Clock Calibrations and Metazoan Divergence Dates[END_REF][START_REF] Tavaré | Using the fossil record to estimate the age of the last common ancestor of extant primates[END_REF]. But deeply entangled within the early diversification of mammals, the origins of Primates are shaded by many controversies.

General introduction�

The initial radiation of the first members of the order and their precise relationships within mammals are still debated. Particularly, their phylogenetic relationships within the clade of Euarchonta [START_REF] Waddell | Towards resolving the interordinal relationship of placental mammals[END_REF]) are unclear (figure 0.3.). Euarchonta includes treeshrews (Scandentia), colugos (Dermoptera), Primates (or Euprimates when considering extant and extinct species) and the fossil group of Plesiadapiformes. Plesiadapiformes were a successful group of mammals that flourished in the Paleocene and Early Eocene in North America, Europe and Asia [START_REF] Russell | Les Mammifères Paléocènes d'Europe[END_REF][START_REF] Beard | The first asian Plesiadapoids (Mammalia: Primatomorpha)[END_REF][START_REF] Fu | The new discovery of the Plesiadapiformes from the Early Eocene of Wutu Basin, Shandong Province[END_REF][START_REF] Smith | Le plus ancien plésiadapiforme (Mammalia, Proprimates) d'Asie et ses implications paléobiogéographiques dans les échanges fauniques avec l'Amérique du Nord[END_REF][START_REF] Silcox | Plesiadapiformes. Evolution of Tertiary Mammals of North America[END_REF][START_REF] Silcox | The evolutionary radiation of plesiadapiforms[END_REF]. Their estimated taxonomic diversity is consequent with more than 50 genera and 135 species, generally grouped into 12 families (Bloch et al. 2007;[START_REF] Silcox | Plesiadapiformes. Evolution of Tertiary Mammals of North America[END_REF], and our knowledge of plesiadapiformes has expanded many-fold in the past decade.

Euarchonta are also supported as the closest relatives to rodents and rabbits (Glires) and form together the Euarchontoglires [START_REF] Murphy | Resolution of the Early Placental Mammal Radiation Using Bayesian Phylogenetics[END_REF](Murphy et al. , 2001a;;[START_REF] Madsen | Parallel adaptive radiations in two major clades of placental mammals[END_REF]. Various analyses have recovered several hypotheses for the sister taxon of Primates, with either Scandentia [START_REF] Novacek | Mammalian phytogeny: shaking the tree[END_REF][START_REF] Liu | Estimating Species Phylogenies Using Coalescence Times among Sequences[END_REF], Dermoptera [START_REF] Janecka | Molecular and Genomic Data Identify the Closest Living Relative of Primates[END_REF]) and Sundatheria (Scandentia + Dermoptera; (Bloch et al. 2007;[START_REF] Ni | A new tarkadectine primate from the Eocene of Inner Mongolia, China: phylogenetic and biogeographic implications[END_REF][START_REF] O'leary | The placental mammal ancestor and the Post-K-Pg radiation of placentals[END_REF] 
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Another important controversial point relates to the ancestral morphotype of Primates. The ancestral morphotype assembles all the characteristics assessed to define the descendants of a lineage, including its behavior, ecology and morphology, and thus distinguishing it from the other lineages. The first primates are consensually thought to have been of small size (between 10 and 60 g) with an arboreal way of life and feeding probably on leaves, fruits and insects. The commonly admitted shared morphological characters that distinguish primates of modern aspect (i.e. Euprimates) from other mammals, concern two major complexes [START_REF] Gros | The antecedents of man[END_REF][START_REF] Dolhinow | A handbook of living primates[END_REF][START_REF] Martin | Primate origins and evolution: A phylogenetic reconstruction[END_REF][START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Cartmill | New views on primate origins[END_REF][START_REF] Szalay | The Beginnings of Primates[END_REF]):

• The skull, with the possession of large eyes and convergent orbits with post-orbital bars, associated with improvement in the visual system, an auditory bulla formed from the petrosal bone, an enlargement of the brain and a dentition associated with herbivory and insectivory.

• The limbs, with longer hind limbs relative to forelimbs and modified ankle bones that are associated with leaping capabilities, and particularly specialized hands and feet, with the possession of an opposable big toe (hallux), and elongated phalanges with digits tipped with nails instead of claws that are associated with grasping capabilities.

Adaptation of Primates in an arboreal milieu has imposed strong physical constraints on the evolution of behaviors and morphologies. A number of hypotheses and ecological scenarios have been proposed to explain the evolution of these adaptive complexes and the associated behaviors that were most critical in the evolutionary sequence of primate adaptations:

• the adoption of a grasp-leaping mode of locomotion for arboreality [START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF][START_REF] Dagosto | The postcranial morphotype of primates[END_REF]),

• the evolution of a visually-directed mode of predation [START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Cartmill | Pads and claws in arboreal locomotion[END_REF][START_REF] Cartmill | New views on primate origins[END_REF],

• the adaptation for locomotion or/and feeding in co-evolution with the diversification of angiosperm plants, providing fruits and flowers on their small terminal branches [START_REF] Sussman | Primate origins and the evolution of angiosperm[END_REF][START_REF] Sussman | Rethinking Primate Origins Again[END_REF]. Despite the latter hypothesis being so far the most commonly admitted [START_REF] Silcox | Primate Origins and Supraordinal Relationships: Morphological Evidence[END_REF], there is still no clear consensus, and importantly, the substrate type that Primates predominantly used and which drove their evolutive adaptations remain poorly identified. Indeed, these hypotheses all relate to different substrate types (e.g. orientation and inclination) and thus to different associated behaviors that first primates may have expressed. In this context, hand and foot constitute crucial morphological systems as they regroup some of the defining features of the whole order and play an essential role in all locomotion, feeding, and social interactions.

The evolution of grasping extremities (e.g. elongated phalanges on both hands and feet, nails and the ability to opposite the hallux from the lateral digits) have long been associated to an adaptation for small horizontal branch use, by cautious grasping and quadrupedal positional behavior for moving along complex environment. While the capacity for grasp- differentiation, and that nails and the acquisition of a powerful opposable hallux would came later in euprimates, and then leaping adaptations would represent the ancestral condition and subsequent radiation of both strepsirrhine and haplorhine primates. Sargis and colleagues [START_REF] Sargis | Evolution of pedal grasping in Primates[END_REF] proposed that the powerful pedal grasping capacities would have evolved even earlier, in the ancestor of the plesiadapoid-euprimate clade. And recent analyses started to question these scenarios, suggesting that leaping specialization would have been more anterior, and that grasping specialization for small branches was delayed [START_REF] Boyer | Evolution of postural diversity in primates as reflected by the size and shape of the medial tibial facet of the talus[END_REF]Boyer and Seiffert 2013;[START_REF] Yapuncich | Quantification of the position and depth of the flexor hallucis longus groove in euarchontans, with implications for the evolution of primate positional behavior[END_REF]Boyer et al. 2013b;[START_REF] Gebo | New postcranial elements for the earliest Eocene fossil primate Teilhardina belgica[END_REF][START_REF] Gebo | Additional postcranial elements of Teilhardina Belgica: The oldest European primate[END_REF].

But the hand also presents prehensile specializations and nails, at an early stage of primate evolution [START_REF] Bloch | Grasping primate origins[END_REF]Boyer et al. 2013a;[START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Cartmill | Pads and claws in arboreal locomotion[END_REF][START_REF] Cartmill | New views on primate origins[END_REF]. Hence, primate hands morphology and their manipulative abilities have been extensively studied, in relation to primate origins (Boyer et al. 2013a;[START_REF] Bishop | Use of the hand in lower primates[END_REF][START_REF] Kirk | Intrinsic hand proportions of euarchontans and other mammals: Implications for the locomotor behavior of plesiadapiforms[END_REF][START_REF] Reghem | Biomechanics of a primate hand (Microcebus m) in climbing: function, strategies and human implications[END_REF][START_REF] Sustaita | Getting a grip on tetrapod grasping: Form, function, and evolution[END_REF][START_REF] Toussaint | Food acquisition on arboreal substrates by the grey mouse lemur: Implication for primate grasping evolution[END_REF], 2015[START_REF] Godinot | Functional approaches of paleogene primate hands[END_REF], 1992;[START_REF] Godinot | A survey of fossil primate hands[END_REF].

Morphological adaptations of hands and feet are obviously interrelated, as they probably constitute homologous and genetically linked structures [START_REF] Rolian | THE COEVOLUTION OF HUMAN HANDS AND FEET[END_REF]. Therefore, the study of these two structures in an integrative perspective could help elucidate questions regarding the evolution of first primates.

Additionally, it is also important to compare primates with other models. Phylogenetically close species, such as the treeshrews (Scandentia) have been proposed as a model for the ancestral morphotype of primates, because they are small and present a capacity for non-opposable pedal grasping (Sargis 2002[START_REF] Sargis | The postcranial morphology of ptilocercus lowii (scandentia, tupaiidae) and its implications for primate supraordinal relationships[END_REF][START_REF] Gebo | A shrew-sized origin for primates[END_REF]). Moreover, some squirrels [START_REF] Orkin | The Narrow Niche hypothesis: Gray squirrels shed new light on primate origins[END_REF][START_REF] Samaras | Use of forest canopy by European red squirrels Sciurus vulgaris in Northern Greece: Claws and the small branch niche[END_REF], mice [START_REF] Byron | Rudimentary pedal grasping in mice and implications for terminal branch arboreal quadrupedalism[END_REF][START_REF] Urbani | Positional behavior and substrate use of Micromys minutus (Rodentia: Muridae): Insights for understanding primate origins[END_REF][START_REF] Youlatos | Pedal grasping in an arboreal rodent relates to above-branch behavior on slender substrates[END_REF], or even carnivorans [START_REF] Mcclearn | Locomotion, Posture, and Feeding Behavior of Kinkajous, Coatis, and Raccoons[END_REF], are also capable of moving, feeding, and foraging on thin and terminal branches. Also, other mammals such as arboreal marsupials possess functionally analogous foot morphologies, suggesting evolutionary convergence of grasping [START_REF] Argot | Functional-adaptive analysis of the hindlimb anatomy of extant marsupials and the paleobiology of the Paleocene marsupialsMayulestes ferox andPucadelphys andinus[END_REF][START_REF] Gebo | A shrew-sized origin for primates[END_REF][START_REF] Lemelin | Morphological correlates of substrate use in Didelphid marsupials: Implications for primate origins[END_REF][START_REF] Rasmussen | Primate origins: Lessons from a neotropical marsupial[END_REF][START_REF] Schmitt | Origins of primate locomotion: Gait mechanics of the woolly opossum[END_REF][START_REF] Shapiro | Is primate-like quadrupedalism necessary for fine-branch locomotion? A test using sugar gliders (Petaurus breviceps)[END_REF][START_REF] Youlatos | Hallucal grasping behavior in Caluromys (Didelphimorphia: Didelphidae): Implications for primate pedal grasping[END_REF][START_REF] Antunes | Postural climbing behaviour of didelphid marsupials: Parallels with primates[END_REF]. But the full picture of which arboreal-related adaptations are shared by other mammals is still to be completed. Further comparative studies are therefore necessary to broaden our knowledge about the evolution of arboreality in general [START_REF] Szalay | Arboreality: Is it homologous in metatherian and eutherian mammals?[END_REF]. This PhD project aimed at revisiting some blurry aspects of primate origins through an interdisciplinary approach, blending ethology, biomechanics, comparative morphology and phylogenetics (figure 0.6.). Herein, I intended to develop quantitative methodologies to study the hand and foot morpho-functional complexes of various primates and non-primate species in an integrative perspective. The goal was to focus on key characters that define primate 

Introduction

Primates, the mammalian order including humans, comprises 350 species grouped in 78 genera. Primates are highly diversified in their morphologies, ecologies and behaviors. According to the fossil record, the earliest true Primates (i.e. Euprimates, [START_REF] Hoffstetter | Phylogénie des Primates. Confrontation des résultats obtenus par les diverses voies d'approche du problème[END_REF] appeared around 56 million years ago during the earliest Eocene period, in North America, Europe and Asia (Adapoidea and Omomyoidea, [START_REF] Ni | The oldest known primate skeleton and early haplorhine evolution[END_REF][START_REF] O'leary | The placental mammal ancestor and the Post-K-Pg radiation of placentals[END_REF][START_REF] Rose | Earliest Eocene mammalian fauna from the Paleocene-Eocene Thermal Maximum at Sand Creek Divide, Southern Bighorn Basin, Wyoming[END_REF][START_REF] Smith | Rapid Asia-Europe-North America geographic dispersal of earliest Eocene primate Teilhardina during the Paleocene-Eocene Thermal Maximum[END_REF]. However, some molecular studies suggest an even older radiation, around 60 to 74 mya [START_REF] Janecka | Molecular and Genomic Data Identify the Closest Living Relative of Primates[END_REF][START_REF] Murphy | Molecular phylogenetics and the origins of placental mammals[END_REF][START_REF] Pozzi | Primate phylogenetic relationships and divergence dates inferred from complete mitochondrial genomes[END_REF], or even earlier, around 85 mya, near the mid-Cretaceous period [START_REF] Lee | Molecular Clock Calibrations and Metazoan Divergence Dates[END_REF][START_REF] Tavaré | Using the fossil record to estimate the age of the last common ancestor of extant primates[END_REF]. The current consensus is to define as Euprimates the most inclusive clade containing all extant species and their fossil relatives and common ancestor. Despite the relative scarcity of fossils, mainly represented by teeth or isolated postcrania, it is consensually established that Euprimates all share several distinctive traits, such as a complete postorbital bar, nails on at least the hallux, and postcranial features related to grasping capacities and leaping arborealism [START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Cartmill | New views on primate origins[END_REF][START_REF] Dolhinow | A handbook of living primates[END_REF][START_REF] Gros | The antecedents of man[END_REF][START_REF] Martin | Primate origins and evolution: A phylogenetic reconstruction[END_REF][START_REF] Szalay | The Beginnings of Primates[END_REF]. Nevertheless, a certain number of questions remains. The initial radiation of Primates is still at the core of long lasting debates, and their phylogenetic origin remains contentious. Particularly, their phylogenetic relationships within Euarchonta [START_REF] Waddell | Towards resolving the interordinal relationship of placental mammals[END_REF], the clade including Euprimates, Scandentia (tree-shrews) Dermoptera (colugos), and the fossil group of Plesiadapiformes, are not clear.

Plesiadapiformes were a successful morphologically primitive group of eutherian mammals that flourished in the Paleocene and Early Eocene in North America, Europe and Asia [START_REF] Beard | The first asian Plesiadapoids (Mammalia: Primatomorpha)[END_REF]Bloch et al., 2007;[START_REF] Bloch | Grasping primate origins[END_REF][START_REF] Bloch | New basicrania of paleocene-eocene Ignacius: Re-evaluation of the plesiadapiform-dermopteran link[END_REF][START_REF] Fu | The new discovery of the Plesiadapiformes from the Early Eocene of Wutu Basin, Shandong Province[END_REF][START_REF] Russell | Les Mammifères Paléocènes d'Europe[END_REF][START_REF] Silcox | New discoveries on the middle ear anatomy of Ignacius graybullianus (Paromomyidae, Primates) from ultra high resolution X-ray computed tomography[END_REF][START_REF] Silcox | The evolutionary radiation of plesiadapiforms[END_REF][START_REF] Silcox | Plesiadapiformes. Evolution of Tertiary Mammals of North America[END_REF][START_REF] Smith | Le plus ancien plésiadapiforme (Mammalia, Proprimates) d'Asie et ses implications paléobiogéographiques dans les échanges fauniques avec l'Amérique du Nord[END_REF][START_REF] Szalay | Evolutionary history of the Primates[END_REF]. Their estimated taxonomic diversity is consequent with more than 50 genera and 140 species, generally grouped into 11 or 12 families (Bloch & Boyer, 2007;[START_REF] Silcox | The evolutionary radiation of plesiadapiforms[END_REF][START_REF] Silcox | Plesiadapiformes. Evolution of Tertiary Mammals of North America[END_REF]. Our knowledge of plesiadapiforms has expanded specialization [START_REF] Orliac | Endocranial morphology of Palaeocene Plesiadapis tricuspidens and evolution of the early primate brain[END_REF]. However, it has been recently argued that they possess a petrosal bulla [START_REF] Boyer | Plesiadapiformes," Mammalia) from North America and Europe: description and evolutionary implications[END_REF][START_REF] Boyer | New craniodental material of Pronothodectes gaoi Fox (Mammalia, "plesiadapiformes") and relationships among members of Plesiadapidae[END_REF], a feature usually considered as a diagnostic Euprimate trait. From postcranial evidence, plesiadapids were consensually arboreally adapted but they are considered to be a poor proxy for the ancestral morphotype of Euprimates [START_REF] Silcox | The evolutionary radiation of plesiadapiforms[END_REF] as they display features related to lower degree of manual prehensility, with robust metapodials and phalanges and short phalanges relatively to long metacarpals and claws (Boyer et al., 2013). Thus, plesiadapids are often thought to have been more adapted to use large diameter support and not fine branches (Bloch & Boyer, 2007;[START_REF] Boyer | Plesiadapiformes," Mammalia) from North America and Europe: description and evolutionary implications[END_REF]Boyer & Bloch, 2008). The use of the fine branch niche, along with an adaptation to foraging for angiosperm products, is usually considered as the main hypotheses for explaining first primates' early differentiation and acquisition of their distinctive grasping features [START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Ravosa | PRIMATE ORIGINS: Adaptations and Evolution[END_REF][START_REF] Ross | The Role of Vision in the Origin and Evolution of Primates[END_REF][START_REF] Sussman | Primate origins and the evolution of angiosperm[END_REF][START_REF] Sussman | Rethinking Primate Origins Again[END_REF]. Particularly, in the Euprimateformes hypothesis, it is considered that the common ancestor of Euprimates and Plesiadapoidea acquired pedal features related to grasping capabilities, such as a big toe bearing a nail, able of lateral torsion and divergent from the lateral digits [START_REF] Bloch | Grasping primate origins[END_REF][START_REF] Sargis | Evolution of pedal grasping in Primates[END_REF]. These features are only found in another Plesiadapoidea family, the Carpolestidae, with Carpolestes simpsoni (middle Clarkforkian NALMA) proposed as a member of an ancestor-descendent lineage [START_REF] Bloch | Grasping primate origins[END_REF], 2007). This makes this species quite different from all other plesiadapiforms, sharing several euprimate features, which drove the assessment that carpolestids and plesiadapids may be the sister taxon to Euprimates. However, some authors have questioned these findings [START_REF] Godinot | Primate origins: A reappraisal of historical data favoring tupaiid affinities[END_REF][START_REF] Kirk | Comment on "Grasping primate origins[END_REF][START_REF] Ni | The oldest known primate skeleton and early haplorhine evolution[END_REF] and raised the problem of convergences between primitive and more derived members of an evolutionary lineage and that the ancestor of plesiadapids may not have had an opposable hallux bearing a nail. Moreover, despite the amount of postcranial material belonging to the genus Plesiadapis, the fossils used to score matrices consists in isolated postcranial elements, making it difficult to accurately code key features such as manual prehensility and elongation indices, and to assess whether these species possessed a claw or a nail on the hallux, the latter being usually coded as unknown for the whole family [START_REF] Bloch | Cranial anatomy of Paleogene Micromomyidae and implications for early primate evolution[END_REF][START_REF] Bloch | Grasping primate origins[END_REF][START_REF] Chester | Oldest skeleton of a plesiadapiform provides additional evidence for an exclusively arboreal radiation of stem primates in the Palaeocene[END_REF][START_REF] Silcox | Cranial anatomy of paleocene and eocene labidolemur kayi (Mammalia: Apatotheria), and the relationships of the apatemyidae to other mammals[END_REF]. Therefore, new information on plesiadapid skeletons may alter views on the phylogenetic relationship of Plesiadapiformes to Euprimates and should help resolving current uncertainties.

Interestingly, there is another species of the genus Plesiadapis for which remarkably well-preserved skeletal remains are known: P. insignis [START_REF] Gingerich | Cranial anatomy and evolution of early tertiary Plesiadapidae (Mammalia, Primates)[END_REF][START_REF] Piton | Paléontologie du gisement éocène de Menat (Puy-de-Dôme)[END_REF][START_REF] Russell | Les Mammifères Paléocènes d'Europe[END_REF]. These remains consist of imprints of two different individuals on respectively two slabs each, from the Menat basin locality of late Paleocene (Central France). These fossils are some of the most complete fossil mammals ever discovered at the time, with connected complete postcranial and imprints of fur. Curiously, the postcranial information of these fossils is usually not used as comparative material for matrix coding. In fact, the previous postcranial descriptions of these specimens were not very detailed, particularly concerning the connected hand and foot imprints, and the only illustrations provided by [START_REF] Gingerich | Cranial anatomy and evolution of early tertiary Plesiadapidae (Mammalia, Primates)[END_REF] are not good enough to use in precise analyses. Moreover, one of the slabs was somewhat lost in the MNHN collections and wrongly classified as a rodent, which made it quite difficult for us to locate it, and one of the slabs cited by [START_REF] Gingerich | Cranial anatomy and evolution of early tertiary Plesiadapidae (Mammalia, Primates)[END_REF] was in fact never illustrated before.

Recent cladistic analyses that have been specifically designed to resolve plesiadapiform relationships, proposed the Euprimateformes hypothesis and the inclusion of Plesiadapiformes as stem primates (Bloch et al., 2007, 2016[START_REF] Chester | Oldest known euarchontan tarsals and affinities of Paleocene Purgatorius to Primates[END_REF], 2017;[START_REF] Silcox | Cranial anatomy of paleocene and eocene labidolemur kayi (Mammalia: Apatotheria), and the relationships of the apatemyidae to other mammals[END_REF]. They are based on morphological character matrices, with cranial, dental and postcranial characters and are coded by family taxa. The first studies (Bloch et al., 2007;[START_REF] Sargis | Evolution of pedal grasping in Primates[END_REF] suggesting this hypothesis obtained both cranial and postcranial key synapomorphic characters for the clade uniting plesiadapoids and euprimates, such as the presence of a petrosal bulla, relatively short metatarsals and a nail on the hallux, corroborating the euprimateformes grasping hypothesis. However, a personal preliminary study I made on the matrix of Bloch et al. (2007) (results not shown here), in collaboration with Sandrine Ladevèze and Christine Argot (CR2P, MNHN), showed that this matrix contained some weak points. In fact, by only adding one outgroup in the matrix (Rhombomylus, while only Asioryctes was present), the Euprimateformes hypothesis is rejected and Scandentia are sister-group of Plesiadapiformes. Moreover, by only adding one step in the analysis, to test the overall robustness of the clades, and without other changes, the strict consensus tree obtained was a wide polytomy, which means that there was overall no clear resolution.

Further analyses gradually improved this matrix by adding and correcting some characters, including new fossils, and adding more outgroups. However, other analyses based on the same questions and methodology obtain different synapomorphies for Euprimateformes, with more dental and cranial features and the loss of characters related to grasping [START_REF] Bloch | Cranial anatomy of Paleogene Micromomyidae and implications for early primate evolution[END_REF][START_REF] Chester | Oldest known euarchontan tarsals and affinities of Paleocene Purgatorius to Primates[END_REF][START_REF] Chester | Oldest skeleton of a plesiadapiform provides additional evidence for an exclusively arboreal radiation of stem primates in the Palaeocene[END_REF][START_REF] Silcox | Cranial anatomy of paleocene and eocene labidolemur kayi (Mammalia: Apatotheria), and the relationships of the apatemyidae to other mammals[END_REF]. This may be due to the addition of many dental characters, which can slant the cladistic analyses and give more weight to the most represented characters. Moreover, these matrices never include extant primate species but include instead a lot of outgroups (fossils and extant), which can also introduce a bias in the analysis [START_REF] Simmons | The Importance of Methods; Archontan Phylogeny and Clasdistic Analysis of Morphological Data[END_REF]).

To answer the question of the origin of primates, it appears crucial to better characterize the ancestral morphotype of Euprimates, by resolving the phylogenetic position of Plesiadapiforms and Euprimates among Euarchontoglires (primates, treeshrews, colugos, rodents and rabbits). This preliminary study aims at reappraising the genus Plesiadapis, by reinvestigating the anatomical regions that are essential in the evolution of primates and that are at the core of debates concerning their origins and early evolution: the auditory region, with the petrosal bulla and arteries trajectories, and the limbs, with the hand and foot morphological features. To do so, we used state-of-the-art techniques to access these specific morphological features, on two of the most complete Plesiadapis fossils: the complete Pellouin skull of Plesiadapis tricuspidens (high-resolution X-ray computed tomography, µCT scans) and the four imprints of Plesiadapis insignis (Reflectance transformation imaging, RTI).

We used the most recent morphological matrix of [START_REF] Chester | Oldest skeleton of a plesiadapiform provides additional evidence for an exclusively arboreal radiation of stem primates in the Palaeocene[END_REF], which includes the highest number of fossil specimens and the most recent modifications. In order to improve the robustness of this cladistic analysis, we also tested the effect of several methodological arrangements. We tested i) the effect of the addition of extant species of euarchontoglires, including extant strepsirrhine and platyrrhine primates; and ii) the effect of the correction, removing and ordering of some of the characters.

Attribution note: this study was performed in collaboration with Sandrine Ladevèze and Marc Godinot (CR2P,MNHN) who worked on dental and cranial characters, while I focused on postcranial ones.

Materials and methods

Materials

Plesiadapis tricuspidens

We examined the well-preserved skull from the private collection of M. Pellouin (CM323PN -figure 1.1.) from the late Paleocene (Thanetian-MP6) deposits of Berru, previously illustrated and described by [START_REF] Gingerich | Cranial anatomy and evolution of early tertiary Plesiadapidae (Mammalia, Primates)[END_REF] and which possesses the auditory bullae almost intact although ventrally damaged. This skull, together with the two other skulls known so far for this species (MNHN CR-125, see Russel, 1964; and CR-7377, see Szalay, 1987), was analyzed through CT scanning and is the only one for which we present here images of the auditory bulla (the two other ones being less informative).For comparative purposes, we also analyzed the fragments of cranium MNHN CR-126 965, 966, 4306 (Russell, 1964). Concerning the postcranium, I examined the material from the late Paleocene (Thanetian) deposits of Berru (Cernay-Lès-Reims), housed in the MNHN collections, and previously described and/or illustrated by [START_REF] Beard | Postcranial Anatomy, Locomotor Adaptations, and Paleoecology of Early Cenozoic Plesiadapidae, Paromomyidae, and Micromomyidae (Eutheria, Dermoptera)[END_REF][START_REF] Russell | Les Mammifères Paléocènes d'Europe[END_REF]Szalay et al., 1975):

MNHN BR3-L (humerus) ; MNHN CRL208, CRL212, CRL214, CRL231, CR148, CR442, CR492, CR494, CR527, CR529, CR591 (fragments of humeri) ; MNHN CR550 (radius) ; MNHN CR553, CR597 (fragments of radii) ; MNHN CR546 (ulna) ; CRL223, CRL224, CR252, CR443, CR452, CR615 (fragments of ulnae) ; MNHN CR408, CR438, CR444, CR450, BR-15-L, BR-16-L (femora) ; CRL215, CRL217, CR531, CR556, CR570, CR574, CR578, CR581, CR596, CRL527, CR440, CR445, CR446, CR447, CR522, CR523, CR866 (fragments of femora) ; CRL218, CRL122, CRL226, CRL229 (fragments of tibia) ; MNHN R-610, CR5347, BR-59-L (astragali) ; MNHN R-611, CR414 (calcanei) ; MNHN CR5372 (right navicular) ; MNHN CR5331, CR5359 (entocuneiforms) ; MNHN CR5380 (ectocuneiform) ; MNHN CR5364, CR5340, CR5358, CR5350, CR5353 (metacarpals) ; MNHN CR-5373 (second metacarpal) ; MNHN CR5342, CR5355, CR5365, CR5371 (manual proximal phalanges) ; MNHN CR5352, CR5360, CR5366, CR5369 (manual intermediate phalanges) ; MNHN CR 5352, 5362 (manual distal phalanges) ; MNHN CR5323, CR5325, CR5326, CR5335, CR5336, CR5337, CR5345, CR5351, CR5368, CR5370 (metatarsal fragments) ; MNHN CR503, CR5297, CR5303, CR5329 (non-hallucal pedal proximal phalanges) ; MNHN CR5324, CR5330, CR5341, CR5346, CR5363 (pedal intermediate phalanges) ; MNHN CR589, CR612, CR613, CR5344, CR5377, CR5379, CR5381 (pedal distal phalanges) ; MNHN CR5374, CR5375 (fragments of metapodials) ; CRL230, CRL239, CRL241, CR5328, CR5339, CR5343, CR5354, CR5356 (phalanges) ; CR5376, CRL210, CR5361, CR5327 (distal phalanges) ; CR5333 (incomplete atlas) ; CRL232, CRL235, CRL237, CRL238, CRL242, CR488, CR5332 (vertebrae) ; CR5338 (caudal vertebra) ; MNHN CR5362, CR5348, CR5349 (fragments of caudal vertebrae).

The following studied specimens probably belong to the same individual, as they were found together (Russel, 1964):

MNHN CR405 (incomplete humerus) ; MNHN CR406, CR409, CR413 (fragments of pelvis); MNHN CR407, CR408 (femora); MNHN CR410 (incomplete tibia); MNHN CR411 (incomplete ulna); MNHN CR412 (incomplete radius); MNHN CR415 (cuboid); MNHN CR416 (left entocuneiform); MNHN CR417 (incomplete femur); MNHN CR5271, CR5274, CR5280 (caudal vertebrae); MNHN CR5275, CR5276, CR5279, CR5282 (lumbar vertebrae); MNHN CR5277 (sacral vertebra); MNHN CR5278 (calcaneus); MNHN CR5285 (axis); MNHN CR5288, CR5289, CR5292 (vertebrae); MNHN CR5295 (third metacarpal); MNHN CR5296 (pedal intermediate phalanx); MNHN CR5297 (phalanx); MNHN CR5298, CR5300 (non-hallucal metatarsals); MNHN CR5301, CR5315 (manual proximal phalanges); MNHN CR5303 (phalanx); MNHN CR5305 (second metacarpal); MNHN CR5306 (metatarsal); MNHN CR5307 (epiphysis); MNHN CR5309, CR5310, CR5313, CR5317 (pedal distal phalanges); MNHN CR5311 (sternum); MNHN CR5312 (manual intermediate phalanx); MNHN CR5316 (epiphysis of radius); MNHN CR5318 (mesocuneiform); MNHN CR5319 (capitate); MNHN CR5320 (triquetrum); MNHN CR5321 (hamate); MNHN CR5322 (fragment of metapodial).

Plesiadapis cookei

For comparative purposes, we observed the cranium and skeleton of Plesiadapis cookei from the Paleocene of Wyoming (SC-117 limestone, Clarks Fork Basin, Wyoming), using photographs from [START_REF] Gingerich | A new skeleton of Plesiadapis cookei[END_REF], [START_REF] Bloch | New basicrania of paleocene-eocene Ignacius: Re-evaluation of the plesiadapiform-dermopteran link[END_REF] and Bloch et al. (2007).

Plesiadapis insignis I examined the two specimens (type and referred, unnumbered) of P. insignis [START_REF] Beard | Postcranial Anatomy, Locomotor Adaptations, and Paleoecology of Early Cenozoic Plesiadapidae, Paromomyidae, and Micromomyidae (Eutheria, Dermoptera)[END_REF][START_REF] Gingerich | Plesiadapis and the delineation of the order Primates[END_REF][START_REF] Piton | Paléontologie du gisement éocène de Menat (Puy-de-Dôme)[END_REF][START_REF] Russell | Les Mammifères Paléocènes d'Europe[END_REF], from the late Paleocene of Menat (Central France). These are the only specimens of the genus Plesiadapis with connected elements and well-preserved imprints of the hairs. The type specimen includes a main slab with a preserved skull (figure 1.2.) housed at the MNHN (Paris, France) and a counterpart with a preserved postcranium (figure 1.3.) housed at the Naturhistorishes Museum (Basel, Switzerland). The referred specimen includes two slabs housed at the MNHN. They consist in postcranial imprints with the anterior member (slab1, figure 1.4.) and the posterior member (slab2, figure 1.5.) being well-preserved.

I provide here high-quality illustrations of these specimens because on the available figures which were provided by Gingerich (1976, plates 11 & 12), their insufficient resolution prevents from accessing details of anatomical structures. Moreover, the counterpart of the type specimen, where postcranial structures are more visible, was in fact never illustrated before. Measurements provided for these specimens were taken from photographs, using the ImageJ software. New Plesiadapis species from le Quesnoy Furthermore, I sorted and studied the postcranial remains of a new species of Plesiadapis from Le Quesnoy locality (Oise, France, Earliest Eocene, MP7) discovered in 1996 [START_REF] Nel | An exceptional Sparnacian locality with plants, arthropods and vertebrates (Earliest Eocene, MP7): Le Quesnoy (Oise, France)[END_REF].

These specimens I observed consist of: 1 complete humerus (proximal part slightly eroded), 3 well preserved distal humeri, 7 quite damaged distal fragments and 4 shaft fragments of humeri, 1 almost complete ulna (lacking distal part), 5 proximal ulnae, 1 complete femur (distal part slightly eroded), 1 femur (lacking proximal tip), 1 femoral proximal tip, 1 well preserved distal femur, 4 quite damaged proximal fragments of femurs, 4 complete astragali, 3 fragments of astragali, 15 complete metacarpals, 3 complete metatarsals, 23 fragments of metapodials, 11 complete proximal phalanges, 1 fragment of proximal phalanx, 9 complete intermediate phalanges, 1 fragment of intermediate phalanx, 17 complete distal phalanges, 23 fragments of distal phalanges. Some of this material is presented in figures 1.6. and 1.7.

These specimens are very similar in their morphology to those of Plesiadapis tricuspidens from the Berru locality. However, I noted a few general differences. Concerning the humeri and femora, those from Le Quesnoy locality have a proportionally slightly more gracile shaft than those from Berru, despite the overall shape and extremities being very similar. Concerning the astragali, Le Quesnoy specimens display a proportionally longer and thinner neck and a proportionally narrower trochlear body compared to the R-610 specimen described in Szalay et al. (1975) as well as other P. tricuspidens astragali. Finally, metapodials and phalanges from Le Quesnoy have a relatively more gracile shaft compared to those from Berru which appear more robust.

A number of dental elements of a probably same species, from the same deposit, are also available and are currently under study by Marc Godinot and not yet published. These dental specimens show an interestingly high variability.

Publication of this material will be considered in a subsequent phase, with a more detailed description of the postcranial remaining, as this younger new species could bring interesting additional information on the evolution of plesiadapids and will enrich our knowledge on plesiadapiform diversity. 

Extant species

To improve our dataset for cladistic analyses, we analyzed extant primate species from the MNHN collections, including strepsirrhine and platyrrhine primates (crania and skeletons): Microcebus murinus [START_REF] Lemelin | Origins of grasping and locomotor adaptations in primates: Comparative and experimental approaches using an opossum model[END_REF]( -20, 1932( -284), Eulemur mongoz (1920( -166, 1887-296)-296), Eulemur fulvus albifrons , Nycticebus coucang (1882-2930, 1882-2931, 2005-251, 1958-154), Saguinus midas [START_REF] Hamrick | Functional and adaptive significance of primate pads and claws: Evidence from New World anthropoids[END_REF]( -230, 1931( -148), Saimiri sciureus (1973( -9, 1902-247)-247), and Callicebus cupreus (A.3985).

Moreover, we examined a scandentian: Tupaia gracilis (1929-187), a dermopteran: Cynocephalus volans (A.3959), a lagomorpha: Oryctolagus cuniculus (MNHN-ZM- MO-1980-12, MNHN-ZM-MO-1980-17, MNHN-ZM-MO-1962[START_REF] Stern | The locomotor anatomy of Australopithecus afarensis[END_REF], MNHN-ZM-MO-1985-1836) and an erinaceomorpha: Erinaceus europaeus (1921-62, 1925-231, 2000-359). 

High-resolution X-ray computed tomography (µCT)

Micro-CT technology was used to extract information from the Pellouin skull specimen of Plesiadapis tricuspidens. CT-scanning was conducted at the X-ray Tomography Imagery Platform AST-RX of the MNHN, using a GE Sensing and Inspection Technologies phoenix|x-ray v|tome|x L240-180 CT scanner. The scan was made with an isotropic voxel size of 11.439 μm. Three thousand projections over 360 degrees with 333 milliseconds of exposure time were used, with three averaged images per projection and one skipped image before each projection. The data were reconstructed using phoenix datos|x® 2.0 reconstruction software, and then exported into a 16 bits TIFF image stack of 2022 slices. Post-processing was realized at the Palaeontology Imaging Unit of the CR2P, UMR7207 MNHN/CNRS/Sorbonne Université. Mimics® v.17.0 and v.18.0 (Materialise) were used for the 3D-modelling (segmentation and 3D-object rendering).

Reflectance transformation imaging (RTI)

The Plesiadapis insignis specimens are very fragile and thin slabs. Moreover, they consist only of imprints (no fossilized bones). They are therefore difficult to manipulate, and the µCTscan method is not adapted to reconstruct such imprints, despite our attempt (we performed a µCT-scan on the main slab of the type specimen to verify whether there was some bone remaining that we could analyze, but the result was not conclusive).

Fossils preserved as rock imprints are sub-plane objects with subtle differences in elevation. Consequently, this material is usually best documented by producing illustrations or drawings prepared using various light orientations. Concurrently, compelling photographic evidence can be laborious to obtain, as suitable light orientation is often unique and therefore difficult to produce. Moreover, a re-examination of specimens often necessitates loans or visits to the corresponding collections and an extensive manipulation of the specimen. Similar issues have been traditionally faced by archaeologists focusing on carved, inscribed, or even painted artefacts. In our case, the Plesiadapis insignis slab specimens are very fragile and already suffered from high deterioration, therefore I looked for a methodology that could permit to well illustrate and analyze these remains with minimum manipulation.

Photographic and computing techniques referred to as Reflectance Transformation Imaging (RTI, Cultural Heritage imaging) have been developed to address these issues [START_REF] Earl | Reflectance transformation imaging systems for ancient documentary artefacts[END_REF]. In short, these approaches compute, from a set of photographs, a single "interactive specimen" the illumination of which can be modified at will. The data can be enhanced in various ways. This approach has already been applied to some types of fossil material (Béthoux et al., 2016;Cui et al., 2018;[START_REF] Hammer | Imaging Fossils Using Reflectance Transformation and Interactive Manipulation of Virtual Light Sources[END_REF]. In the context of fragile and rapidly degrading fossil material, a RTI model is a good way to preserve the "data content" of the specimen and to share it digitally.

In order to acquire a proper set of images (suitable to build a RTI model), I built a portable and automatized light dome allowing the illumination of the Plesiadapis specimens from 68 distinct angles (white LEDs). Details of this method and the light dome I built are provided in Appendix 1 of this thesis. This method permitted to enhance the imprints of the skull of the type specimen and the remaining hand and feet of the referred specimens.

Re-evaluation of P. tricuspidens auditory bulla and P. insignis hand and foot

Re-evalutation of Plesiadapis tricuspidens auditory bulla

The CT investigation of the auditory bullae of all the cranial specimens of Plesiadapis tricupsidens in which this anatomical area is preserved so far (i.e., MNHN CR 125, MNHN CR 7377, Pellouin skull; see discussions in [START_REF] Boyer | Plesiadapiformes," Mammalia) from North America and Europe: description and evolutionary implications[END_REF], revealed interesting details. It appears that the conformation of the petrosal bone and the adjacent bones forming the bullae are not sticked or fused but separated as seen in the Paromomyid Ignacius graybullianus [START_REF] Silcox | New discoveries on the middle ear anatomy of Ignacius graybullianus (Paromomyidae, Primates) from ultra high resolution X-ray computed tomography[END_REF]. There is clearly intercalation of bones in the bulla roof (notably in CR 7377 and Pellouin skull, see figure 1.8.) and the promontorium of the petrosal bone is independent from the bulla. This is the reason why we would consider the absence of a petrosal bulla for Plesiadapis, but, at this stage of analysis (to be further conducted), and to be cautious, we scored "?" as did [START_REF] Ni | Oligocene primates from China reveal divergence between African and Asian primate evolution[END_REF].
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Re-evaluation of Plesiadapis insignis autopods

Concerning the specimens of Plesiadapis insignis, the measurements (table 1.1.), relative proportions and previous observation of the 4 slab imprints, clearly demonstrate that the two slabs of the type and the two slabs of the referred specimens respectively belong to two individuals of the same species, as they are very similar in proportions and morphology. These specimens present almost complete skeletons in connection. Moreover, they display a well-preserved print of skin and hair, and a long and large bushy tail, as a carbonaceous film, something overall rare among Paleocene mammals. The Menat deposit corresponds to an ancient lake inside the crater of the Maar de Menat volcano. Fossils discovered in this deposit were possibly victims of drowning. As the sediment of the lake was rich in organical material (diatom mud), this permitted a particularly good preservation of the animals during the fossilization process. Plesiadapis insignis is clearly different from other plesiadapids in being smaller and having a large P2. Detailed description of the cranium and teeth of the type specimen are provided in Russell (1967) and [START_REF] Gingerich | Cranial anatomy and evolution of early tertiary Plesiadapidae (Mammalia, Primates)[END_REF]. Concerning the postcranial elements, previous descriptions and illustrations [START_REF] Piton | Paléontologie du gisement éocène de Menat (Puy-de-Dôme)[END_REF], Russell 1967[START_REF] Gingerich | Cranial anatomy and evolution of early tertiary Plesiadapidae (Mammalia, Primates)[END_REF][START_REF] Boyer | Plesiadapiformes," Mammalia) from North America and Europe: description and evolutionary implications[END_REF] gave measurements and comparisons regarding long bones and trunk length and mentioned the presence of claws on the hand and foot, but they did not provide detailed descriptions of the manual and pedal elements.

Type specimen-The skull of the type specimen of P. insignis is crushed, and at first sight, no information can be extracted from its anatomy. However, thanks to RTI images (figure 1.9.), unsuspected details of the bones and soft tissues are revealed. For instance, the masseter muscle imprint is well visible on the coronoid process of the mandible, as well as the platysma muscle imprint along the ventral part of the body of the mandible. The insertion of the teeth roots, especially the first incisors, within the maxilla and mandible, is also visible. Concerning the postcranial elements, more represented in the counterpart (figure 1.3.), we can see a fainted imprint of the rib cage, trunk and hindlimb bones. Although the skeleton is quite crushed, it permits to measure the femur and tibia (table 1.1.). Interestingly, there is an imprint of an autopod with metapodials and phalanges, most probably belonging to a foot.

Accessing relative proportions of manual and pedal elements of Plesiadapis specimens would constitute additional information that could improve morphological matrices and associated cladistic analyses as the latter presents some uncertainties regarding the coding of the genus Plesiadapis. Particularly, it was still unclear whether Plesiadapis possessed a claw or a nail-like distal phalanx on its first pedal digit, and this was coded as unknown in the most recent morphological matrix we wanted to work on [START_REF] Chester | Oldest skeleton of a plesiadapiform provides additional evidence for an exclusively arboreal radiation of stem primates in the Palaeocene[END_REF].

However, despite my attempt to analyze the autopodial imprint on the counterpart of the type specimen (RTI model, figure 1.10.), it was still very difficult to determine the precise delimitations of the phalanges and to take measurements. Therefore, I decided not to use this imprint but to describe more in details the referred specimen. First, we see that the total length of the hand is shorter than that of the foot (table 1.1.). Also, respective hand and foot metapodials and phalanges seem similar in term of robustness. However, the phalanges of the hand appear relatively long compared to the metacarpals, while phalanges of the foot are relatively shorter compared to the metatarsals which seem quite elongated and much longer than metacarpals. Concerning the respective proportions, we obtain dissimilar results compared to previous observation on P. tricuspidens and P. cookei. The manual digit elongation index [((intermediate phalanx length + proximal phalanx length)/humerus length) x100] of P. insignis (manual digit 3 = 50.2% and digit 4 = 47.4%) appears higher than previously estimated for the plesiadapid family (see character 21 and associated coding in Chester et al. 2017, Appendix 3 table SI 1.1). Interestingly, the pedal elongation index [((intermediate phalanx length + proximal phalanx length)/femur length) x100] is lower (pedal digit 3 = 26.1% and digit 4 = 29.1%). Concerning the manual prehensility index of digit 3 (intermediate phalanx length relatively to the metacarpal length), the value 82%, is also higher than previously estimated for the plesiadapid family (see character 22 and associated coding in Chester et al. 2017, Appendix 3 table SI 1.1). Also, the ungual phalanx elongation index (ungual phalanx length relative to the intermediate phalanx length, see character 61 and associated coding in [START_REF] Chester | Oldest skeleton of a plesiadapiform provides additional evidence for an exclusively arboreal radiation of stem primates in the Palaeocene[END_REF], Appendix 3 table SI 1.1) is quite high, as all other plesiadapids (manual digit 3 = 63% and digit 4 = 100%; pedal digit 3 = 132.1% and digit 4 = 112%). Moreover, the humerofemoral index (humerus length/femoral length x100, see character 150 and associated coding in Bloch et al. 2007) of Plesiadapis insignis is lower than previously measured for plesiadapoids (66.6) and closer to Omomyidae and Adapidae, according to the associated matrices and coding. But the brachial index (radius length/humerus length x 100, see character 151 and associated coding in Bloch et al. 2007) is still relatively low compared to euprimates (101.4).

Therefore, it seems that Pl. insignis, although retaining primitive characters, differs from other Plesiadapis species like tricuspidens and cookei in having probably higher prehensile capabilities than previously thought [START_REF] Bloch | Grasping primate origins[END_REF], Silcox et al. 2017). Also, it possesses long and very robust claws as all plesiadapids, and we can confirm the presence of a claw on the hallux (figure 1.12.). The hallux seems quite short compared to other digits and seems not to present any divergence capability. But the cut slab and damaged autopod imprint do not permit to properly measure its total length and to analyze metatarsal morphology. Unfortunately, the pollex is also not visible on the imprint (figure 1.11.) and we cannot access any morphological specificities. Our resulting matrix was analyzed using heuristic parsimony searches implemented by PAUP* (Swofford, 2002). Each heuristic parsimony search employed 1000 replicates of random taxon addition with TBR branch swapping, saving up to 10 trees. Branch support was assessed by the number of minimal/maximal synapomorphies. The result is presented in figure 1.14. 
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Imposing a topological constraint for euprimates does not modify the topology outside this clade if we compare the two strict consensus trees (Figs. 1.14 and 1.15). In the majorityrule consensus tree (figure 1.15 B), the Plesiadapiformes are monophyletic (82%), and are the sister-group of Euprimates (64%). Therefore, in this result the Euprimateformes clade (Plesiadapoidea + Euprimates) is no longer supported.

The node Plesiadapiformes is supported by 13 unambiguous synapomorphies, most of which being dental characters. The number of the characters is given below, followed by the state of transformation (postcranial characters are in blue, cranial ones in yellow and dental ones in green, see Appendix 3 table SI 

Conclusion and perspectives

Despite this study being still preliminary, we found interesting results that could potentially question current hypotheses concerning the phylogenetic relationships within Euarchontans. When modifying a few characters, adding new information on the genus Plesiadapis (presence of a claw on the hallux, non-pretrosal bulla), and adding extant Euprimates, we obtained a rejection of the Euprimateforms hypothesis. This could mean that, as previously suggested by some authors [START_REF] Godinot | Primate origins: A reappraisal of historical data favoring tupaiid affinities[END_REF][START_REF] Kirk | Comment on "Grasping primate origins[END_REF], the particular adaptations of Carpolestes simpsoni could rather be a convergence than a unique acquisition shared by Euprimates and Plesiadapoidea. Moreover, we also obtained a sister group relationship of Plesiadapiformes and Euprimates, but with a weak percentage of group occurrence (64%), suggesting that this study still needs to be improved. As a matter of fact, the morphological matrix needs to be reviewed and a return to the characters is crucial to be able to characterize the euprimates clades (Strepsirrhini and Happlorhini) and to confirm or infirm the Plesiadapiformes monophyly and the relationships of the latter with Euprimates. For example, we found that many clades are supported by a large number of dental characters, which can represent convergences to a same diet. Re-evaluating the cranial and basicranial characters could be interesting.

The ancestral locomotor morphotype of Euprimates could be reconstructed from ambigous synapomorphies only. These synapomorphic postcranial characters of Euprimates are consistent with current definitions, with the presence of a nail along with a torsion of the metatarsal on the hallux, characters of the tarsus reflecting a higher capability of mobility and leaping specialization such as the fibular facet (Boyer & Seiffert, 2013), and characters of the humerus and femur reflecting arboreal adaptations.

Moreover, this preliminary study raises a number of methodological points that need to be further fulfilled in future works. First, it is in fact important to minimize the number of outgroups in such phylogenetic analyses. In the original study of [START_REF] Chester | Oldest skeleton of a plesiadapiform provides additional evidence for an exclusively arboreal radiation of stem primates in the Palaeocene[END_REF] from which we worked, 16 outgroup taxa were included, which is more than the total number of ingroup taxa (euarchontans, 14). We believe that a large amount of outgroup taxa is unnecessary and even a non-sense. As a matter of fact, the role of outgroup is to polarize the characters states, and the more the outgroups, the more the possibilities of ancestral states upon which the analysis will be based. This is likely to bring too many contradictory ancestral states and consequently too much biases in the analysis. According to previous studies, a lesser number of outgroup taxa (but at least three), chosen amongst the closest relatives of the interest group, is relevant in order to polarize character states [START_REF] Barriel | Rooting with multiple outgroups: consensus versus parcimony[END_REF][START_REF] Bryant | Character polarity and the rooting of cladograms[END_REF][START_REF] Simmons | The Importance of Methods; Archontan Phylogeny and Clasdistic Analysis of Morphological Data[END_REF][START_REF] Wilberg | What's in an Outgroup? the Impact of Outgroup Choice on the Phylogenetic Position of Thalattosuchia (Crocodylomorpha) and the Origin of Crocodyliformes[END_REF].

Moreover, here we choose to retain extant outgroups. This is sometimes more relevant, because extant taxa provide a complete dataset, which allows to fill all the matrix cells, whereas in the case of fossils, there are rarely complete specimens [START_REF] Pattinson | Phylogeny, paleontology, and primates: Do incomplete fossils bias the tree of life?[END_REF].

Also, extant species are, besides the best preserved, the easiest to code, as compared to fossils.

Another point concerns the inclusion of extant primates into the analysis. In fact, it appears to us that if one wants to answer the question of primate origin, the inclusion of extant taxa (together with fossils) is crucial. As such, the group of interest (i.e., Euprimates sensu Bloch et al., 2007) is complete with fossil and extant representatives.

Concerning the processing of characters, we also noted a few points that need to be further improved. First, it appears that it can be important to order some of the characters, because basing a parsimony analysis on the paradigm that there are no morphoclines ever observed in the cranial or postcranial anatomy of mammals is categoric and may be incorrect [START_REF] Simmons | The Importance of Methods; Archontan Phylogeny and Clasdistic Analysis of Morphological Data[END_REF]. Indeed, unordering some characters can lead to implausible evolutive scenarios. For some characters that we analyzed in this study, it has been shown in the literature that there is a morphocline, and consequently we coded them as ordered. Furthermore, a few characters were regarded as irreversible such as the presence/absence of teeth (as did [START_REF] Ni | Oligocene primates from China reveal divergence between African and Asian primate evolution[END_REF]. Finally, our future work on this matrix will propose a different approach, by deleting some characters that are irrelevant (for example, there is a lot of dental characters that are redundant and non-informative enough). Also, it would be very informative to better assess the phylogenetic or functional importance of characters, because some characters are probably more related to function than phylogeny. This can be difficult to differentiate but can impact cladistic results.

Introduction

Grasping behavior plays an essential role in locomotion, feeding, and social interaction in a great diversity of tetrapod vertebrates [START_REF] Sustaita | Getting a grip on tetrapod grasping: Form, function, and evolution[END_REF]. In mammals, both manual and pedal grasping are involved in locomotor behavior, but manual capabilities are also associated with feeding behavior [START_REF] Sustaita | Getting a grip on tetrapod grasping: Form, function, and evolution[END_REF]. In Primates, grasping extremities, and particularly a grasping foot with an opposable hallux, and nails instead of claws, are among the defining features of the order and are central for understanding their origins and early evolution [START_REF] Cartmill | New views on primate origins[END_REF][START_REF] Gros | The antecedents of man[END_REF][START_REF] Silcox | Primate Origins and Supraordinal Relationships: Morphological Evidence[END_REF]. Nails and prehensilegrasping specializations, with elongated digits on both hand and foot, are largely considered as a specialization for arboreal locomotion and associated lifestyle, shared by the primate common ancestor [START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Cartmill | Rethinking Primate Origins[END_REF][START_REF] Cartmill | New views on primate origins[END_REF][START_REF] Gregory | Man's place among the primates[END_REF][START_REF] Jones | Arboreal man[END_REF][START_REF] Gros | The antecedents of man[END_REF][START_REF] Ravosa | PRIMATE ORIGINS: Adaptations and Evolution[END_REF][START_REF] Ross | The Role of Vision in the Origin and Evolution of Primates[END_REF][START_REF] Sussman | Rethinking Primate Origins Again[END_REF]. Overall, these diagnostic postcranial features of primates indicate a transition, involving a complex succession of transformations in the entire manual and pedal systems, which are probably genetically linked, homologous structures [START_REF] Rolian | THE COEVOLUTION OF HUMAN HANDS AND FEET[END_REF]). Yet, these features, functionally related to grasping, constitute the most fundamental primate specializations, shared by all species [START_REF] Bloch | Grasping primate origins[END_REF][START_REF] Dagosto | The postcranial morphotype of primates[END_REF][START_REF] Gebo | The nature of the primate grasping foot[END_REF][START_REF] Gebo | A shrew-sized origin for primates[END_REF][START_REF] Sargis | Evolution of pedal grasping in Primates[END_REF][START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF]. All primate species use a hallucal pedal grasping mode to accommodate the foot upon arboreal substrates [START_REF] Gebo | Locomotor diversity in prosimian primates[END_REF][START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF]. On the other hand, the evolutionary history of the hand appears more complex, even though it also presents prehensile specializations and nails, at an early stage of primate evolution [START_REF] Bloch | Grasping primate origins[END_REF]Boyer et al., 2013b;[START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Cartmill | Rethinking Primate Origins[END_REF][START_REF] Cartmill | New views on primate origins[END_REF]. Interestingly, there is a great diversity of manual grasp types among extant primate species [START_REF] Bishop | Use of the hand in lower primates[END_REF][START_REF] Brunon | Motivation and manipulation capacities of the blue and yellow macaw and the tufted capuchin: A comparative approach[END_REF][START_REF] Lemelin | Origins of grasping and locomotor adaptations in primates: Comparative and experimental approaches using an opossum model[END_REF][START_REF] Pouydebat | La préhension chez les Primates : précision, outils et perspectives évolutives[END_REF][START_REF] Reghem | Biomechanics of a primate hand (Microcebus m) in climbing: function, strategies and human implications[END_REF][START_REF] Reghem | Food prehension and manipulation in Microcebus murinus (Prosimii, Cheirogaleidae)[END_REF][START_REF] Sustaita | Getting a grip on tetrapod grasping: Form, function, and evolution[END_REF]. Hence, primate hands have been extensively studied, in relation to primate origins (Boyer et al., 2013b;[START_REF] Haines | The anatomy of the hand of certain insectivores[END_REF][START_REF] Jones | Arboreal man[END_REF][START_REF] Kirk | Intrinsic hand proportions of euarchontans and other mammals: Implications for the locomotor behavior of plesiadapiforms[END_REF][START_REF] Napier | Studies of the hands of living primates[END_REF][START_REF] Napier | Prehensility and opposability in the hands of primates[END_REF][START_REF] Toussaint | Food acquisition on arboreal substrates by the grey mouse lemur: Implication for primate grasping evolution[END_REF], 2015). Moreover, experimental studies have shown that primate forelimbs and hind limbs play distinctive roles during arboreal locomotion [START_REF] Larson | Uniqueness of Primate Forelimb During Quadrupeal Locomotion[END_REF][START_REF] Patel | Distinct functional roles of primate grasping hands and feet during arboreal quadrupedal locomotion[END_REF]Preuschoft, 2002;Schmitt, 2003a). However, as the arboreal environment played a central role in the evolution of the locomotor characters defining Primates, morphological adaptations of hands and feet are obviously interrelated. Nevertheless, the evolutionary context of these unique adaptations, the order of acquisition of these characters and the ancestral primate morphotype remain under debate.

There are several scenarios analyzing the specific details of primate ancestry and the behaviors that were most critical in the evolutionary sequence of primate adaptations [START_REF] Bloch | Grasping primate origins[END_REF]Boyer et al., 2017;[START_REF] Cartmill | New views on primate origins[END_REF][START_REF] Martin | Primate origins: Implications of a Cretaceous ancestry[END_REF][START_REF] Ravosa | PRIMATE ORIGINS: Adaptations and Evolution[END_REF][START_REF] Sargis | Evolution of pedal grasping in Primates[END_REF]. Concerning the locomotor morphotype, studies on the early euprimate adapiforms and their relationships to extant primates, suggest either an early specialization for leaping activities and the use of vertical substrates (Boyer et al., 2013a[START_REF] Boyer | Evolution of postural diversity in primates as reflected by the size and shape of the medial tibial facet of the talus[END_REF](Boyer et al., , 2017;;[START_REF] Dagosto | The postcranial morphotype of primates[END_REF][START_REF] Gebo | Vertical clinging and leaping revisited: Vertical support use as the ancestral condition of strepsirrhine primates[END_REF][START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF], or a more generalized ancestral locomotion, with quadrupedal locomotion on horizontal or moderately inclined substrates [START_REF] Ford | Postcranial adaptations of the earliest platyrrhine[END_REF][START_REF] Godinot | Early eupriamte hands in evolutionary perspective[END_REF][START_REF] Kay | Anthropoid Origins[END_REF][START_REF] Ni | The oldest known primate skeleton and early haplorhine evolution[END_REF][START_REF] Ross | Phylogenetic analysis of anthropoid relationships[END_REF][START_REF] Williams | New perspectives on anthropoid origins[END_REF]. Overall, the pedal and manual grasping functional mechanisms of primates are assumed to have particularly facilitated the fine branch use, which supposedly promoted their early differentiation [START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Ravosa | PRIMATE ORIGINS: Adaptations and Evolution[END_REF][START_REF] Ross | The Role of Vision in the Origin and Evolution of Primates[END_REF][START_REF] Sussman | Primate origins and the evolution of angiosperm[END_REF]. Many alternative hypotheses have been proposed, revolving around the idea that features related to grasping mechanisms enabled earliest primates to move and forage on peripheral tree zones. Dietary-focused hypotheses, such as the insect predation hypothesis [START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Cartmill | Rethinking Primate Origins[END_REF][START_REF] Cartmill | New views on primate origins[END_REF][START_REF] Godinot | Functional approaches of paleogene primate hands[END_REF][START_REF] Kirk | Comment on "Grasping primate origins[END_REF] suggest that these features were originally an adaptation for visually guided manual predation on insects. The angiosperm exploitation hypothesis [START_REF] Sussman | Primate origins and the evolution of angiosperm[END_REF][START_REF] Sussman | Rethinking Primate Origins Again[END_REF] suggests that these features evolved primarily for exploiting terminal tree fruits, flowers and co-evolving insects. Lastly, the locomotor-based grasp-leaping hypothesis [START_REF] Dagosto | The postcranial morphotype of primates[END_REF][START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF] proposes locomotor transformations from a non-primate foot to a primate grasping foot, necessary in acrobatic arboreal behaviors, such as leaping.

The past decades have been contented with a large amount of morphological-based studies of extant and extinct primate lineages aiming at verifying these hypotheses. Recent studies started to question the small branch niche early environment and proposed that features reflecting the small branch niche, prehensile foot proportions and nails on the lateral digits may well have been acquired after crown primates began to radiate, e.g. in parallel in different euprimate lineages, and that leaping specializations and large vertical substrates use were more anterior (Boyer et al., 2013a[START_REF] Boyer | Evolution of postural diversity in primates as reflected by the size and shape of the medial tibial facet of the talus[END_REF](Boyer et al., , 2017;;Boyer & Seiffert, 2013;Cartmill, 1974a;[START_REF] Gebo | New postcranial elements for the earliest Eocene fossil primate Teilhardina belgica[END_REF][START_REF] Gebo | Additional postcranial elements of Teilhardina Belgica: The oldest European primate[END_REF][START_REF] Ni | The oldest known primate skeleton and early haplorhine evolution[END_REF][START_REF] Yapuncich | Quantification of the position and depth of the flexor hallucis longus groove in euarchontans, with implications for the evolution of primate positional behavior[END_REF].

Despite the known variety of arboreal quadrupedal and acrobatic behaviors of living primates [START_REF] Hunt | Standardized descriptions of primate locomotor and postural modes[END_REF][START_REF] Schmidt | Locomotion and postural behaviour[END_REF], it is still unclear how the different substrate types may have influenced hand and foot postures during locomotion and how they have exerted a selective pressure toward the acquisition of nails, the divergence of the hallux/pollex and any potential leaping abilities. Moreover, what actually characterizes the "fine branch milieu" of early primate tropical forests remains poorly defined [START_REF] Dagosto | The postcranial morphotype of primates[END_REF][START_REF] Godinot | Primate origins: A reappraisal of historical data favoring tupaiid affinities[END_REF] as the structural features, e.g. orientation and diameter of substrates that characterize this niche have not been identified. The "narrow branch" is a relative concept that need to be considered relatively to the size of the animal studied (Lemelin & Jungers, 2007). The terminal-branch environment is characterized by substrates of varying diameters and orientations and an overall high degree of spatial complexity [START_REF] Bloch | Grasping primate origins[END_REF][START_REF] Dunbar | Locomotion and posture during terminal branch feeding[END_REF]Schmitt & Lemelin, 2002). Moreover, it has been shown that substrate diameter and orientation significantly influence the locomotor behavior in primates, other mammals and other vertebrates, such as lizards and frogs [START_REF] Channon | The effect of substrate compliance on the biomechanics of gibbon leaps[END_REF][START_REF] Foster | How forelimb and hindlimb function changes with incline and perch diameter in the green anole, Anolis carolinensis[END_REF][START_REF] Hanna | Locomotor energetics in primates: Gait mechanics and their relationship to the energetics of vertical and horizontal locomotion[END_REF][START_REF] Herrel | The effect of substrate diameter and incline on locomotion in an arboreal frog[END_REF][START_REF] Higham | Locomotion of lizards on inclines and perches: hindlimb kinematics of an arboreal specialist and a terrestrial generalist[END_REF][START_REF] Karantanis | Diagonal gaits in the feathertail glider Acrobates pygmaeus (Acrobatidae, Diprotodontia): Insights for the evolution of primate quadrupedalism[END_REF][START_REF] Nyakatura | Gait parameter adjustments of cotton-top tamarins (Saguinus oedipus, Callitrichidae) to locomotion on inclined arboreal substrates[END_REF]Schmitt, 2003a;[START_REF] Schmitt | Substrate alters forelimb to hindlimb peak force ratios in primates[END_REF][START_REF] Shapiro | Body size and the small branch niche: Using marsupial ontogeny to model primate locomotor evolution[END_REF][START_REF] Shapiro | Kinematics of quadrupedal locomotion in sugar gliders (Petaurus breviceps): effects of age and substrate size[END_REF], 2010;[START_REF] Spezzano | The effects of surface diameter and incline on the hindlimb kinematics of an arboreal lizard (Anolis sagrei)[END_REF][START_REF] Stevens | The effect of branch diameter on primate gait sequence pattern[END_REF][START_REF] Toussaint | Food acquisition on arboreal substrates by the grey mouse lemur: Implication for primate grasping evolution[END_REF]Toussaint et al., , 2015;;[START_REF] Vilensky | Squirrel monkey locomotion on an inclined treadmill: Implications for the evolution of gaits[END_REF]. Furthermore, narrow terminal branches are more flexible than wide substrates, and as such likely influence the posture and behavior of an animal [START_REF] Cartmill | Support polygons and symmetrical gaits in mammals[END_REF](Cartmill et al., , 2007a;;[START_REF] Dunbar | Locomotion and posture during terminal branch feeding[END_REF]. Also, the use of vertical substrates for climbing and its implications on hand and foot postural behavior constitute an essential aspect to study as many fundamental primate morphological features and locomotor patterns have been associated with climbing [START_REF] Bloch | Grasping primate origins[END_REF]Boyer et al., 2017;[START_REF] Fleagle | Major Transformations in the Evolution of Primate Locomotion[END_REF][START_REF] Gebo | Vertical clinging and leaping revisited: Vertical support use as the ancestral condition of strepsirrhine primates[END_REF][START_REF] Hamrick | Development and evolution of the mammalian limb: Adaptive diversification of nails, hooves, and claws[END_REF][START_REF] Hanna | The evolution of vertical climbing in primates: evidence from reaction forces[END_REF][START_REF] Jones | Arboreal man[END_REF][START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF]. Vertical climbing implies particular biomechanical constraints and seems to be as easy as horizontal walking for some primates, but not for others [START_REF] Hanna | The energetic cost of climbing in primates[END_REF]. Despite the fact that hands and feet are central to positional activities and are key diagnostic features of the order primates and their early evolution, the context and varieties of manual and pedal grasping modes have received little attention.

The primate ancestor is thought to be small, insectivorous, and nocturnal. This foraging behavior can still be observed in several living strepsirrhines, which are often regarded as models for the last common ancestors of primates [START_REF] Charles-Dominique | Evolution of lorises and lemurs[END_REF][START_REF] Gebo | A shrew-sized origin for primates[END_REF]. But, it is in fact important to compare primates with non-primate species, because it is also still unclear what arboreal-related adaptations are also shared by other mammals and could therefore enlighten our knowledge about the more general evolution of arboreality [START_REF] Szalay | Arboreality: Is it homologous in metatherian and eutherian mammals?[END_REF]. Comparative studies of treeshrews (Scandentia) have shown that this group possess morphological similarities to primates stemming from their common euarchontan ancestry (Sargis, 2001(Sargis, , 2002b(Sargis, , 2002a;;[START_REF] Sargis | Evolution of pedal grasping in Primates[END_REF][START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF]. Particularly, Ptilocercus is considered as a good model for the ancestral morphotype of primates in having a capacity for non-opposable pedal grasping [START_REF] Gebo | A shrew-sized origin for primates[END_REF]Sargis, 2002b[START_REF] Sargis | The postcranial morphology of ptilocercus lowii (scandentia, tupaiidae) and its implications for primate supraordinal relationships[END_REF]. Other comparative studies have shown that some terminal-branch specialists such as arboreal marsupials [START_REF] Antunes | Postural climbing behaviour of didelphid marsupials: Parallels with primates[END_REF][START_REF] Argot | Functional-adaptive analysis of the hindlimb anatomy of extant marsupials and the paleobiology of the Paleocene marsupialsMayulestes ferox andPucadelphys andinus[END_REF][START_REF] Gebo | A shrew-sized origin for primates[END_REF][START_REF] Lemelin | Morphological correlates of substrate use in Didelphid marsupials: Implications for primate origins[END_REF][START_REF] Rasmussen | Primate origins: Lessons from a neotropical marsupial[END_REF]Schmitt & Lemelin, 2002;[START_REF] Shapiro | Is primate-like quadrupedalism necessary for fine-branch locomotion? A test using sugar gliders (Petaurus breviceps)[END_REF][START_REF] Youlatos | Hallucal grasping behavior in Caluromys (Didelphimorphia: Didelphidae): Implications for primate pedal grasping[END_REF] possess a hand and foot morphology that is functionally analogous to that of primates, suggesting evolutionary convergence of grasping. Particularly, didelphid and diprotodont marsupials present convergent specializations in aspects of primate gait and locomotion on relatively thin substrates, with an opposable hallux bearing a flat nail-like terminal phalanx and a capacity of apparently powerful hallucal grasping, albeit retaining a relatively primitive hand with claws and a non-opposable pollex (e.g. Caluromys) [START_REF] Cartmill | Support polygons and symmetrical gaits in mammals[END_REF][START_REF] Cartmill | Understanding the adaptive value of diagonalsequence gaits in primates: A comment on Shapiro and Raichlen[END_REF][START_REF] Gebo | A shrew-sized origin for primates[END_REF][START_REF] Karantanis | Diagonal gaits in the feathertail glider Acrobates pygmaeus (Acrobatidae, Diprotodontia): Insights for the evolution of primate quadrupedalism[END_REF]Lemelin & Schmitt, 2007;[START_REF] Rasmussen | Primate origins: Lessons from a neotropical marsupial[END_REF]Schmitt & Lemelin, 2002;[START_REF] Youlatos | Hallucal grasping behavior in Caluromys (Didelphimorphia: Didelphidae): Implications for primate pedal grasping[END_REF]. Recent studies have also demonstrated that species lacking primate grasping adaptations, including some squirrels [START_REF] Orkin | The Narrow Niche hypothesis: Gray squirrels shed new light on primate origins[END_REF][START_REF] Samaras | Use of forest canopy by European red squirrels Sciurus vulgaris in Northern Greece: Claws and the small branch niche[END_REF], mice [START_REF] Byron | Rudimentary pedal grasping in mice and implications for terminal branch arboreal quadrupedalism[END_REF][START_REF] Urbani | Positional behavior and substrate use of Micromys minutus (Rodentia: Muridae): Insights for understanding primate origins[END_REF][START_REF] Youlatos | Pedal grasping in an arboreal rodent relates to above-branch behavior on slender substrates[END_REF], or even carnivorans [START_REF] Mcclearn | Locomotion, Posture, and Feeding Behavior of Kinkajous, Coatis, and Raccoons[END_REF], are also capable of moving, feeding, and foraging on thin and terminal branches. This array of studies has shown that most of these species have the tendency to use a hallucal pedal grasping mode, probably analogous to that of primates, especially on small horizontal substrates.

Unfortunately, the majority of the studies that related to hand and foot postures were either qualitative or have focused quantitatively solely on the hand or on the foot. In this context, the comparative study of associated manual and pedal detailed postures in relation to substrate diameter and orientation in a wide range of extant arboreal mammals could provide significant complementary information for understanding the mechanical constraints that are functionally linked to these morphological specializations in primates and in mammals in general.

This study aims at quantifying the effect of substrate orientation and diameter on hand and foot postures during locomotion in some strepsirrhine and platyrrhine primate species and a variety of non-primate arboreal mammals (carnivorans, marsupials, rodents and scandentians). In the context of primate origins, I focused on key diagnostic characters that are related to locomotion: pollex/hallux grasping patterns and the use of nails or claws. The objectives are to investigate their functional adaptive importance and the mechanical constraints that are functionally linked to their morphological specializations. Subjacent objectives were 1) to investigate what are the postural specificities of primates and other studied species regarding the substrate type, 2) to quantify the positional repertoire diversity among species and whether substrate type has an impact on this diversity, 3) to analyze deeply the influence of substrate inclination on positional changing, by analyzing ascents and descents separately, and 4) to investigate whether hand and foot postures are a good indicator of phylogenetic signal. The originality of this study lies in its integrative approach involving a large set of quantitative postural parameters to describe as precisely as possible the postural repertoire of both hands and feet.

Material and Methods

Animals studied

I collected data for a total of 31 individuals of Primates from 6 species of strepsirrhines and 5 species of platyrrhines; and 27 individuals of non-Primates from 3 species of procyonids, 1 species of tupaiids, 2 species of glirids, 1 species of platacanthomyids, 2 species of didelphids, 1 species of phalangerids and 1 species of petaurids (table 2.1.). Studied species were selected according to a) their small to medium body size; and b) their known overall arboreal behavior in the wild. Data were collected either from animals kept in different zoological gardens or from wild caught individuals (table 2.1.). All studied individuals were adults and in good shape and did not display any stereotypical behavior before or during the experiments.

Animal handling was performed in compliance with the International Primatological Society (IPS) Ethical Guidelines for the Use of Nonhuman Primates in Research and the Association for the Study of Animal Behaviour (ASAB) and the Animal Behavior Society (ABS) ethical guidelines for the use of animals in research (ASAB & ABS, 2012). 

Behavioral data collection

In zoological gardens, I videotaped the studied individuals directly into their enclosures for a period of 2 to 4 weeks, depending on the species (table 2.1.). Individuals caught in the wild were placed in a specifically designed enclosure during the observation period and they were subsequently released. To assess substrate availability in zoological gardens, I initially quantified the available arboreal substrates in each enclosure. When necessary, I changed their arrangement and added non-treated wooden substrates of specific diameters and orientations to make sure that each animal could have access to a variety of substrate types. The enclosures were large enough to allow free displacement of the animals. To test the impact of substrate diameter and inclination on the hands and feet posture, I identified 3 different substrate sizes, according to the sizes of the animals' hands and feet, and 3 different orientations resulting in 9 substrate types tested for each individual (table 2.2.). Data were recorded using a portable camera (Panasonic HC-V770 camcorder 120fps, Full HD 1080p). To assure close ups of hand and foot grasps during locomotion, I also used three small action cameras (Mobius ActionCam 60fps, 720p) installed in three different angle views (frontal, lateral and ventral) alternatively on each substrate type. After a habituation period of one to two days for each modified enclosure, the individuals were recorded using an alternation of scan sampling and focal-animal sampling methods [START_REF] Altmann | Observational Study of Behavior : Sampling Methods[END_REF] in continuous recording sessions of 10 to 30 min. Animals were observed and filmed as they moved freely over substrates, and when necessary, I stimulated them by providing small pieces of food (either fruits or vegetables) positioned along the substrates. For the nocturnal species observed (i.e. Nycticebus pygmaeus, Aotus lemurinus griseimembra, Potos flavus, Dryomys nitedula, Graphiurus murinus, Typhlomys chapensis, Marmosops parvidens, Trichosurus vulpecula, and Petaurus breviceps), observations were conducted either in artificial or real nocturnal conditions, with addition of red lights spots to insure proper caption of the hand and feet postures without disturbing the animals. I analyzed videos using Adobe Premiere Elements 12 software. I collected a minimum of 10 passes for each individual on each substrate type. I focused on hand and foot grasping events only during locomotion and excluded other behaviors, such as resting or manipulation.

For horizontal substrates I considered quadrupedal walking modes. Moreover, for the oblique and vertical categories, I differentiated between ascents and descents, and between headfirst or rump-first descents and collected a minimum of 10 passages for each different mode as well. I analyzed 10 hand grasps and 10 associated foot grasps for each individual on each substrate type during locomotion, resulting in a total of 150 hand grasps and 150 foot grasps for each individual, with the exception of Nasua nasua which never used the medium and small vertical substrates, and Procyon lotor which never used the small oblique and vertical substrates, although they were available into the enclosures. Moreover, some individuals were analyzed from videos of previous experiments provided by Dr. D. Youlatos and Dr. A. Herrel. In these videos, there were no data for some size and inclination substrate categories, as they were not available during the experiments. Thereby, for Marmosops parvidens there were no data for oblique substrates; for Graphiurus murinus there were no data for oblique and small vertical substrates; for Tupaia belangeri there were no data for small substrates and for Typhlomys chapensis there were no data for oblique and medium vertical substrates.

My overall data collection resulted in a total of 7,282 hand grasps and 7,282 foot grasps.

During each pass, I recorded 9 variables for each hand grasp and 10 variables for each foot grasp, grouped in 3 categories: (i) hand/foot postures, (ii) grasping postures, and (iii) hand/foot contact areas with the substrates. Tables 2.3. and 2.4. summarize the different variables and their definitions. 

Statistical analyses

All statistical analyses were performed with Matlab (version R2014b). Estimations of phylogenetic signal were performed with R (version 3.3.3).

Prior to the analyses, I performed the following tests to prevent potential inconsistencies in the dataset, by means of multivariate analysis of variance (MANOVAs with Bonferroni-Holms corrected post hoc pairwise comparisons for significant multivariate tests (see Appendix 4 supplementary information 1 for details): I verified whether there were a) no significant differences between left and right hands and feet for each individual (hands: P≥0.52 ; feet: P≥0.46 for all individuals and variables) ; b) no significant differences between males and females of the same species when applicable (P≥0.21 for all applicable species) ; c) significant intraspecific similarity between individuals and significant interspecific dissimilarity so as to combine data at the species level (P=1.2360.10 -5 for primates and P= 3.5933.10 -6 for non-primate species, confirmed by post hoc tests) and d) significant similarity between phylogenetically related species and significant dissimilarity across divergent groups so as to combine data at the phylogenetical group level (i.e. Strepsirrhine primates, Platyrrhine primates, Carnivorans, Rodents, Scandentians and Marsupials, P=0.01, confirmed by post hoc tests).

Results

Effect of substrate types on hand and foot postures

To describe the overall impact of substrate orientation and diameter on hand and foot postures, I computed the frequency of all possible values occurring for each variable on each substrate for each individual. Individual proportions were averaged over all individuals of the same species. This data set is presented in supplementary information 2 of Appendix 4.

To obtain a summarized and clear picture of the large dataset, species proportions were averaged over their phylogenetic group. I then extracted the significantly most frequent postures for each variable on each substrate for these groups (Wilcoxon signed rank tests on the 2 highest proportions with 500 bootstrap samples of grasps and Bonferroni-Holms post hoc corrections, see supplementary information 3 for detailed results). ), all species mostly exhibited neutral postures relatively to the forearm, except carnivorans which exhibited adducted postures mostly on horizontal and oblique substrates (particularly P. flavus. and N. nasua, see SI 2 appendix 4), and rodents which exhibited abducted postures on oblique substrates (particularly D. nitedula).

Moreover, there was more supination of the forearm on vertical substrates in all species, whereas on horizontal and oblique substrates there was overall more pronation, placing the palm of the hand on top of the substrate. Supination was also more frequent on medium and small horizontal and oblique substrates in strepsirrhines (exclusively in N. pygmaeus), marsupials and rodents.

Concerning the grasp type, there was great diversity across groups. All strepsirrhines mainly exhibited a typical pollical grasping mode on all substrates. Platyrrhines mainly exhibited a zygodactylous grasp on horizontal and oblique substrates, but, very interestingly, they shifted to a pollical grasping mode on medium and small vertical substrates and a convergent grasp on large vertical ones, where they placed their hands on each side of the substrate. Marsupial species preferentially exhibited zygodactylous grasps on all substrates independently of the diameter and orientation. Carnivorans mainly exhibited a convergent grasp, particularly on vertical substrates, and they mainly used zygodactylous or 3 or 3-4 grasp types on horizontal and oblique substrates, which was consistent with their frequent adducted posture on these substrates. Treeshrews also exhibited more zygodactylous and 3, 3-4 grasp types on horizontal and oblique substrates, and like platyrrhines, the pollical grasping was more frequently used on medium vertical substrate. Rodents mainly exhibited a convergent grasp on large substrates and a "pollical grasp" on medium ones. This is not a real pollical grasp, as rodents lack a developed pollex, but they placed their hands in a way that the substrate axis was between the pollical stump and the second digit.

Overall, grasp postures were correlated with the degree of divergence of the pollex, which was mainly medium in strepsirrhines (90°) on all substrates but low in all other groups, even platyrrhines. Concerning pollical rotation, all primates preferentially applied the pollex on its palmar side, whereas non-primates applied the pollex more preferentially on its medial side. Carnivorans also applied the pollex on its palmar surface, but there was no pollical grasp and the pollex was not rotated as in the case of primates.

These findings are also correlated with the contact areas of the pollex. In strepsirrhines the entire pollex is in contact with the substrate, independently of the orientation or diameter, whereas platyrrhines also used a flexed posture, with only the palm and distal pollical pad in contact with the substrate. The pollical claw of Saguinus was mostly used on large vertical substrates. In all non-primate species, claws were also used mainly on large substrates (as well as in medium ones in T. belangeri). All species, except strepsirrhines, exhibited flexed pollical postures on large substrates and more full contact on medium substrates, where they could totally embrace the substrate with the hand.

Concerning the placement of the lateral digits, there was more digital abduction on horizontal and oblique substrates, while adduction was more frequent on vertical ones for all species. Once more, strepsirrhines diverged from the others by exhibiting more adducted postures on medium and small horizontal and oblique substrates, too. Carnivorans exhibited a lot of adducted digital postures as well. Marsupials, rodents and treeshrews mainly used abducted digits on horizontal and oblique substrates. For all species, the phalanges were mostly positioned along the axis of the metacarpals.

Finally, concerning the areas in contact with the substrate, lateral digits were overall flexed on large and small substrates, with only the palm and the distal pads in contact, whereas they were in full contact on medium substrates. The claws in Saguinus and nonprimates were used primarily on large substrates, and sometimes on medium ones, but never on small ones. 
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Squares' heights represent the proportions of the ��������������������������������������������������������������������������������������������������������������������������������������������� ��������������������������������������� Concerning the foot (figures 2.7. to 2.12.), all species more frequently exhibited an adducted and inverted foot on medium and small substrates whereas the foot was more abducted on large substrates, particularly in primates and marsupials. Inversion occurred more on medium and small substrates for all species and there were more neutral postures on large substrates.

Carnivorans exhibited a more neutral foot posture on horizontal substrates and a more abducted one on large oblique and vertical substrates. Both rodents and treeshrews exhibited more neutral postures on large substrates horizontal and oblique substrates, and the exhibited a reversion of the foot on large vertical substrates.

Concerning the tarsal postures, all primates were exclusively semi-plantigrade, regardless of the substrate, whereas marsupials and carnivorans were almost exclusively plantigrade, except on small vertical substrate where they exhibited semi-plantigrady. Interestingly, rodents and treeshrews also exhibited semi-plantigrady on all substrates except on large vertical ones where plantigrady was also very frequent.

Regarding grasp types, all primates and marsupials used exclusively the hallucal grasping mode, regardless of the substrate. Rodents mainly used hallucal grasping but also exhibited a zygodactylous grasp on medium substrates. Treeshrews used more hallucal grasping on medium substrates but on large ones they exhibited more grasp 1 type. Interestingly, carnivorans used more frequently zygodactylous grasp on horizontal and oblique substrates, and convergent grasp on vertical ones.

These results are correlated with hallucal divergence, which was generally high to medium in primates and marsupials, except platyrrhines, which exhibited more small divergence degree on small substrates. All other species more frequently exhibited low divergence of the hallux.

Concerning hallucal rotation, strepsirrhines always applied the hallux on the plantar side. Carnivorans also showed a similar profile, but without any hallucal grasping posture. Platyrrhines and marsupials also more frequently applied the hallux on the plantar side but they also used the medial side, particularly on small oblique substrates. All rodents and treeshrews preferentially used the medial side of the hallux.

Primates also distinguished themselves from non-primates in their hallucal contact areas, as they always applied the entire hallux when grasping, regardless of substrate category, whereas non-primates exhibited flexed hallucal postures, particularly on the large and small substrates. Carnivorans, rodents and treeshrews used their claws mainly on large substrates.

Regarding the lateral digits placement, all species mostly exhibited adducted digits, except of rodents and treeshrews which abducted their lateral digits mainly on horizontal and oblique substrates. Interestingly, primates and rodents were capable of movements of the digits at the metatarso-phalangeal joints, abducting phalanges from the metatarsals, mainly on medium and small substrates.

Finally, concerning the contact areas of the lateral digits, overall the full digits were mainly applied on medium substrates but they were flexed on large and small ones, except in primates, which applied the entire digits on large and medium substrates, but flexed the digits on the large vertical ones. Claws were mostly used on large substrates.

Influence of the substrate types on the positional repertoire diversity

Although each group exhibited significantly most frequent posture types on each substrate, it seems that there was some interesting diversity in the postural repertoires across groups (figures 2.1. to 2.12. and supplementary information 2 and 3 of Appendix 4).

Subsequently, I investigated the differences in positional repertoire diversity across species and whether it is influenced by the different substrate types. For this purpose, I computed the regular Shannon's entropy, which permits to rigorously quantify the frequency distribution diversity of each variable (see supplementary information 4 of Appendix 4 for details). Figure 2 substrates. The hand grasp type was also highly diversified, despite the frequency of the zygodactylous grasp. In effect, they also used convergent grasp, grasp 2, or even grasp 3 and 3-4 on horizontal and oblique substrates. The pollical placement was also variable, with S. boliviensis exhibiting more medium pollical divergence on horizontal and oblique substrates, and Saguinus exhibiting more diversity in pollical contact areas (flexion and use of claw). Regarding the placement of the lateral digits, S. boliviensis were interestingly different from other platyrrhines in using more frequently adducted digits, such as strepsirrhines (seems to be related to the capability of divergence of the pollex), and they also exhibited a lot of abduction of the phalanges in respect to the metacarpals, and diverse contact areas with the substrate. Platyrrhine foot variability was mostly observed in the hallucal postures, with variable hallucal divergence degree across species (Saguinus smaller and S. boliviensis higher) and in diverse contact areas (Saguinus sometimes flexed). Moreover, the placement of the lateral digits varied, with a lot of abducted postures of the phalanges in respect to the metatarsals and with a certain variability in the contact areas (once more Saguinus used a lot of flexed digits and their claws on large substrates). Interestingly, marsupials also exhibited more variability in hand postures than in foot postures, but to a lesser extent. P. breviceps and C. philander used some adducted hands on all substrates. Interestingly, P. breviceps were the only marsupials which exhibited a high proportion of pollical grasping mode on all substrates, along with a more divergent and frequently flexed pollex. The postures of the lateral digits of the species were also different, with some adduction, flexion and mobility at the metacarpophalangeal joints (abduction). For carnivorans, rodents and treeshrews, the variability was overall lower. Hands and feet were more equally variable, and foot variability was sometimes higher than hand variability, depending on the substrates. The glirid rodent D. nitedula exhibited a lot of abducted hand postures on all substrates, and the carnivorans P. flavus and N. nasua exhibited a high degree of adduction on horizontal and oblique substrates for the hand. Interestingly, carnivorans were quite variable in their hand and foot grasp types, with convergent, or zygodactylous, or 3, 3-4 grasps but almost never pollical or hallucal grasping.

Moreover, the overall variability decreased on medium and small oblique and vertical substrates. Particularly, the variability of foot postures decreased more on small vertical substrates for platyrrhines, marsupials, carnivorans and rodents, suggesting an importance of verticality along with slenderness of branches in postural adaptations.

Effect of inclined substrates on postures and ascents/descents strategies

To investigate further the impact of substrate orientation on hand and foot postures, I compared ascents and descents on oblique and vertical substrates.

Variability in behavioral strategies employed to descend inclined substrate

I first analyzed the differences between locomotor strategies employed by individuals to perform descents on inclined substrates. I quantified proportions of head or rump first descents on oblique and vertical substrates (table 2.5.). Interestingly, there was a clear difference in the results between primates and non-primate species in the strategies used, particularly when descending vertical substrates. Table 2.5. Proportions of descents in head-first for each substrate by species.

Overall, primates rarely descended vertical substrates head-first, but they preferentially used a rump-first descent strategy. More particularly, all lemurid species never descended any vertical substrates head-first, and used a rump-first descent instead, with a careful movement, sliding alternatively hindfeet and forearms along the substrates. Interestingly, N. pygmaeus always descended head-first. Platyrrhines were more variable, with S. boliviensis and A. trivirgatus never descending head-first, and C. cupreus sometimes using a head-first descent on vertical medium substrates, employing an extended arm and leg position. Saguinus showed a high proportion of head-first descents on vertical substrates, independently of the diameter. For oblique substrates, all primate species used important proportion of head-first descents. This is overall very different from non-primate species which always descended head-first both on oblique and vertical substrates, independently of the diameters. P. lotor, the less arboreal of all studied species, was an exception to the rule and used rump-first descent on oblique and vertical substrates. All marsupials, rodents and treeshrews, despite their very different morphologies, descended vertical substrates head-first.

Effect of inclined substrates on hand and foot postures during ascents or descents

To investigate the possible changes of hands and feet postures according to ascents or descents on oblique and vertical substrates, I computed for each species the frequency of all possible values occurring for each variable on each substrate, differentiating the ascents and descents. I averaged these proportions for species of the same phylogenetic group. I then extracted the significantly most frequent postures for each variable on each substrate (Wilcoxon signed rank tests on the 2 highest proportions with 500 bootstrap samples of grasps and Bonferroni-Holms post hoc corrections, see supplementary information 3 of Appendix 4 for details). I found slight differences across species for descents, depending on the head-first or rump-first strategy (SI 3 of Appendix 4). For species descending head-first (Saguinus, N. pygmaeus and non-primates except raccoons), we observed generally more hand pronation, along with more abducted lateral digits. Interestingly, these species also exhibited less pollical grasping in descents. The morphologically very specialized N. pygmaeus exhibited more convergent grasps, or even zygodactylous or 2 grasps (particularly on oblique substrates) and Saguinus used more zygodactylous grasp on oblique substrates and convergent grasp on vertical substrates, whereas they used more pollical grasp with a supinated hand during ascension on these substrates. Foot reversion, observed in rodents and treeshrews occurred only on head-first descents, with T. belangeri also exhibiting more convergent grasp. In contrast, during ascents, T. belangeri employed more inverted postures and hallucal grasp. All other primates and P. lotor, which descended rump-first, generally exhibited more convergent hand grasp. Platyrrhines used more adducted hand postures on oblique substrates than during ascents. Moreover, the degree of pollical divergence was lower in all species, even for strepsirrhines, and the pollex was more often in full contact with the substrate, whereas hand lateral digits were more flexed on large and small substrates. In the foot, platyrrhines used more neutral foot postures and more convergent grasp on oblique substrates, whereas they kept a hallucal grasp on vertical substrates. Interestingly, Saguinus used more full contact of their lateral digits and less their claws, when descending vertical substrates than when ascending them, but raccoons always kept flexed digits and used claws.

Hand and foot postures and phylogenetic relationships

The next step was to test whether hand and foot postural data could discriminate species in phylogenetically and/or functionally related clusters. For this purpose, I performed a PCA on the calculated proportions of all hand and foot variables merging all individuals of the same species (figure 2.14.). In order to properly quantify the extent of phylogenetic information captured by postures, I additionally used two standard measures of phylogenetic signal on PCA transformed postural data using the phylogeny represented in figure 2.17. Both Pagel's lambda test (lambda=0.999, P=4.86.10 -6 for PC1) and Blomberg's K test (K=1.61, P=2.10 -4 for PC1) confirmed the presence of a very strong phylogenetic signal for both hands and feet (see supplementary information 5 of Appendix 4 for details). Hand and foot postures of arboreal mammals reveal an unusually profound phylogenetic signal (Blomberg's K are rarely bigger than 1 for behavioral traits, [START_REF] Blomberg | Testing for phylogenetic signal in comparative data: Behavioral traits are more labile[END_REF].
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I then checked if specific substrates induce postures that differ in terms of phylogenetic signal. To do so, I computed the amount of phylogenetic signal for hands and feet differentiating substrates by orientations (horizontal, oblique, vertical) and diameters (small, medium, large). These results show that although all substrate types retain high and significant phylogenetic signals, the vertical substrates display the highest phylogenetic signal (K=1.88, P=4.10 -4 for PC3, see supplementary information 5 of Appendix 4 for details).

Figure 2.17. Phylogeny of studied species used for tests of phylogenetic signal. Since it spans over whole mammals, edges' length could not be determined and therefore, a unit length was set to each edge. Note that lacking edge length does not affect much phylogenetic signal tests [START_REF] Münkemüller | How to measure and test phylogenetic signal[END_REF].

Discussion

This study is the first to provide detailed quantified descriptions of the postural behavior of hands and feet during locomotion in relation to substrate type, in various primate and nonprimate species, and in an integrative perspective. I overall found clear specificities as well as differences between species. Also, hand and foot postures do not differ between males and females and between individuals of the same species and phylogenetically close species display significant similarities. Moreover, manual and pedal postures of extant species are good indicators for establishing phylogenetically related behavioral profiles. Also, I found that primates exhibit more variability than other species, and I confirmed that their foot postures are particularly fundamental for their phylogenetic relationship assessment. Finally, I found that substrate type has a high impact on hand and foot postures and repertoire variability, and that there is a particular effect of small vertical substrates on the use of nails and pollical/hallucal grasping, which lead me to a new evolutionary scenario proposal for primate early adaptation.

Specificities of hand and foot overall postures and variability among arboreal mammals

These results overall enlighten the differences and similarities of manual and pedal postures across species and underlines the importance of substrate properties and substrate preference in the evolution of grasping capabilities, as previously thought [START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Cartmill | Rethinking Primate Origins[END_REF][START_REF] Cartmill | New views on primate origins[END_REF][START_REF] Gregory | Man's place among the primates[END_REF][START_REF] Jones | Arboreal man[END_REF][START_REF] Gros | The antecedents of man[END_REF][START_REF] Ravosa | PRIMATE ORIGINS: Adaptations and Evolution[END_REF][START_REF] Sussman | Rethinking Primate Origins Again[END_REF].

Primates manual and pedal specificities

These results confirm that the overall behavior of the primate foot is generally similar across species and well distinct from the postural behavior of the other mammals of this study (figure 2.15.). This study further substantiates that primates can be behaviorally distinguished from other mammals on the basis of their foot postures, whereas differences among primates reside mainly on hand posture variation. This supports previous morphological and behavioral observations, which suggest that the foot is more primitive and conservative among primates [START_REF] Bloch | Grasping primate origins[END_REF][START_REF] Dagosto | The postcranial morphotype of primates[END_REF][START_REF] Gebo | The nature of the primate grasping foot[END_REF][START_REF] Gebo | A shrew-sized origin for primates[END_REF][START_REF] Sargis | Evolution of pedal grasping in Primates[END_REF][START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF], whereas the hand is probably the result of a more complex evolutionary history [START_REF] Bishop | Use of the hand in lower primates[END_REF][START_REF] Marzke | A clarification of Pouydebat et al., 2008, evolution of grasping among anthropoids[END_REF][START_REF] Sustaita | Getting a grip on tetrapod grasping: Form, function, and evolution[END_REF].

These results also confirm the known functional and morphological differences between strepsirrhines and platyrrhines, with strepsirrhines being very distinct from other groups by exhibiting specialization for pollical and hallucal grasping, with a higher degree of divergence of the pollex and hallux, capable of rotation and in full contact with the substrate, and an inverted foot on thin and vertical substrates (Boyer et al., 2017;[START_REF] Gebo | The nature of the primate grasping foot[END_REF][START_REF] Gebo | Vertical clinging and leaping revisited: Vertical support use as the ancestral condition of strepsirrhine primates[END_REF], whereas platyrrhines exhibited more convergent grasps and a less efficient pollical and hallucal grasping, less capable of rotation, and with more flexed digits postures, and more neutral foot postures [START_REF] Boyer | Evolution of postural diversity in primates as reflected by the size and shape of the medial tibial facet of the talus[END_REF]Boyer & Seiffert, 2013;[START_REF] Gebo | Vertical clinging and leaping revisited: Vertical support use as the ancestral condition of strepsirrhine primates[END_REF][START_REF] Goodenberger | Functional morphology of the hallucal metatarsal with implications for inferring grasping ability in extinct primates[END_REF][START_REF] Patel | New primate first metatarsals from the Paleogene of Egypt and the origin of the anthropoid big toe[END_REF][START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF].

Moreover, strepsirrhines were overall less diverse in their pedal and manual postures, resulting in more condensed groups in multivariate analyses, whereas platyrrhines appeared more scattered (figures 2.14. to 2.16.). This is probably because the studied strepsirrhines were phylogenetically closer together than the studied platyrrhines (e.g. 5 species of the lemuridae family while platyrrhines species observed belong to different subfamilies). Nevertheless, platyrrhines are generally considered as more diversified in their morphology and positional behaviors [START_REF] Fleagle | Locomotor behavior and skeletal morphology of two sympatric pitheciine monkeys, Pithecia pithecia and Chiropotes satanas[END_REF][START_REF] Ford | The smallest anthropoids: the marmoset/callimico radiation[END_REF][START_REF] Garber | A comparative study of positional behavior in three species of tamarin monkeys[END_REF][START_REF] Garber | Vertical clinging, small body size, and the evolution of feeding adaptations in the Callitrichinae[END_REF][START_REF] Hershkovitz | Living New World Monkeys (Platyrrhini): with an Introduction to Primates[END_REF][START_REF] Rosenberger | Evolution of feeding niches in new world monkeys[END_REF][START_REF] Youlatos | Locomotor diversification in New World monkeys: Running, climbing, or clawing along evolutionary branches[END_REF]. In effect, our results showed that platyrrhines were the most variable among all species observed. Their hand postures were highly variable (Boyer et al., 2013b;[START_REF] Garber | A comparative study of positional behavior in three species of tamarin monkeys[END_REF][START_REF] Garber | Positional behavior in moustached tamarin monkeys: effects of habitat on locomotor variability and locomotor stability[END_REF][START_REF] Garber | Ecological distinctions between sympatric species of Saguinus and Sciurus[END_REF], but with a high proportion of zygodactylous grasp. Interestingly, they also exhibited high foot variability, particularly in their hallucal and lateral digit postures. This variability within the whole group is mainly due to some species which showed particular differences. Indeed, Saimiri individuals were quite particular, displaying postures similar to strepsirrhines, with more divergence in pollex and hallux and more pollical and hallucal grasping. Squirrel monkeys have well-developed grasping hands and feet with relatively long and divergent first rays [START_REF] Hamrick | Functional and adaptive significance of primate pads and claws: Evidence from New World anthropoids[END_REF][START_REF] Lemelin | Grasping Performance In Saguinus Midas And The Evolution Of Hand Prehensility In Primates[END_REF][START_REF] Midlo | Form of hand and foot in primates[END_REF], which corroborate these findings. Also, as expected, Saguinus were distinctive, particularly when concerning their hand postures (figure 2.14., SI 2 Appendix 4). Callitrichines are characterized by a relatively short and immobile hallux [START_REF] Hamrick | Functional and adaptive significance of primate pads and claws: Evidence from New World anthropoids[END_REF][START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF] and relatively shorter manual digits [START_REF] Kirk | Intrinsic hand proportions of euarchontans and other mammals: Implications for the locomotor behavior of plesiadapiforms[END_REF][START_REF] Lemelin | Grasping Performance In Saguinus Midas And The Evolution Of Hand Prehensility In Primates[END_REF]. They have been previously suggested as adequate extant models for a hypothetical stage in early primate evolution [START_REF] Nyakatura | Effects of support size and orientation on symmetric gaits in free-ranging tamarins of Amazonian Peru: implications for the functional significance of primate gait sequence patterns[END_REF], as a model for a plesiadapoid-euprimate ancestral morphotype sensu Bloch and co-workers [START_REF] Bloch | Grasping primate origins[END_REF][START_REF] Sargis | Evolution of pedal grasping in Primates[END_REF] or a stem lineage representative of the first 'ecological primates' sensu [START_REF] Martin | Primate origins: Implications of a Cretaceous ancestry[END_REF][START_REF] Soligo | Adaptive origins of primates revisited[END_REF]. Our results support this hypothesis, as we found that their manual postures are somehow comparable to those of scansorial mammals, like treeshrews, opossums and rodents (Arms et al., 2002;[START_REF] Nyakatura | Gait parameter adjustments of cotton-top tamarins (Saguinus oedipus, Callitrichidae) to locomotion on inclined arboreal substrates[END_REF][START_REF] Schmitt | Substrate Size Primate Forelimb Mechanics: Implications for Understanding the Evolution of Primate Locomotion[END_REF].

Another interesting finding is that strepsirrhines, despite their preference for pollical and hallucal grasping, were in fact unexpectedly very variable in their hand and foot postures compared to other mammals (figure 2.13.). This variability was mainly due to a high variation in the manual lateral digits postures and in the grasp type used. I found that strepsirrhines frequently exhibited a grasp type 2, placing the second digit along the axis of the substrate, with frequent flexion of the digits, particularly the slow-climber N. pygmaeus, which possess a reduced second digit. Strepsirrhines sometimes also used zygodactylous grasps and even grasp type 3. Similar variability in hand postures has already been noted in Microcebus murinus [START_REF] Reghem | Hand posture in the grey mouse lemur during arboreal locomotion on narrow branches[END_REF]Toussaint et al., 2015) and are consistent with other previous observations [START_REF] Bishop | Use of the hand in lower primates[END_REF]Cartmill, 1974a;[START_REF] Lemelin | Origins of grasping and locomotor adaptations in primates: Comparative and experimental approaches using an opossum model[END_REF]. Furthermore, N. pygmaeus exhibited a more abducted hand relative to the forearm along with an even higher degree of divergence of the pollex, whereas other strepsirrhines exhibited more neutral hand relatively to the forearm [START_REF] Bishop | Use of the hand in lower primates[END_REF][START_REF] Cartmill | Understanding the adaptive value of diagonalsequence gaits in primates: A comment on Shapiro and Raichlen[END_REF][START_REF] Demes | Kinetics of leaping primates: Influence of substrate orientation and compliance[END_REF][START_REF] Glassman | Positional and activity behavior in a captive slow loris: A quantitative assessment[END_REF][START_REF] Hildebrand | Symmetrical gaits of primates[END_REF]Preuschoft, 2002;[START_REF] Stevens | The effect of branch diameter on primate gait sequence pattern[END_REF][START_REF] Sustaita | Getting a grip on tetrapod grasping: Form, function, and evolution[END_REF]. Moreover, strepsirrhines exhibited certain mobility at the metacarpo-phalangeal joints and at their metatarso-phalangeal joints, as well. This was not the case for platyrrhines and other mammals, P. breviceps excepted. This mobility seems related to their overall morphological specialization and is probably related to a better postural adjustment during grasping.

The overall variability in primates possibly reflects a higher capacity of adaptability, permitting them to execute more postural combinations, providing an advantage when moving and foraging upon a large range of substrates types within a complex arboreal environment.

Other mammals manual and pedal specificities

Despite their phylogenetic variety, the studied non-primate mammals did not exhibit as much manual and pedal postural diversity as primates.

Marsupials displayed more diversity in manual postures than in pedal postures, as primates did (figure 2.13.). They exhibited foot postures similar to those of strepsirrhines, with an exclusively hallucal grasping mode and a highly divergent hallux, bearing a flat distal phalanx. These observations appear to confirm the functional adaptive convergence between primates and some marsupials [START_REF] Argot | Functional-adaptive analysis of the hindlimb anatomy of extant marsupials and the paleobiology of the Paleocene marsupialsMayulestes ferox andPucadelphys andinus[END_REF][START_REF] Cartmill | Rethinking Primate Origins[END_REF][START_REF] Lemelin | Morphological correlates of substrate use in Didelphid marsupials: Implications for primate origins[END_REF][START_REF] Rasmussen | Primate origins: Lessons from a neotropical marsupial[END_REF][START_REF] Rasmussen | Parallelisms among primates and possums[END_REF]Schmitt & Lemelin, 2002;[START_REF] Shapiro | Body size and the small branch niche: Using marsupial ontogeny to model primate locomotor evolution[END_REF][START_REF] Shapiro | Is primate-like quadrupedalism necessary for fine-branch locomotion? A test using sugar gliders (Petaurus breviceps)[END_REF], 2012;[START_REF] Youlatos | Hallucal grasping behavior in Caluromys (Didelphimorphia: Didelphidae): Implications for primate pedal grasping[END_REF]. In contrast, hand postures were more similar to those of platyrrhines, with a less divergent pollex and a high use of zygodactyly. Interestingly, P. breviceps showed a lot of pollical grasping, with a more divergent pollex than the other marsupials, and they also exhibited a certain ability of movement at the metacarpophalangeal junctions. Unlike P. breviceps, C. philander did not exhibit these features, despite its use as a functional analogue to first primates [START_REF] Cartmill | Understanding the adaptive value of diagonalsequence gaits in primates: A comment on Shapiro and Raichlen[END_REF][START_REF] Lemelin | Footfall patterns and interlimb co-ordination in opossums (Family Didelphidae): Evidence for the evolution of diagonal-sequence walking gaits in primates[END_REF]Schmitt & Lemelin, 2002;[START_REF] Youlatos | Hallucal grasping behavior in Caluromys (Didelphimorphia: Didelphidae): Implications for primate pedal grasping[END_REF][START_REF] Youlatos | Use of zygodactylous grasp by Caluromys philander (Didelphimorphia: Didelphidae)[END_REF]. This may imply that P. breviceps could eventually be a better model for thin branch use and associated pollical grasping capability [START_REF] Shapiro | Kinematics of quadrupedal locomotion in sugar gliders (Petaurus breviceps): effects of age and substrate size[END_REF].

Concerning T. belangeri, the only scandentian of the study, its behavior was overall quite particular. Manual behavior was more similar to platyrrhines and marsupials, also exhibiting zygodactylous grasps, or even 3 and 3-4 grasps, and pedal behavior not very convergent with primates or marsupials, but more in between rodents and carnivorans. Scandentians are the closest relatives to primates and the genus Ptilocercus has often been considered as a model of the ancestral primate morphotype (Sargis, 2001(Sargis, , 2002a(Sargis, , 2002b[START_REF] Sargis | The postcranial morphology of ptilocercus lowii (scandentia, tupaiidae) and its implications for primate supraordinal relationships[END_REF][START_REF] Sargis | Evolution of pedal grasping in Primates[END_REF][START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF]. However, T. belangeri is a less arboreal species than Ptilocercus and has evolved a very different way for pedal grasping [START_REF] Sargis | The postcranial morphology of ptilocercus lowii (scandentia, tupaiidae) and its implications for primate supraordinal relationships[END_REF][START_REF] Youlatos | Pedal grasping in the northern smooth-tailed treeshrew Dendrogale murina (Tupaiidae, Scandentia): Insights for euarchontan pedal evolution[END_REF]. Unfortunately, Ptilocercus is very difficult to observe and underrepresented in zoological gardens, but it would be very interesting to obtain similar quantified postural data on this species to include in this dataset. Interestingly, T. belangeri was also similar to rodents in their ability to reverse the foot while descending large vertical substrates [START_REF] Jenkins | Mechanisms of hind foot reversal in climbing mammals[END_REF].

Rodents and carnivorans formed more extensive groups, close to one another, and also exhibited preference for zygodactylous or convergent grasps, with the pollex and hallux being less efficient in grasping. Interestingly, rodents displayed a high proportion of hallucal grasp, as primates and marsupials, but with a less efficient hallucal application. Interestingly, the studied carnivorans were clearly not capable of pollical or hallucal grasping nor digital individualization, despite their arboreal habits and ability to forage on terminal branches for prey or fruit [START_REF] Mcclearn | Locomotion, Posture, and Feeding Behavior of Kinkajous, Coatis, and Raccoons[END_REF]. Their pollex and hallux were always convergent and placed in the same axis with the other digits, resulting in a posture with its palmar/plantar side in contact with the substrate. In contrast, during pollical/hallucal grasping, primates, and especially strepsirrhines, also apply the palmar/plantar surface of the pollex/hallux on the substrate, but mainly due to their capacity of hallucal and pollical divergence and rotation. This mechanism apparently permits the application of a greater force during grasping [START_REF] Goodenberger | Functional morphology of the hallucal metatarsal with implications for inferring grasping ability in extinct primates[END_REF]. On the contrary, T. belangeri and rodents, although capable of grasping, were unable to rotate their pollex/hallux, resulting in a posture with only the medial side in contact with the substrate.

Acquisition of Primate nails and grasping features: testing milieu-related scenarios

A crucial finding of this study is the clear differences in pedal and manual postures between large and narrow substrates, as well as between horizontal and vertical substrates.

Grasping small diameter substrates: are nails fundamental?

Medium and small substrates, independently of orientation, induced inverted postures of the feet, which has been shown as a primitive capability in early primates (Boyer et al., 2017). Also, I observed a clear effect of the substrate diameter on the digital areas in contact, therefore in the forces applied by the digits and the biomechanical constraints at play during grasping. In general, foot digits were overall more frequently in full contact with the substrate, especially in primates, whereas hand digits were more frequently flexed. This underlines the functional differences between hand and foot for either locomotion or additional manipulative activities [START_REF] Sustaita | Getting a grip on tetrapod grasping: Form, function, and evolution[END_REF]. Claws of tamarins and non-primates were extensively used on large substrates, and sometimes on medium ones, but never on small ones, confirming their functional efficiency on large diameter substrates, such as trunks and large branches. Furthermore, claw use was associated with digital flexion. On medium substrates, all the studied species exhibited full contact of the lateral digits, where they could embrace the substrate with hands and feet. The capacity to effectively grasp a thin and flexible support has been related to the capacity to completely encircle the substrate with the digits (Cartmill, 1974a[START_REF] Cartmill | Cimbing[END_REF][START_REF] Preuschoft | Body shape and differences between species[END_REF][START_REF] Preuschoft | Size influences on primate locomotion and body shape, with special emphasis on the locomotion of 'Small Mammals[END_REF]. However, small substrates, independently of the orientation, also induced a flexed posture of both manual and pedal digits, with only the palm/plant and the distal pads in contact with the substrate, for all species. This may indicate that flexion of the digits is a biomechanical mechanism permitting to apply more force at the distal apical pads and/or claws to ensure a more stable grasp, either for climbing on large substrates or grasping small substrates. Moreover, our results show that distal pads are very important in grasping small substrates, even in clawed species. Pads of primates and non-primates are very different in their morphology, with the former being flatter and larger, whereas pads in clawed digits are narrower and higher (Cartmill, 1974a). The particular morphology of primate pads and nails has long been proposed as an adaptation for accessing small diameter substrates [START_REF] Bloch | Grasping primate origins[END_REF][START_REF] Cartmill | Rethinking Primate Origins[END_REF]. However, our results showed that several clawed non-primate species are also able to grasp and negotiate small substrate, using their distal pads. In regard of these results, it is clear that small substrates require a particular biomechanical adaptation of the extremities, but the possession of nails alone is probably not a sufficient condition to justify a fine branch adaptation. Indeed, it seems that body mass has also an effect on the ability to efficiently negotiate small substrates (Lemelin & Jungers, 2007). All the relatively small clawed nonprimates were able to seize and move upon small branches. Also, larger non-primates (e.g. marsupials), with both claws and the ability of hallucal or pollical grasp were also able to use small branches. On the other hand, other larger non-primates (e.g. carnivorans), which lack a grasping hallux or pollex, were much less confident. On the contrary, all studied primates, even the larger lemurs, did not display any difficulties in walking on these substrates. As early primates were probably small or very small [START_REF] Gebo | A shrew-sized origin for primates[END_REF], it is thus likely that the acquisition of nails was not fundamental for small branch use, contrary to the ability to differentiate the hallux/pollex from the lateral digits. Apparently, nails could have become important after an increase of body mass while staying confined in the fine branch milieu.

Negotiating small vertical substrates: importance of pollical and hallucal grasping

Very interestingly, the overall variability of pedal and manual postures decreased on medium and small inclined substrates, and particularly on small vertical substrates for nonprimate species. Therefore, it seems that locomotion on both inclined and small substrates is more difficult than on horizontal and large ones, particularly for non-primates, constraining them to adopt limited postural strategies. Vertical substrates are biomechanically very constraining, even for arboreal species [START_REF] Cartmill | Cimbing[END_REF][START_REF] Gebo | Vertical clinging and leaping revisited: Vertical support use as the ancestral condition of strepsirrhine primates[END_REF][START_REF] Hanna | The energetic cost of climbing in primates[END_REF][START_REF] Reghem | Hand posture in the grey mouse lemur during arboreal locomotion on narrow branches[END_REF] as animals must either climb up or down, which demands higher forces than horizontal displacements, especially for larger species [START_REF] Hanna | The evolution of vertical climbing in primates: evidence from reaction forces[END_REF]. Moreover, it is interesting to state that it was more difficult during the experiments to obtain data on vertical medium and small substrates for some non-primates, especially the ones with less prehensile capacities like rodents, T. belangeri, and carnivorans, as they seemed less confident in using them, whereas data on horizontal medium and small substrates were less of a problem, even for P. lotor, the least arboreal species of the sample. It is well established that substrate inclination influences postural behaviors in primates and other mammals [START_REF] Antunes | Postural climbing behaviour of didelphid marsupials: Parallels with primates[END_REF][START_REF] Arms | Arboreal locomotion in small New-World monkeys Author ( s )[END_REF][START_REF] Demes | Kinetics of leaping primates: Influence of substrate orientation and compliance[END_REF][START_REF] Hanna | The evolution of vertical climbing in primates: evidence from reaction forces[END_REF][START_REF] Hesse | Adjustments of Limb Mechanics in Cotton-top Tamarins to Moderate and Steep Support Orientations: Significance for the Understanding of Early Primate Evolution[END_REF][START_REF] Karantanis | Diagonal gaits in the feathertail glider Acrobates pygmaeus (Acrobatidae, Diprotodontia): Insights for the evolution of primate quadrupedalism[END_REF][START_REF] Kivell | Hand and foot pressures in the aye-aye (Daubentonia madagascariensis) reveal novel biomechanical trade-offs required for walking on gracile digits[END_REF][START_REF] Nyakatura | Gait parameter adjustments of cotton-top tamarins (Saguinus oedipus, Callitrichidae) to locomotion on inclined arboreal substrates[END_REF][START_REF] Nyakatura | Effects of support size and orientation on symmetric gaits in free-ranging tamarins of Amazonian Peru: implications for the functional significance of primate gait sequence patterns[END_REF]Preuschoft, 2002;[START_REF] Shapiro | Body size and the small branch niche: Using marsupial ontogeny to model primate locomotor evolution[END_REF]Toussaint et al., 2015;[START_REF] Urbani | Positional behavior and substrate use of Micromys minutus (Rodentia: Muridae): Insights for understanding primate origins[END_REF][START_REF] Walker | Positional behavior of the white uakari (Cacajao calvus calvus)[END_REF][START_REF] Youlatos | Positional Behavior of Black Spider Monkeys (Ateles paniscus) in French Guiana[END_REF], 2011, Youlatos et al., 2015, 2017). Therefore, it seems that vertical thin substrates are particularly difficult to negotiate, and we could expect that animals use them only when they need to. However, vertical substrates are important within the arboreal milieu because they permit connection between the ground and the canopy by rapid vertical ranging within the vegetation.

My results demonstrate that small vertical substrates induce the use of pollical and hallucal grasping in platyrrhines primates, rodents and tupaias, particularly during ascent. This indicates that even species with a pollex / hallux overall less able to differentiate and diverge from the lateral digits, tend to employ their hallux / pollex during climbing small vertical substrates. Even rodents, which do not possess a pollex, tend to use the "pollex stump" on thin branches, exhibiting a pollical grasp-like posture. However, this was not the case during the use of horizontal and of large vertical substrates. The preferential use of pollical grasping while ascending vertical substrate has also been shown in Microcebus murinus [START_REF] Reghem | Hand posture in the grey mouse lemur during arboreal locomotion on narrow branches[END_REF]. It has been suggested that vertical substrates require a stronger hallucal grasp than horizontal substrates in Primates (Boyer & Seiffert, 2013;[START_REF] Gebo | The nature of the primate grasping foot[END_REF][START_REF] Sargis | Evolution of pedal grasping in Primates[END_REF]. This pollical and hallucal grasping postures is thus probably not only an adaptation for fine branch use, as suggested for early primate differentiation and strepsirrhine specialization [START_REF] Bloch | Grasping primate origins[END_REF][START_REF] Cartmill | New views on primate origins[END_REF] but also a mechanism which permits a more effective hold of the substrate during climbing on medium and small vertical substrates. Furthermore, the results show that increased ability of pollical and hallucal divergence is correlated to increased adduction of the lateral digits, particularly on small vertical substrates. In contrast, digits are more abducted on horizontal substrates and seem correlated to a less divergent pollex or hallux. This abduction of the lateral digits probably permits to better divide forces during grasping. Additionally, the movement capacity at the metacarpo-and metatarso-phalangeal joints, as seen in primates, marsupials and some rodents, also seems to be correlated to the ability of pollical and hallucal grasping and adduction/abduction of the lateral digits. This also probably permits a more efficient grasping mechanism. Moreover, in these species, medium and small vertical substrates also induced supinated postures of the hands during ascents, whereas they exhibited pronated hand postures with more zygodactylous grasps on horizontal and oblique substrates and during descents [START_REF] Reghem | Hand posture in the grey mouse lemur during arboreal locomotion on narrow branches[END_REF]. Finally, during vertical descent, the foot seems to be more important in controlling the body than the hand, whereas in vertical ascents, the hand plays a more important role by applying a hold through a supinated forearm and a pollical grasp. Indeed, while primates are normally characterized by more hind forces on horizontal substrates, during vertical climbing there is a more equilibrated distribution of forces, indicating the essential role of forelimbs during climb up [START_REF] Hanna | The evolution of vertical climbing in primates: evidence from reaction forces[END_REF].

Descending vertical substrates: differences in strategies

Ascending or descending vertical substrates induce a great difference in strategies between primates and non-primates, with all non-primates, except P. lotor, descending exclusively head-first, and primates, except N. pygmaeus and Saguinus species, descending almost exclusively rump-first. In primates, head-first descents have been previously observed in lorises [START_REF] Stevens | The effect of branch diameter on primate gait sequence pattern[END_REF], platyrrhines [START_REF] Garber | A comparative study of positional behavior in three species of tamarin monkeys[END_REF][START_REF] Nyakatura | Effects of support size and orientation on symmetric gaits in free-ranging tamarins of Amazonian Peru: implications for the functional significance of primate gait sequence patterns[END_REF][START_REF] Youlatos | Comparative positional behaviour of five primates[END_REF], and orangutans [START_REF] Thorpe | Orangutan positional behavior and the nature of arboreal locomotion in Hominoidea[END_REF]. However, head-first descents seem to be common in non-primates and have been associated with the use of claws on large vertical substrates, and with the ability to reverse the foot [START_REF] Jenkins | Mechanisms of hind foot reversal in climbing mammals[END_REF]. This is in accordance with my results. However, on medium and small vertical substrates, the studied non-primates did not use claws, but still descended head-first. The difference between primates and non-primates during vertical descents raises several questions. Why do primates, which possess grasping hands and feet, descend almost exclusively rump-first on all vertical substrates? Why do a few primates actually use head-first vertical descents as most non-primates? What is the relevance of grasping or clawing during these behaviors? Previous observations suggested that this behavior is related to body mass, center of gravity, and functional and morphological differences in the forelimbs and hindlimbs, with some specialization of the muscle groups, joint mobility, and relative limb lengths [START_REF] Preuschoft | Gravity in Primates and its relation to body shape and locomotion[END_REF]. Further investigations on this topic would be very interesting and could bring additional insight on the evolution of adaptations to arboreality.

A new evolutionary scenario?

To summarize my findings, distal pads are very important for stability on small substrates, regardless of orientation, for both primates and non-primates. Also, small body size seems to provide a better advantage for accessing this particular niche for non-primates. On the other hand, nails seem to enable a more efficient access to small substrates for larger primates. Moreover, the mobility of the pollex and hallux and the capability for pollical/hallucal divergence yields an advantage on vertical substrates of medium to small diameter for both primates and non-primates. Therefore, medium and small vertical substrates have likely exerted a particular selective pressure toward the emergence of hallucal and pollical capacities, therefore playing a significant role in the specialization of first primates. This idea is further corroborated by the finding of a highest phylogenetic signal in vertical substrates. When it comes to arboreal locomotion, hand and foot postures are tightly related to species morphology, and these postures reveal the capacity to occupy specific arboreal niches which are firmly related to the evolutionary history of these species.

In regard of these results and previous hypotheses about early primate differentiation, I propose a re-examination of the fine branch hypothesis. I propose that the acquisition of an opposable hallux and pollex may have been favored by the frequent use of small vertical substrates such as lianas. Indeed, the Paleocene and Eocene flora of north America and Europe, where the first primates are supposed to have appeared [START_REF] Bloch | Grasping primate origins[END_REF][START_REF] Bloch | Cranial anatomy of the Paleocene plesiadapiform Carpolestes simpsoni (Mammalia, Primates) using ultra high-resolution X-ray computed tomography, and the relationships of plesiadapiforms to Euprimates[END_REF][START_REF] Sussman | Primate origins and the evolution of angiosperm[END_REF], was composed of angiosperm trees but also of climbers (e.g. lianas) (André et al., 1999;[START_REF] Jacques | Endocarps of Menispermaceae from Le Quesnoy outcrop (Sparnacian facies, Lower Eocene, Paris Basin)[END_REF][START_REF] Smith | First Clarkforkian equivalent land mammal age in the latest Paleocene basal Sparnacian facies of Europe: Fauna, flora, paleoenvironment and (bio)stratigraphy[END_REF]. These plants formed a complex and discontinuous network of abundant vertical and relatively medium to small sized substrates, also bearing food sources, such as fruits and flowers [START_REF] Del Rio | First record of an Icacinaceae Miers fossil flower from le Quesnoy (Ypresian, France) amber[END_REF]. In this context, climbing along lianas would have provided significant advantages: rapid change of tree strata, escaping from or scanning for predators, ensuring the liaison between the ground and the arboreal environment, and access to valuable food resources. Moreover, such displacement would have probably not been energetically too devouring, as the earliest primates were relatively small [START_REF] Hanna | The energetic cost of climbing in primates[END_REF][START_REF] Hanna | Locomotor energetics in primates: Gait mechanics and their relationship to the energetics of vertical and horizontal locomotion[END_REF]. Taken together, the ability to oppose the pollex and hallux, providing a higher grasping efficiency, constitutes a significant selective advantage. This scenario does not challenge the hypothesis that early primates had acquired first the ability to leap (Boyer et al., 2013a[START_REF] Boyer | Evolution of postural diversity in primates as reflected by the size and shape of the medial tibial facet of the talus[END_REF](Boyer et al., , 2017;;[START_REF] Dagosto | The postcranial morphotype of primates[END_REF][START_REF] Gebo | Vertical clinging and leaping revisited: Vertical support use as the ancestral condition of strepsirrhine primates[END_REF][START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF], as we build upon the idea that vertical substrates were probably an ancestral condition for primates. However, I propose that the hallucal -and possibly associated pollical -grasping capacities were probably anterior to the acquisition of nails and related to the use of small vertical substrates. Therefore, nails could have had evolved later, to ensure a better force distribution on digital extremities during locomotion or during food grasping in larger species [START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Cartmill | Rethinking Primate Origins[END_REF][START_REF] Cartmill | New views on primate origins[END_REF][START_REF] Godinot | Functional approaches of paleogene primate hands[END_REF][START_REF] Kirk | Comment on "Grasping primate origins[END_REF]. Also, it is still difficult to assess whether nails appeared jointly on both hand and foot, or in parallel in different primate lineages as suggested by some researchers (Boyer et al., 2013a;Cartmill, 1974a). Indeed, the question whether haplorhine and strepsirrhine nails are homologous or not have long been investigated since they bear differences in their morphologies and function [START_REF] Maiolino | Morphological correlates of the grooming claw in distal phalanges of platyrrhines and other primates: A preliminary study[END_REF][START_REF] Spearman | Phylogeny of the nail[END_REF]. This idea is also interesting regarding the more general adaptation and evolution of arboreality in mammals. It has been suggested that pedal grasping and the use of hallux is an ancestral adaptability in mammals [START_REF] Youlatos | Pedal grasping in an arboreal rodent relates to above-branch behavior on slender substrates[END_REF][START_REF] Youlatos | Pedal grasping in the northern smooth-tailed treeshrew Dendrogale murina (Tupaiidae, Scandentia): Insights for euarchontan pedal evolution[END_REF] and could have appeared several times, convergently, but functionally differently in primates and other mammals. Indeed, a lot of arboreal mammals seem to possess a prehensile foot. Yet, these species do not always possess a prehensile hand. Hand prehensility has been proposed to enhance the diagonal walking mode, typical of primates, in various mammal species, whereas species possessing a prehensile foot but a non-prehensile hand exhibit a lateral walking (Cartmill et al., 2002[START_REF] Cartmill | Understanding the adaptive value of diagonalsequence gaits in primates: A comment on Shapiro and Raichlen[END_REF][START_REF] Hildebrand | Symmetrical gaits of primates[END_REF][START_REF] Karantanis | Diagonal gaits in the feathertail glider Acrobates pygmaeus (Acrobatidae, Diprotodontia): Insights for the evolution of primate quadrupedalism[END_REF]. This raises a question: why do primates also possess a prehensile hand? Are there any mammals which possess prehensile hands and non-prehensile feet? Is it related to a genetic covariation mechanism between hand and foot? This genetic covariation exists in humans and is probably an early mechanism in mammals, and even tetrapods [START_REF] Rolian | THE COEVOLUTION OF HUMAN HANDS AND FEET[END_REF]. However, the environmental and phenotypic selective pressures that had driven the evolution of morphologies and functions of hand and foot are still complex, very difficult to differentiate, and remain poorly understood. Thus, the ontogenetic process linked with the development of these organs could bring complementary knowledge to better understand their evolutionary history.

As perspectives, it would be very useful to observe more species with the same methodology to verify whether these findings are also found in other arboreal models. Also, biomechanical experiments would provide additional information to more profoundly analyze the mechanical constraints during prehension and climbing on vertical substrates, with measures of forces exerted on hands and feet, as started by some [START_REF] Schmitt | Substrate alters forelimb to hindlimb peak force ratios in primates[END_REF]. Next, experimental studies should thus focus more deeply on the quantification of the spatially resolved forces on hands and feet during locomotion to test whether pollical and hallucal grasping and nails permit indeed to apply more forces on small and vertical substrates than non-grasping clawed structures. A next step would also be to analyze leaping properties as it is a fundamental characterization of the primate morphotype. Moreover, these behavioral and biomechanical quantifications should be linked with morphological analyses on extant and extinct species to infer better evolutionary scenarios on primate and mammal hand and foot evolution.

Chapter 3. Creation and development of a novel force sensor technology for applications in animal biomechanics and robotic grasping hands

Introduction

Hands and feet are crucial in locomotion and manipulative behaviors, and they are also central for understanding the origins and evolution of Primates [START_REF] Cartmill | New views on primate origins[END_REF][START_REF] Gros | The antecedents of man[END_REF][START_REF] Silcox | Primate Origins and Supraordinal Relationships: Morphological Evidence[END_REF][START_REF] Lemelin | Origins of grasping and locomotor adaptations in primates: Comparative and experimental approaches using an opossum model[END_REF]. The ability to oppose the hallux from the other individualized digits, the possession of nails instead of claws or hooves, and leaping characteristics constitute defining characters of the whole order [START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF](Cartmill , 1974a[START_REF] Cartmill | Rethinking Primate Origins[END_REF][START_REF] Cartmill | New views on primate origins[END_REF][START_REF] Sussman | Rethinking Primate Origins Again[END_REF][START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF]). These postcranial morphological properties are linked with postural abilities and substrate use, as the arboreal environment played a central role in the evolution of the locomotor characters defining Primates [START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Cartmill | Rethinking Primate Origins[END_REF][START_REF] Cartmill | New views on primate origins[END_REF][START_REF] Gregory | Man's place among the primates[END_REF][START_REF] Jones | Arboreal man[END_REF][START_REF] Ravosa | PRIMATE ORIGINS: Adaptations and Evolution[END_REF][START_REF] Ross | The Role of Vision in the Origin and Evolution of Primates[END_REF][START_REF] Sussman | Rethinking Primate Origins Again[END_REF][START_REF] Gros | The antecedents of man[END_REF]). Yet, the evolutionary history of these morphological features is still poorly understood and is under active research.

The "small branch niche" hypothesis is commonly admitted for first primates early differentiation, suggesting that their pedal and manual grasping functional mechanisms (e.g. elongation of the digits, opposable hallux, divergent thumb and nails) constitute primarily adaptations of stem primates for the use of terminal branches [START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Ross | The Role of Vision in the Origin and Evolution of Primates[END_REF][START_REF] Sussman | Primate origins and the evolution of angiosperm[END_REF][START_REF] Sussman | Rethinking Primate Origins Again[END_REF]). However, this view is more and more questioned, with recent studies being consistent with the "grasp-leaping" hypothesis, suggesting that leaping specializations and large vertical substrate use were more anterior, and that prehensile foot proportions and nails on the lateral digits may well have been acquired after crown primates began to radiate, e.g. in parallel in different euprimate lineages (Boyer et al. 2013[START_REF] Boyer | Evolution of postural diversity in primates as reflected by the size and shape of the medial tibial facet of the talus[END_REF](Boyer et al. , 2017;;[START_REF] Dagosto | The postcranial morphotype of primates[END_REF][START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF][START_REF] Gebo | Vertical clinging and leaping revisited: Vertical support use as the ancestral condition of strepsirrhine primates[END_REF]. But, the question about nail function and evolutionary history is still unresolved. It is still difficult to assess whether nails appeared jointly on both hand and foot, or in parallel in different primate lineages as suggested by some researchers (Cartmill 1974a;Boyer et al. 2013). Indeed, the question whether haplorhine and strepsirrhine nails are homologous or not has long been investigated since they exhibit differences in their morphologies and function [START_REF] Soligo | Nails and claws in primate evolution[END_REF][START_REF] Maiolino | Morphological correlates of the grooming claw in distal phalanges of platyrrhines and other primates: A preliminary study[END_REF][START_REF] Spearman | Phylogeny of the nail[END_REF]. However, the evolution of flat nails and associated tactile pads (also called apical pads) is characteristic of euprimates and is widely considered a synapomorphy of the group [START_REF] Gros | The antecedents of man[END_REF][START_REF] Cartmill | The volar skin of primates: Its frictional characteristics and their functional significance[END_REF][START_REF] Cartmill | New views on primate origins[END_REF][START_REF] Hamrick | Functional and adaptive significance of primate pads and claws: Evidence from New World anthropoids[END_REF][START_REF] Soligo | Nails and claws in primate evolution[END_REF]. This unique morphology of the terminal phalanges results in a dorsoventral flattening and a mediolateral widening of the bone and pad, the latter also filled with numerous tactile mechanoreceptors, such as the Meissner corpuscles [START_REF] Hamrick | Functional and adaptive significance of primate pads and claws: Evidence from New World anthropoids[END_REF][START_REF] Hamrick | Development and evolution of the mammalian limb: Adaptive diversification of nails, hooves, and claws[END_REF][START_REF] Mittra | Comparative morphometrics of the primate apical tuft[END_REF][START_REF] Hirasaki | Meissner corpuscles and somatosensory acuity: The prehensile appendages of primates and elephants[END_REF][START_REF] Verendeev | Comparative analysis of meissner's corpuscles in the fingertips of primates[END_REF]). An hypothesis is that nails would have permit to ensure a better force distribution during locomotion and grasping [START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF](Cartmill , 1974a[START_REF] Cartmill | New views on primate origins[END_REF][START_REF] Godinot | Functional approaches of paleogene primate hands[END_REF][START_REF] Kirk | Comment on "Grasping primate origins[END_REF][START_REF] Hanna | The energetic cost of climbing in primates[END_REF][START_REF] Soligo | Nails and claws in primate evolution[END_REF][START_REF] Adams | Finger pad friction and its role in grip and touch[END_REF]. Some also proposed that this would have been even more interesting for animals of high body mass [START_REF] Hanna | The energetic cost of climbing in primates[END_REF][START_REF] Johnson | Single-limb force data for two lemur species while vertically clinging[END_REF]. But this view is also questioned, with the old Euprimate Teilhardina brandti (Omomyidae) from the early Eocene of north America which already possessed a nail while being of very small size [START_REF] Rose | New fossils of the oldest North American euprimate Teilhardina brandti (Omomyidae) from the paleocene-eocene thermal maximum[END_REF]. And the view that the first primates were very small (from 10 to 60 g) is largely supported by the fossil record [START_REF] Gebo | A shrew-sized origin for primates[END_REF][START_REF] Silcox | Primate Origins and Supraordinal Relationships: Morphological Evidence[END_REF][START_REF] Rose | New fossils of the oldest North American euprimate Teilhardina brandti (Omomyidae) from the paleocene-eocene thermal maximum[END_REF]). Also, it is possible that the particular structure conferred by nails and the associated morphology of the distal pads, filled with tactile sensors and fingerprints, would confer a particular advantage in sensing objects while grasping, compared to other clawed species, and thus improve the evolution of manipulative abilities [START_REF] Cauna | Nature and Functions of the Papillary Ridges of the Digital Skin[END_REF][START_REF] Maeno | Relationship between the Structure of Human Finger Tissue and the Location of Tactile Receptors[END_REF][START_REF] Dandekar | 3-D Finite-Element Models of Human and Monkey Fingertips to Investigate the Mechanics of Tactile Sense[END_REF].

However, as previously shown (Chapter 2), it seems that nails are not of fundamental importance when grasping small branches for extant species, as other non-primate clawed species are also able to move along these substrates. But interestingly, climbing vertical substrates seems to have a high impact on the use of pollical or hallucal grasp, even for nonprimate species. Therefore, I suggested that small vertical substrates, such as lianas, could have had primarily promoted the acquisition of opposable hallux, and possibly pollex, and that nails could indeed have evolved afterwards.

Interestingly, primates often use vertical supports (Preuschoft 2002;[START_REF] Dagosto | Testing positional behavior of malagasy lemurs: a randomization approach[END_REF][START_REF] Fleagle | Locomotor behavior and skeletal morphology of two sympatric pitheciine monkeys, Pithecia pithecia and Chiropotes satanas[END_REF][START_REF] Fontaine | Positional behavior inSaimiri boliviensis and Ateles geoffroyi[END_REF][START_REF] Garber | A comparative study of positional behavior in three species of tamarin monkeys[END_REF][START_REF] Garber | Vertical clinging, small body size, and the evolution of feeding adaptations in the Callitrichinae[END_REF][START_REF] Gebo | Positional behavior in five sympatric old world monkeys[END_REF][START_REF] Hunt | Standardized descriptions of primate locomotor and postural modes[END_REF][START_REF] Morbeck | Positional behavior, selective use of habitat substrate and \n associated non-positional behavior in free-ranging Colobus\n guereza (Ruppel, 1835)[END_REF][START_REF] Walker | Leaping behavior of Pithecia pithecia and Chiropotes satanas in eastern Venezuela[END_REF], and many of their fundamental morphological features and locomotor patterns have been associated with climbing [START_REF] Jones | Arboreal man[END_REF][START_REF] Fleagle | Major Transformations in the Evolution of Primate Locomotion[END_REF][START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF][START_REF] Gebo | Vertical clinging and leaping revisited: Vertical support use as the ancestral condition of strepsirrhine primates[END_REF][START_REF] Hamrick | Development and evolution of the mammalian limb: Adaptive diversification of nails, hooves, and claws[END_REF][START_REF] Bloch | Grasping primate origins[END_REF]Boyer et al. 2017;[START_REF] Hanna | The evolution of vertical climbing in primates: evidence from reaction forces[END_REF]. Accordingly, the use of vertical substrates seems to have played an important role in primate evolution (see [START_REF] Jones | Arboreal man[END_REF][START_REF] Cartmill | Cimbing[END_REF][START_REF] Hirasaki | Meissner corpuscles and somatosensory acuity: The prehensile appendages of primates and elephants[END_REF][START_REF] Isler | 3D-kinematics of vertical climbing in hominoids[END_REF][START_REF] Hanna | The energetic cost of climbing in primates[END_REF]Preuschoft 2002;[START_REF] Gebo | Vertical clinging and leaping revisited: Vertical support use as the ancestral condition of strepsirrhine primates[END_REF]. But vertical climbing implies strong biomechanical constraints, and particularly for primates of high body mass, more than 1 kg [START_REF] Cartmill | Cimbing[END_REF][START_REF] Hanna | The energetic cost of climbing in primates[END_REF]). Indeed, unlike clawed animals which insert their claws on the surface of the bark to climb, reducing the reliance on frictional forces, primates must develop other strategies, such as grasping their hands and feet or limbs around the substrate, using friction forces to maintain contact with the substrate [START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF]. And interestingly, extant primates use various types of climbing, depending on their size and time engaged in arboreal behavior [START_REF] Hunt | Standardized descriptions of primate locomotor and postural modes[END_REF]. In this context, studying the biomechanics of primates' locomotion, and particularly biomechanics of climbing, is very informative to assess the links between morphology, postural behaviors and life history of extant species, and to better interpret the fossil record as well.

A number of studies, from kinematics to energetic costs and limb forces, have investigated the relationships of biomechanics of vertical climbing of primates and their anatomical specializations, and have reported important findings on the differential roles played by fore-and hindlimbs during climbing [START_REF] Hanna | The energetic cost of climbing in primates[END_REF][START_REF] Hanna | The evolution of vertical climbing in primates: evidence from reaction forces[END_REF][START_REF] Johnson | Single-limb force data for two lemur species while vertically clinging[END_REF][START_REF] Granatosky | Forelimb and hind limb loading patterns during below branch quadrupedal locomotion in the two-toed sloth[END_REF][START_REF] Schmitt | Substrate alters forelimb to hindlimb peak force ratios in primates[END_REF][START_REF] Hanna | Locomotor energetics in primates: Gait mechanics and their relationship to the energetics of vertical and horizontal locomotion[END_REF][START_REF] Kivell | Hand and foot pressures in the aye-aye (Daubentonia madagascariensis) reveal novel biomechanical trade-offs required for walking on gracile digits[END_REF]). However, these works have mainly focused on the study of large substrate climbing and were based on pressure measurements or total resulting forces applied by limbs during grasping.

There are numerous devices aiming at measuring constraints and forces applied by limbs during locomotion. However, most of them are non-transportable and usually flat, whereas "branch-like" force sensors (i.e. cylindrical) are needed. Moreover, commercially available systems are not well-adapted for a use in natural or semi-natural conditions (e.g. outside a laboratory).

Initially, I used pressure sensitive films to produce preliminary measurement as it will be presented later in this chapter. Nevertheless, such static and pressure information is limited. Indeed, pressure information is insufficient to capture friction forces. And friction forces are crucial in arboreal locomotion since hands and feet need to develop tangential forces while grasping branches to stabilize the body. In addition, total resulting forces measurement, as used in some studies, does not allow to differentiate how forces are applied on the different parts of hands and feet. Therefore, the specific question whether nailed fingertips permit to apply more frictional forces while climbing is still to investigate.

In this context, quantifying differences in forces applied by the different parts of the hands and feet (e.g. carpus, tarsus, sole, fingertips…) while grasping and moving on substrates of various diameters and orientations would bring crucial information to better characterize the mechanical constraints at play during prehension and climbing. For example, comparing precise distribution of forces applied by the hands and feet of nailed and clawed species would bring comparative data about the links between morphologies and their biological functions. This could bring new information on the functional importance of nails and pollical/hallucal grasping capabilities of Primates and other models.

The goal of this study was thus to design an experimental procedure enabling to quantify spatially-resolved forces applied by hands and feet of various species of different sizes and in different arboreal conditions (e.g. varying the diameter and orientation of the substrates). I conceived a new type of sensor, in collaboration with a product development engineer (Artémis Llamosi). We designed a novel spatially-resolved force sensor which allows the dynamic measurement of both the intensity and the direction of forces exerted on a customshaped surface. This system is based on the deformation of a polymer that is tracked by triangulation. It was conceived to measure the precise repartition of forces during grasping/locomotion at a very small scale: a few millimeters, adapted to arboreal small mammals. Moreover, I aimed at designing an affordable, autonomous, portable and resistant system allowing us to obtain data directly under 'difficult conditions' like natural environments.

This chapter describes the different steps of this project, from its conception to its development as a technological transfer program. Although we couldn't obtain usable results on animals yet, the results we obtained to validate the technology are very promising and open up numerous possible applications, from animal biomechanics to robotics.

Preliminary tests using a pressure mapping system

In order to design the force sensors, I needed to estimate the range of forces animals would apply, because spatially-resolved forces applied by the different parts of the hand/foot of small arboreal mammals during locomotion constitute new and therefore unknown types of data. As we cannot precisely estimate these values, I decided to carry out preliminary tests using a pressure measurement system. The goal of such an experiment was to: i) obtain estimations of the range of pressure / forces we might expect species of different size to apply, and ii) assess and test experimental protocols for this kind of bio-mechanical measurements on arboreal animals directly in the field. I used a pressure indicating film (Prescale, Fujifilm industrial products, figure 3.1.), which is generally used in a wide range of industries for pressure measurements (automotive, printing companies, etc.). It consists of a film which can measure the pressure distribution (figure 3.1. A). It comes in two sheets composed of coated polyester that you sandwich prior to the experiment. The sheet on the top is coated with a layer of micro-encapsulated color forming material and the sheet on the bottom is coated with a color developing material. To use the films for measuring a pressure distribution, both have to face each other on their coated sides. When a pressure is applied, in our case when animals walk on it, the microcapsules present on the top film layer are broken and the color-forming material reacts with the color-developing material to make pink color (figure 3.1. B). The microcapsules are designed to break according to the applied pressure, so the color density obtained is proportional to this pressure. We can then visualize directly on the bottom film the distribution of contact pressure from the color density of pink prints on the film. According to the temperature and humidity conditions during the experiment, we refer to the standard chart provided by the manufacturer (figure 3. I obtained data for 6 substrate types: branches of large, medium and small diameters, with 3 orientations (horizontal, vertical, oblique), for a total of 150 usable imprints. However, identifying which imprint correspond to which passage was very tedious and time-consuming. In addition, because of the nature of this pressure measurement method, the resulting data is very heterogenous in quality and precision. I obtained both hand and foot prints, either complete or partial (only tips, some fingers etc.), making the analyses not as robust as desirable.

Experimental setup

Results

Here, I present results obtained for total imprints of hands and feet (figure 3.3.). Interestingly, we observe that overall, feet applied more pressure than hands regardless of the substrate and the species. Moreover, the pressure of both hands and feet is clearly higher in vertical substrates compared to horizontal ones. Also, it appears that smaller diameter substrates induce also higher pressure being applied by hands and feet. Particularly, when it comes to small vertical substrates, the pressure values are maximal, and there is a large difference between hands and feet, the latter applying more pressure. Also, it seems that strepsirrhine species applied more pressure with their feet on small vertical substrates compared to platyrrhine species. Finally, although there is not enough data to be conclusive, it appears that the average pressure does not depend much on the size of the species. Indeed, when comparing the small species Saguinus imperator with the others, we find surprisingly similar pressures, particularly concerning the hand. Based on previous analyses, and considering the model species I target to study, my sensor needed to be made in a soft, weather resistant and biocompatible material (some animals tend to chew new objects). Also, the general objectives of this system were:
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•
To measure not only pressure, but forces in both direction and intensity, from about 0.1N to 10N.

•

To perform these measurements in a spatially-resolved way, i.e. in different points of a given surface.

•

To make sensors with custom shapes. For example, a cylindrical shape mimicking a branch.

•

To perform these measurements in a dynamic way, here around 60Hz.

•

To build a system usable for outdoor or difficult conditions: humidity, limited volume, autonomy.

•

To stay as affordable as possible.

We designed an innovative force sensor allowing the measurement of a vector field of forces (i.e. in intensity and direction at different points). This device gives access to spatially and dynamically resolved contact forces applied on a matrix filled up with numerous sensors, on a predefined surface profile (plan, cylinder, curved, etc.).

The sensor system consists of an assembly of independent sensing units, that we call cells, made of a soft and elastic material, and for which the measurable deformation is proportional to the applied force (figure 3.4. A). The elasticity parameters of this material define the range of possible deformation of a cell.

Each cell has a hexagonal shape, maximizing the measurement surface to structural edge surface ratio and therefore minimizing the residual forces applied on edges.

When a contact force is applied, each cell is deformed depending on the local force. Measuring the cell's deformation gives access to the applied force. To measure this deformation, each cell contains, embedded into the elastic polymer, an optical tracer, i.e. a reflective or diffusive bead, positioned close beneath the measurement surface. The choice of the tracer optical properties (reflectiveness / diffusiveness for given wavelength dimensions) permits to optimize the precision of the measure, since both the size and the wavelength directly impact the retro-diffusivity cone and the quantity of light diffused.

When the polymer is deformed, the bead moves. We track the position of this bead using an optical principle analogous to triangulation: (i) for each cell, a source of light illuminates the tracer; (ii) light is reflected and diffused by the tracer and ( iii several grants. The project was finally supported by the SATT Lutech, a scientific valorization and technological transfer company. The resulting maturation project, for which I became the team leader, was successfully assessed as a disruptive invention worthy of a maturation investment. In addition, a pre-industrialization market survey revealed that several markets had interest in our technology, from zoomechanics, to robotics, haptics, metrology, and medical fields like podiatry.

Subsequently, we submitted a French patent in August 2015 (patent reference: IFBL15SLTFOS). This patent was further extended internationally in 2018.

The aim of the global maturation project was to develop the technology and transform it from an inventive project into a technology mature for industry. The overall project funding amounts to around 100K€. This project, as it turned out, took almost three years, from the setting up to its actual industry transfer phase.

Within the context of this valorization project, I managed a small team composed of a prototyping engineer and two full-time technicians in "scientific instrumentation" that we hired for this purpose. We were initially housed in a dedicated room at L'OpenLab, and then in a dedicated room at the CR2P laboratory (MNHN).

The maturation program mainly consisted of 3 phases:

•

Validating the technology through different tests: materials, prototypes, manufacturing protocols, development of an analysis software etc.

•

Producing a flat "pre-demonstrator", permitting to demonstrate several possible measurement ranges and performances associated to different materials and technical choices (figure 3.6. left). This pre-demonstrator is of particular interest for the industry as it shows which market segments can be addressed with this technology.

•

Developing two "functional demonstrators" to validate the performances of the system regarding the required technical specifications for animal biomechanics (figure 3.6. right). These demonstrators are the one that I will use with animals to carry out a biomechanical study. They consist in two « branch-like » devices, one of 2 cm in diameter, and one of 4 cm in diameter, to respectively represent a small to medium and a medium to large substrate regarding the targeted animals to study (small arboreal mammals).

Crucial aspects of the development included: choosing the proper elastic material; the optical tracer; optimizing data fluxes and data processing; miniaturizing the device; and developing an efficient and automated calibration system. Each of these subtasks were completed by repeated iterations. At first, we focused on manufacturing the cell body with the embedded optical tracer. Even with the funding, we could not afford an industrial mold considering that to embed a tracer in the cell's material, several molding steps are required. We tested many fast prototyping methods to produce our own molds. In the end, we found machined PMMA molds to be a good solution (figure 3.7. A). Once we could produce cells, we went to optimize their shape, their constituent material along with choosing the tracer. To this end we used 3D printed test plates (figure 3.7. B). At that time, we didn't have a calibration system yet, therefore, we built and used low-tech solutions to apply known forces to cells (figure 3.7. C). Nevertheless, we could perform our first real force measurements with these plates and optimize the optics for fiber reception and light injection (figure 3.7. D). In addition to building the sensor, we needed the software allowing to process its output. To this end, we designed and implemented in Matlab© an algorithm which uses the fibers intensity measurements to reconstruct the position of the bead into the cell. Using a mechanistic model of a cell's physics, the algorithm reconstructs the effective forces applied at a given moment on the surface of the cell (both in norm and direction, i.e. the contact force vector).

Being at the prototyping stage, everything was assembled by hand and was therefore labor-intensive and time-consuming. Overall, this project has brought its fair share of technical, but also administrative and human unexpected issues, all of which I had to overcome in the end, although at the expense of some delay with respect to the initial planning.

Pre-demonstrator

Possible addressable measurement ranges of forces for industrial use.

Functional demonstrator

Tests in difficult environments for the use in animal biomechanics. As deformable material, which is the main component of our cells, we used PDMS (Polydimethylsiloxane, Sylgard 184, Dow Corning), a transparent elastomer which follows Hooke's law until 40% compression [START_REF] Johnston | Mechanical characterization of bulk Sylgard 184 for microfluidics and microengineering[END_REF]. We used reflective beads of about 0.5 mm in diameter, embedded as tracers.

As the triangulation of the tracer movements are obtained through an optical system (e.g. measuring changes of the tracer reflective light intensity) the inner part of the cells needs to be transparent, but the cells need to be optically isolated from the environment. Therefore, the cells were fabricated with a two-step molding procedure allowing to have an outer coating with pigmented opaque PDMS (brown in our prototypes).

Given that PDMS is incompressible, the inner part is not deformed by forces applied on the emerged part. PDMS is made from a heat cured two-components mix. Its mechanical characteristics can be tuned by varying the mix ratio and curing temperature [START_REF] Johnston | Mechanical characterization of bulk Sylgard 184 for microfluidics and microengineering[END_REF][START_REF] Wang | Polydimethylsiloxane Mechanical Properties Measured by Macroscopic Compression and Nanoindentation Techniques[END_REF]. Stiffer PDMS means a larger measurement range as more force can be applied before overshooting the 40% deformation limit of elasticity. Nevertheless, a stiffer material also means decreased precision as deformation is smaller for a same force (and therefore harder to detect). Results reported here have been obtained with a PDMS mix ratio of 1:15 and a 24h 40°C heat-cure.

Cells are embedded in a rigid structure. This structure was made by precision 3D printing (Polyjet HD, Stratasys) already including drillings for guiding fibers.

We used plastic optical fibers (multimode step index POF) of 500 μm (Super Eska, Mitsubishi Rayon Co. LTD.) to both transmit and collect light in each cell. All injection fibers and reception fibers are grouped in two separate bundles, embedded in optical epoxy resin and polished so that all the ending parts of the fibers are on a same surface. A single collimated light source (35 lm white commercial grade LED) irradiates the injection POF bundle (light source on figure 3.8.) and the reception bundle is imaged using a simple objective conjugating the fibers bundle and a CMOS sensor (IDS camera harboring the e2v Sapphire 1.3M pixel CMOS, EV76C560) (imaging system on figure 3.8.).

Data processing and force reconstruction

At each time point, an image is taken from the CMOS sensor (figure 3.9. B). Then the data processing software performs the following steps on each frame: the extraction of each fiber intensity from raw image, and a renormalization of the fibers intensity (figure 3.9. C, D). This is then used in the force reconstruction algorithm. The data from figure 3.9. was obtained by applying increasing normal downwards forces (i.e. along the z axis only) on a cell, yielding 15 samples ranging from 0 to 2N. On figure 3.9. D we notice that applying force increases the fiber intensity of all fibers. This is expected as the length of the light path going from the emitting fiber to the receiving fiber (through the tracer) decreases with the deformation of
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Sensor calibration

The force reconstruction process requires parameters which are estimated using a calibration procedure. Indeed, there are always manufacturing irregularities that need to be compensated, even more for hand-made prototypes. These parameters consist in: (i) the correspondence between each fiber in the bundle image and the associated specific reception point in a specific cell; and (ii) cells specific parameters to compensate manufacturing variability (i.e. fibers misorientations, potential differences in light transmittance of fibers and real position of the tracer in each cell). This calibration process is automated with a custom machine we designed and built (figure 3 

Results

Force reconstruction

In a first experiment, we applied increasing normal downwards forces (i.e. along the z axis only) on a cell with an air cylinder. This yielded 15 points ranging from 0 to 2N (figure 3.11.

A, B, C solid red lines). The applied force 𝐹 ⃗ (𝑡) = {𝐹 𝑥 (𝑡), 𝐹 𝑦 (𝑡), 𝐹 𝑧 (𝑡)} was reconstructed at each time point (figure 3.11. A, B, C black dots). As we can see, our system can faithfully reconstruct the applied force up to 2N. Other experiments (not shown) indicate that our system reconstructs accurately the normal force component until 3 N. Yet, above 2.5 N, tangential components show progressively significant deviations from their expected values. This can happen when the deformation exceeds Hook's law validity domain for the material (i.e. the material deformation can no longer be considered as only elastic) or due to slight misalignments in our force application system. Nevertheless, the system's performance degrades gracefully when compression exceeds the linear assumption threshold and the model become more and more inaccurate. Also, PDMS can endure much higher strains before breaking or being damaged [START_REF] Johnston | Mechanical characterization of bulk Sylgard 184 for microfluidics and microengineering[END_REF]. alternatively. As we can see by comparing figures 3.14. B, C, the index is capable of stronger force than the auricular. Also, looking at tangential components in figure 3.14. B, we can see that when applying force with the auricular, the movement is less certain, with mild lateral oscillations of the digit. Also, given the respective position of the index and auricular to the point of force application (roughly at the center of the hand), forces were slightly slantwise in opposite directions for these fingers. At last, the spatially resolved aspect of our sensor is visible by comparing 3.14. B-C versus D: the auricular did not touch the latter cell although it clearly touched its neighbor with non-negligible force, showing that cells provide mechanically independent measurements. 
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Branch-like functional demonstrators

System description

Branch shaped prototypes are very similar in their conception as the pre-demonstrator (figure 3.15.), but the shape of cells was adapted to fit more naturally in the cylindrical shell. The small-diameter functional demonstrator is 9 cm long, for a diameter of 2 cm and has 132 cells in it. The large-diameter functional demonstrator is 8 cm long for a diameter of 4 cm and has 500 cells.

Preliminary tests in semi-natural conditions

Using the small branch-like demonstrator, I was able to conduct a first preliminary experiment directly in "naturalistic conditions" at the Zoological and Botanical Parc of Mulhouse (France).

Animals studied and housing conditions

I worked with 4 individuals of respectively 4 species of Lemuriformes: a female Hapalemur griseus (4 years old (y/o), 1.4 kg), a male Eulemur coronatus (5 y/o, 2 kg), a female Eulemur mongoz (7 y/o, 3 kg), and a female Eulemur rubriventer (2 y/o, 3.4kg). These individuals were chosen because their overall morphology and locomotor behavior are similar, but they present differences in their body sizes, limbs proportions, and mass. This is interesting in order to compare hands and feet forces distribution in relation to their relative sizes and body mass. Also, it would allow validating the dynamic measuring range of the force sensor, assuming that larger species will apply more forces than small ones. Moreover, I choose these individuals because they exhibited relative neophile behavior toward the inclusion of novel objects in their environment. As this experiment was the first one to use the force sensor in animal models, this was easier and faster to set-up. Indeed, this first version of the system was "semi-embedded" and did not yet contained a fully automated system (battery and data storage were external). Therefore, this necessitated to have the control computer present nearby, placed in a crate.

Animals are housed in large outdoor enclosures with access to indoor private boxes. Each enclosure is filled with various branches and substrates. Individuals are usually housed in cohabitation by small groups of two to three, but for the needs of this study, they were respectively isolated during the observation sessions.

Experiment setup

I conducted a habituation period during a week before the experimental data acquisition. This consisted in progressively getting the individuals used to being alone in their enclosure, in the presence of the experimental system and myself.

For each experimental session, I installed the force sensor directly into the enclosure, with the extremities fixed using straps (figure 3.16.). The crate containing the control computer was put on the ground. 
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Conclusion and perspectives

This project permitted to develop a novel force sensor enabling the dynamic measurement of both the direction and intensity of forces in a spatially resolved manner. Although we didn't yet present results in our primate model species, we demonstrated that the technology is efficient and of possible use for animal biomechanics. In its current configuration, this sensor is adapted to the study of small animals. Using a flat prototype, we demonstrated that it can reconstruct accurately and repeatedly the applied force vector on the target range of 0-2.5 N in at least a 65° cone, and a branch-like prototype demonstrated the possible use in natural conditions although with some improvements on the robustness of the optical module. A next step is to perform further experiments using a second, improved branch-like sensor. Particularly, this would permit to investigate further the different roles of hand and foot while climbing on vertical substrates.

Moreover, modifying simple design parameters, it is possible to tune keys properties of this system. Playing on cell size modify the spatial resolution of measurements and playing on cells stiffness defines the range of measurable force. Due to its modular architecture, the sensing surface can take varied shapes. In the future, this technology would thus made it possible to investigate other possible questions in various model species. For example, it would be possible to create ball-like sensors of various sizes and properties to investigate manipulative abilities in different model species. Taken together, these biomechanical data, along with behavioral and morphological analyses, could help understanding further the general mechanical constraints at play during grasping.

A perspective for robotics and smart skins

A successful technological transfer to the industry would help make this technology more affordable and adapted for some of the numerous possible applications. Interestingly, one particular field in which we witnessed a promising interest is robotics. Indeed, although biomechanics motivated the development of this sensor, measuring the distribution of normal and tangential forces opens promising perspectives in robotics. Characterizing animal grasping entails many similar challenges with the design of robotic grasping hands. Many design choices, such as having soft and sensitive digits for robots, which enables grasping objects with precision, come from the study of animal grasping mechanisms and permit to create efficient and functionally analogous robots. Moreover, mapping friction forces during manipulation provides valuable insights on haptic exploration where forces prevail over geometry in human haptic ability (Robles-De-La-Torre and Hayward 2001). Symmetrically, our sensor would be instrumental in improving robotic grasping capabilities. Although pressure or contact information can be sufficient for a wide array of functions, when it comes to grasping deformable and unknown objects, having access to both normal and tangential components of contact force is fundamental for robotic hands [START_REF] Ascari | Bio-inspired grasp control in a robotic hand with massive sensorial input[END_REF][START_REF] Zaidi | Model-based strategy for grasping 3D deformable objects using a multi-fingered robotic hand[END_REF][START_REF] Kaboli | Tactile-based manipulation of deformable objects with dynamic center of mass[END_REF]). Yet, except a few noticeable exceptions [START_REF] Park | Tactile-direction-sensitive and stretchable electronic skins based on human-skin-inspired interlocked microstructures[END_REF][START_REF] Tar | Development of a low cost 3D optical compliant tactile force sensor[END_REF], existing touch sensors are all pressure or contact sensors [START_REF] Núñez | Energy-Autonomous, Flexible, and Transparent Tactile Skin[END_REF]. Mirroring the upcoming characterization of animal hands and feet, it would be informative to equip a robotic hand with our force sensors at its "fingertips" in a similar way as in previous works [START_REF] Nabil | Soft material modeling for robotic task formulation and control in the muscle separation process[END_REF][START_REF] Zaidi | Model-based strategy for grasping 3D deformable objects using a multi-fingered robotic hand[END_REF]Kaboli et al. 2016) (figure 3.18.). This would allow to compare the grasping performance when using: proprioception only, proprioception and pressure information or proprioception and 3D force information. This would provide an objective assessment of the impact of the somesthesis degree on the performance of grasping and haptic exploration. Also, it could motivate the inclusion of this sensor as a component of smart skins.

Adding senses to robots, such as a precise feedback of forces applied by the digits, allows them to service outside controlled environments by apprehending autonomously novel situations and objects. However, robotic skin filled with tactile sensors are not a mature field yet. Similarly to the natural animal skin, an efficient robotic skin would probably features a mixture of sensing elements [START_REF] Bartolozzi | Robots with a sense of touch[END_REF]. Our sensor architecture is designed to have many sensing cells and is therefore well adapted to multi-fingered robotic hands, having a single deported image acquisition and processing unit for all cells. Also, the cell's hemispherical shape, made of soft and deformable material, mimics the manual finger pads structure and function. Much smaller sensing cells, possibly under a millimeter, could be made using soft lithography techniques. This allows building a collection of sensors which is similar to primate skin with different sensing units with distinct properties being present in various proportions and densities depending on the body location [START_REF] Macefield | Physiological characteristics of low-threshold mechanoreceptors in joints, muscle and skin in human subjects[END_REF]. Therefore, embedding this sensor in robotic hands would permit to improve their prehensile adjustment, making them more efficient in complex grasping tasks and in robot-human interactions. At last, studying grasping with force feedback in robots would provide an objective assessment of the impact of the sense of touch on the performance of grasping and haptic exploration which is of interest for biomechanics in general.

Introduction

Hand and foot morphological traits, such as a high phalangeal index (long phalanges relatively to the metapodials), an opposable hallux, and nails instead of claws, constitute fundamental primate specializations [START_REF] Bloch | Grasping primate origins[END_REF][START_REF] Dagosto | The postcranial morphotype of primates[END_REF][START_REF] Gebo | The nature of the primate grasping foot[END_REF][START_REF] Gebo | A shrew-sized origin for primates[END_REF][START_REF] Lemelin | Morphological correlates of substrate use in Didelphid marsupials: Implications for primate origins[END_REF]Lemelin & Schmitt, 2007;[START_REF] Sargis | Evolution of pedal grasping in Primates[END_REF][START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF]. They are important features when investigating the ancestral morphotype of primates, as they are thought to be related with the ability of grasping small supports, an arboreal milieu that has long been proposed to explain the primacy of specialized grasping in the ancestral primate lineage [START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Cartmill | Rethinking Primate Origins[END_REF][START_REF] Cartmill | New views on primate origins[END_REF][START_REF] Gregory | Man's place among the primates[END_REF][START_REF] Jones | Arboreal man[END_REF][START_REF] Gros | The antecedents of man[END_REF][START_REF] Lemelin | Morphological correlates of substrate use in Didelphid marsupials: Implications for primate origins[END_REF][START_REF] Orkin | The Narrow Niche hypothesis: Gray squirrels shed new light on primate origins[END_REF][START_REF] Ravosa | PRIMATE ORIGINS: Adaptations and Evolution[END_REF][START_REF] Ross | The Role of Vision in the Origin and Evolution of Primates[END_REF][START_REF] Sussman | Rethinking Primate Origins Again[END_REF]. Indeed, the arboreal environment played a central role in the evolution of the locomotor behaviors of primates, which are reflected in their morphology (Bloch & Boyer, 2007;[START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Cartmill | Rethinking Primate Origins[END_REF][START_REF] Cartmill | Primate gaits and primate origins[END_REF][START_REF] Chester | Oldest known euarchontan tarsals and affinities of Paleocene Purgatorius to Primates[END_REF][START_REF] Dagosto | The postcranial morphotype of primates[END_REF][START_REF] Gebo | A shrew-sized origin for primates[END_REF][START_REF] Goodenberger | Functional morphology of the hallucal metatarsal with implications for inferring grasping ability in extinct primates[END_REF]Johnson & Johnson, 2012;[START_REF] Sargis | Evolution of pedal grasping in Primates[END_REF][START_REF] Silcox | Primate taxonomy, plesiadapiforms, and approaches to primate origins[END_REF][START_REF] Sussman | Primate origins and the evolution of angiosperm[END_REF][START_REF] Szalay | Evolution of hallucial grasping in the primates[END_REF]. But the ancestral morphotype of primates is still under debate and it is still difficult to assess which derived characters, and their order of acquisition, characterize the most recent common ancestor and what are their functional and biological roles [START_REF] Dagosto | The postcranial morphotype of primates[END_REF].

Many alternative adaptive scenarios for the evolution of these primate features have been proposed. The "visually-directed predation hypothesis" proposes that they evolved primarily to improve performance in predatory behaviors [START_REF] Cartmill | Rethinking Primate Origins[END_REF][START_REF] Cartmill | New views on primate origins[END_REF]. The "angiosperm exploitation hypothesis" proposes that they evolved primarily for exploiting angiosperm reproductive products [START_REF] Sussman | Primate origins and the evolution of angiosperm[END_REF][START_REF] Sussman | Rethinking Primate Origins Again[END_REF]. And the "graspleaping hypothesis" proposes that they promoted acrobatic arboreal locomotion [START_REF] Dagosto | The postcranial morphotype of primates[END_REF][START_REF] Szalay | Locomotor Adaptations as Reflected on the Humerus of Paleogene Primates[END_REF], 1988).

As shown in Chapter 2, hand and foot postures are strongly influenced by the substrate type used for locomotion, but phylogenetically close species also exhibited overall similar postural behaviors. Locomotor and postural adaptations are usually reflected in the postcranial morphology, and behavioral and biomechanical studies, such as grasping force measurements, help investigating links between function and morphology. But differences in morphology also provide crucial information to assess phylogenetic inferences between species. However, concerning the question of primate origins, despite a lot of cladistic work, recent matrices still bear some uncertainties, resulting in unstable reconstructed phylogenies (see Chapter 1).

Therefore, in the context of the debated phylogenetic relationships within euarchontans and associated scenarios for the evolution of euprimate characters related to locomotor/postural habits, it appears essential to proceed in the functional and phylogenetic understanding of characters related to such behaviors. However, it is usually difficult to assess which morphological characters are the most representative in terms of function or phylogeny.

Postcranial elements, such as long bones and tarsus, are very informative for both phylogenetic and functional interpretation. In primates, the ankle has been intensely studied and is very reflective of their pedal functions and associated substrate use, as well as of their leaping specialization (Boyer et al., 2013a[START_REF] Boyer | Evolution of postural diversity in primates as reflected by the size and shape of the medial tibial facet of the talus[END_REF](Boyer et al., , 2017;;Boyer & Seiffert, 2013;[START_REF] Chester | Oldest known euarchontan tarsals and affinities of Paleocene Purgatorius to Primates[END_REF][START_REF] Gebo | The nature of the primate grasping foot[END_REF][START_REF] Gebo | Foot anatomy, climbing, and the origin of the Indriidae[END_REF][START_REF] Marigó | Astragalar and calcaneal morphology of the middle Eocene primate Anchomomys frontanyensis (Anchomomyini): Implications for early primate evolution[END_REF][START_REF] Seiffert | Primate tarsal bones from Egerkingen, Switzerland, attributable to the middle Eocene adapiform Caenopithecus lemuroides[END_REF][START_REF] Yapuncich | Quantification of the position and depth of the flexor hallucis longus groove in euarchontans, with implications for the evolution of primate positional behavior[END_REF].

The morphology of the structural elements of the fore-and hind feet (e.g. metacarpals, metatarsals, and phalanges), being in direct contact with the substrate, may confer more comprehensive locomotor, postural, and substrate use inferences, as has been demonstrated by previous studies, mostly on the hand in primates [START_REF] Begun | Catarrhine phalanges from the Late Miocene (Vallesian) of Rudabánya, Hungary[END_REF][START_REF] Begun | New catarrhine phalanges from Rudábanya (Northeastern Hungary) and the problem of parallelism and convergence in hominoid postcranial morphology[END_REF][START_REF] Begun | Comparative and functional anatomy of Proconsul phalanges from the Kaswanga Primate Site, Rusinga Island, Kenya[END_REF][START_REF] Bloch | Grasping primate origins[END_REF][START_REF] Godinot | Functional approaches of paleogene primate hands[END_REF][START_REF] Godinot | Early eupriamte hands in evolutionary perspective[END_REF][START_REF] Godinot | Fossil primate hands: a review and evolutionary inquiry emphasizing early forms[END_REF][START_REF] Hamrick | Primate origins: Evolutionary change in digital ray patterning and segmentation[END_REF][START_REF] Hamrick | Phalangeal morphology of the Paromomyidae (?Primates, Plesiadapiformes): The evidence for gliding behavior reconsidered[END_REF][START_REF] Hamrick | Anthropoid phalanges from the Oligocene of Egypt[END_REF][START_REF] Meldrum | Manual proximal phalanx of Laccopithecus robustus from the late Miocene site of Lufeng[END_REF][START_REF] Nakatsukasa | Comparative and functional anatomy of phalanges in Nacholapithecus kerioi , a Middle Miocene hominoid from northern Kenya[END_REF][START_REF] Preuschoft | Biomechanical considerations to explain important morphological characters of primate hands[END_REF][START_REF] Stern | Quantifying phalangeal curvature: An empirical comparison of alternative methods[END_REF]. Moreover, comprehensive analyses of the hand have shown that phalangeal proportions are intrinsically linked to grasping capabilities (Boyer et al., 2013b;[START_REF] Kirk | Intrinsic hand proportions of euarchontans and other mammals: Implications for the locomotor behavior of plesiadapiforms[END_REF]. However, regarding foot autopodial elements, less comprehensive analyses have been done, except studies on the hallucal metatarsal which also provided inferences between morphology and postural ability [START_REF] Goodenberger | Functional morphology of the hallucal metatarsal with implications for inferring grasping ability in extinct primates[END_REF][START_REF] Sargis | Evolution of pedal grasping in Primates[END_REF]. Thus, these autopodial elements are important for understanding the evolution of locomotor diversity within the different clades of euarchontan mammals (Bloch et al., 2007;[START_REF] Ford | Postcranial adaptations of the earliest platyrrhine[END_REF][START_REF] Soligo | Adaptive origins of primates revisited[END_REF][START_REF] Szalay | Locomotor Adaptations as Reflected on the Humerus of Paleogene Primates[END_REF].

This study examines the morphology of the metacarpals, metatarsals, proximal, intermediate and distal phalanges of various extant primate and non-primate species and a few euprimate and plesiadapiform fossils. The goal is to provide an integrative dataset in order to help identify and compare morphological features of hands and feet autopodial morphology regarding their phylogenetic or functional relationships. I performed an osteological analysis, including the usual intrinsic proportions and morphological indices used in the literature, and adding other ones, to retain as much information as possible.

The aims of this study were: i) to investigate whether it is possible to help attribute isolated phalanges to either hand or foot and to which digit, which is particularly interesting in the case of fossil specimens, ii) to investigate which are the morphological features that are the more informative in terms of phylogenetical or functional signal, iii) to investigate whether it would be possible to bring new characters that could be of interest to improve matrices for future phylogenetic studies, and iv) to investigate whether it would be possible to help evaluate the locomotor and postural adaptations of fossils specimens. To this end, I tried to perform a first bridge between my behavioral data and these morphological data, and I focused on the case of Plesiadapis species, in order to assess its functional implications concerning substrate preference and positional behavior.

Material and methods

Specimens studied

Extant species data collection I collected data from either articulated or disarticulated complete hands and feet (when feasible) for a total of 80 adult individuals from 9 species of strepsirrhine primates, 11 species of platyrrhine primates, 2 species of tarsiiform primates, 2 species of dermopterans, 3 species of scandentians, 9 species of rodents, 4 species of carnivorans and 2 species of marsupials (table 4.1.). The species were selected according to: i) their phylogenetic relationships, ii) their small to medium body mass, and iii) their locomotor adaptations, with primate species displaying a broad variety of arboreal positional behaviors, from quadrupedal generalist to arboreal vertical leaper, and some non-primate arboreal specialists known to possess convergent morphologies and analogous locomotor diversity (e.g., Caluromys, [START_REF] Lemelin | Morphological correlates of substrate use in Didelphid marsupials: Implications for primate origins[END_REF]Lemelin & Schmitt, 2007;[START_REF] Rasmussen | Primate origins: Lessons from a neotropical marsupial[END_REF]; Potos, [START_REF] Lemelin | Grasping Performance In Saguinus Midas And The Evolution Of Hand Prehensility In Primates[END_REF][START_REF] Mcclearn | Locomotion, Posture, and Feeding Behavior of Kinkajous, Coatis, and Raccoons[END_REF]). Other arboreal non-primates, such as gliders (dermopterans), claw climbers (sciurids and carnivorans), and two terrestrial genera (the rodents Marmota and Dasyprocta) were included as comparative material. In consistency with Chapter 2, I tried insofar as possible to collect morphological data from the same species or genus for which I quantified manual and pedal postures regarding the substrate use. This selection would contribute to testing whether hand and foot metapodial and phalangeal morphology displays either i) a phylogenetical signal, and/or ii) a functional signal related to specific arboreal positional behaviors.

Measurements were taken directly on skeletal material from the osteological collections of three different institutions: Muséum National d'Histoire Naturelle (MNHN, Paris), British Natural History Museum (NHM, London), and Field Museum of Natural History (FMNH, Chicago). One specimen of Ptilocercus lowii (FMNH 57450) was measured from microtomography scans that I segmented under the Mimics Research Edition 20.0 (x64) software. The fossil material of the genus Plesiadapis consisted of: Pl. tricuspidens [START_REF] Beard | Postcranial Anatomy, Locomotor Adaptations, and Paleoecology of Early Cenozoic Plesiadapidae, Paromomyidae, and Micromomyidae (Eutheria, Dermoptera)[END_REF][START_REF] Russell | Les Mammifères Paléocènes d'Europe[END_REF]Szalay et al., 1975) from the Cernay-les-Reims and Berru localities of late Paleocene (Paris Basin, France), usually estimated with a body mass around 2,5 Kg [START_REF] Fleagle | Primate Adaptation and Evolution (Academic P)[END_REF][START_REF] Silcox | The evolutionary radiation of plesiadapiforms[END_REF] ; Pl. insignis [START_REF] Beard | Postcranial Anatomy, Locomotor Adaptations, and Paleoecology of Early Cenozoic Plesiadapidae, Paromomyidae, and Micromomyidae (Eutheria, Dermoptera)[END_REF][START_REF] Gingerich | Cranial anatomy and evolution of early tertiary Plesiadapidae (Mammalia, Primates)[END_REF][START_REF] Piton | Paléontologie du gisement éocène de Menat (Puy-de-Dôme)[END_REF] previously illustrated and described in Chapter 1, from the Menat basin locality of late Paleocene (central France) with an estimated body mass around 700 g [START_REF] Boyer | Plesiadapiformes," Mammalia) from North America and Europe: description and evolutionary implications[END_REF] ; and the new Pl. species from Le Quesnoy locality [START_REF] Nel | An exceptional Sparnacian locality with plants, arthropods and vertebrates (Earliest Eocene, MP7): Le Quesnoy (Oise, France)[END_REF] of Earliest Eocene (Oise, northern France) which appears quite similar to Pl. tricuspidens in size and body mass (see Chapter 1).

Concerning the other fossil material, because of time and administrative constraints, I was not able to access specimens directly or acquire associated 3D scans of my targeted species. Therefore, as a preliminary solution, I took measurements from photographs and illustrations provided in the literature (table 4.2.). I thus measured two other plesiadapiforms from northwestern Wyoming (US): the carpolestid Carpolestes simpsoni from the SC-62 limestone locality (body mass around 100g, [START_REF] Bloch | Carpolestes Simpsoni, new species (Mammalia, Proprimates) from the late paleocene of the Clarks fork basin, Wyoming[END_REF]), and the micromomyid Dryomomys szalayi from the SC-327 limestone locality, with an estimated body mass around 30g (Bloch et al., 2007[START_REF] Bloch | Cranial anatomy of Paleogene Micromomyidae and implications for early primate evolution[END_REF]. I measured also two early Eocene Euprimates: Teilhardina belgica from the Dormaal locality (western Belgium) with estimated body mass of 30-60g [START_REF] Gebo | New postcranial elements for the earliest Eocene fossil primate Teilhardina belgica[END_REF][START_REF] Gebo | Additional postcranial elements of Teilhardina Belgica: The oldest European primate[END_REF], and Archicebus achilles from the Jingzhou locality (Hubei Province, China) with estimated body mass of 20-30g [START_REF] Ni | The oldest known primate skeleton and early haplorhine evolution[END_REF]. Finally, I measured two Euprimates from the Middle Eocene sediments of Messel (near Darmstadt, Germany): Darwinius masillae with estimated body mass of 660g [START_REF] Franzen | Complete primate skeleton from the middle Eocene of Messel in Germany: Morphology and paleobiology[END_REF] and Europolemur kelleri [START_REF] Franzen | Europolemur completed[END_REF]Godinot & Beard, 1993;[START_REF] Hamrick | Primate origins: Evolutionary change in digital ray patterning and segmentation[END_REF][START_REF] Koenigswald | Ein Lemurenrest aus dem eozanen Olschiefer der Grube Messel bei Darmstadt[END_REF][START_REF] Von Koenigswald | Pedal distal phalanges of the Eocene adapoids Europolemur and Darwinius compared to phalanges of Notharctus and other primates[END_REF] with estimated body mass of 1,5 Kg (Boyer et al., 2013b;[START_REF] Von Koenigswald | Pedal distal phalanges of the Eocene adapoids Europolemur and Darwinius compared to phalanges of Notharctus and other primates[END_REF].

Concerning the isolated fossil elements (i.e., not found in connection to identified skeletal material: Plesiadapis tricuspidens, Plesiadapis from LeQuesnoy and Teilhardina belgica), attribution of metapodials and phalanges to an associated digit number and manual or pedal element were first assessed based on previous observation and literature (table 4.2.), but their attribution will be further discussed. 

Morphometric measurements

The measurements were taken on each digit (I, II, III, IV, V) of the hand and of the foot of each specimen (when possible) and I considered only complete bones, excluding all broken ones from the analyses. A total of 31 distance measurements were taken on the metacarpals, metatarsals, proximal phalanges, intermediate phalanges and distal phalanges of both extant and fossil specimens (table 4.3.; figure 4.1.). Some of these measurements have been previously used as functional indicators of arboreality or terrestriality in mammals [START_REF] Begun | Catarrhine phalanges from the Late Miocene (Vallesian) of Rudabánya, Hungary[END_REF][START_REF] Begun | New catarrhine phalanges from Rudábanya (Northeastern Hungary) and the problem of parallelism and convergence in hominoid postcranial morphology[END_REF][START_REF] Begun | Comparative and functional anatomy of Proconsul phalanges from the Kaswanga Primate Site, Rusinga Island, Kenya[END_REF][START_REF] Hamrick | Anthropoid phalanges from the Oligocene of Egypt[END_REF][START_REF] Meldrum | Manual proximal phalanx of Laccopithecus robustus from the late Miocene site of Lufeng[END_REF][START_REF] Nakatsukasa | Comparative and functional anatomy of phalanges in Nacholapithecus kerioi , a Middle Miocene hominoid from northern Kenya[END_REF][START_REF] Patel | Functional morphology of cercopithecoid primate metacarpals[END_REF].

Measurements taken directly from skeletons were obtained using a digital caliper. Measurements obtained from extracted surfaces of 3D scans (Ptilocercus lowii, FMNH 57450) were taken using the Mimics Research Edition 20.0 software. Measurements taken from photographs (some fossil specimens) were obtained using the ImageJ software [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF]. For the latter, as either photographs or fossilized condition (e.g. crushed specimens on slabs) did not permit visualization of the complete articular morphology, I only measured lengths and widths and/or heights when possible. 3.

(13) proximal facet width: medio-lateral dimension of the proximal articular surface ( 14) proximal facet height: dorso-ventral dimension of the proximal articular surface (15) proximal facet dorsal width: medio-lateral dimension of the dorsal surface of the proximal facet ( 16) proximal facet ventral width: medio-lateral dimension of the ventral surface of the proximal facet (17) distal facet width: medio-lateral dimension of the distal articular surface (18) distal facet height: dorso-ventral dimension of the distal articular surface (19) distal facet dorsal width: medio-lateral dimension of the dorsal surface of the distal facet (20) distal facet ventral width: medio-lateral dimension of the ventral surface of the distal facet [START_REF] Pc | Intermediate phalanx length + proximal phalanx length]/ humerus length) of digit III or IV: (0) less than 35%[END_REF] distal facet dorsal extension: proximo-distal dimension of the dorsal articular surface of the distal facet [START_REF] Pc | Prehensility index of digit III of the manus: (0) intermediate phalanx less than 80% of metacarpal length; (1) greater than or equal to 80%[END_REF] distal facet ventral extension: proximo-distal dimension of the ventral articular surface of the distal facet Distal phalanges (DP) [START_REF] Pc | Anterior inferior iliac spine development: (0) absent[END_REF] total length: proximo-distal dimension [START_REF] Pc | ) blade-like[END_REF] shaft width: medio-lateral dimension at midshaft [START_REF] Pc | Buttressing of acetabulum: (0) no buttressing[END_REF] shaft height: dorso-ventral dimension at midshaft [START_REF] Pc | (2) robust -long craniocaudally[END_REF] claw flexor tubercle heigh [START_REF] Pc | Greater trochanter projection: (0) below femoral head (ratio of femoral length including greater trochanter to that length not including trochanter, but measured to the superior surface of the head, is less than 1); (1) even with femoral head (ratio is between 1 and 1.05)[END_REF] claw flexor tubercle length [START_REF] Pc | AP dimension less than 120% midshaft AP dimension; (1) trochanter AP dimension 120% or greater midshaft AP dimension[END_REF] proximal facet width: medio-lateral dimension of the proximal articular surface [START_REF] Pc | Lesser trochanter orientation: (0) medially projecting; (1) posteromedially or posteriorly projecting[END_REF] proximal facet height: dorso-ventral dimension of the proximal articular surface [START_REF] Pc | lesser trochanter; (2) proximal to lesser trochanter[END_REF] proximal facet dorsal width: medio-lateral dimension of the dorsal surface of the proximal facet [START_REF] Pc | Third trochanter lateral projection: (0) small[END_REF] proximal facet ventral width: medio-lateral dimension of the ventral surface of the proximal facet

Intrinsic proportions and morphological indices

I calculated 3 types of intrinsic proportions and 17 morphological indices from the above linear measurements. I preserved the differences of each digit across the sampled species for potential further analysis, by considering each manual and pedal ray separately.

Digital intrinsic proportions and phalangeal indices are based on measures of total length of the bones. They allow the estimation of the relative length of each bone within the digit. Such proportions are often used focusing on the third digit of the hand to assess manual prehensility [START_REF] Kirk | Intrinsic hand proportions of euarchontans and other mammals: Implications for the locomotor behavior of plesiadapiforms[END_REF][START_REF] Lemelin | Morphological correlates of substrate use in Didelphid marsupials: Implications for primate origins[END_REF][START_REF] Lemelin | Grasping Performance In Saguinus Midas And The Evolution Of Hand Prehensility In Primates[END_REF][START_REF] Napier | Prehensility and opposability in the hands of primates[END_REF]. Herein, I calculated for each digit:

-The proportion of each bone relatively to the total length of the digit: (metacarpal or metatarsal or proximal phalanx or intermediate phalanx or distal phalanx length) / total digit length x 100. This gives the percentage of the given bone length relatively to the total digit length. -The phalangeal index, as usually defined but further including the distal phalanx: (distal phalanx + proximal phalanx + intermediate phalanx lengths) x 100 / (metacarpal or metatarsal length). This estimates the length of the digit relatively to the metacarpal or metatarsal. -The proximal, intermediate and distal indices: (proximal phalanx or intermediate phalanx or distal phalanx length) / metacarpal or metatarsal length x 100. This gives the length of the given bone relatively to the metacarpal or metatarsal.

Morphological indices consist of ratios of measurements of the shaft and articular facets of the bones. They are largely used in the literature to characterize the shape of the bones which is linked to their functional characteristics. They are described in table 4.4. Some of the indices calculated here follow previous analyses, such as the cross-sectional area and the geometric means of articular facets [START_REF] Patel | Functional morphology of cercopithecoid primate metacarpals[END_REF]. Some of these indices are also often used for manual or pedal attribution, like the midshaft shape of proximal and intermediate phalanges. In general, indices cancel-out body-size scaling effects. However, I size adjusted the cross-sectional area by dividing it by the squared cubic root of the body mass (body mass 2/3 ). Body mass is proportional to the third power of linear dimensions and its cube root makes the units comparable to linear measures [START_REF] Christiansen | Locomotion in terrestrial mammals: The influence of body mass, limb length and bone proportions on speed[END_REF]. 16)x( 15)x( 13)) 1/4 (( 29)x( 31)x( 30)x( 28)) 

Curvature and angular measurements quantification

Besides proportions and indices in the functional analysis of bones, phalangeal curvature has also been largely used as a functional feature related to arboreal locomotion. It has been argued that phalangeal curvature of hand and foot proximal phalanges is well correlated to arboreal behavior and associated postures and is particularly used to infer such behaviors in fossils [START_REF] Deane | New approach to quantifying anatomical curvatures using high-resolution polynomial curve fitting (HR-PCF)[END_REF][START_REF] Hamrick | Anthropoid phalanges from the Oligocene of Egypt[END_REF][START_REF] Jungers | Phalangeal curvature and positional behavior in extinct sloth lemurs (Primates, Palaeopropithecidae)[END_REF][START_REF] Richmond | Biomechanics of phalangeal curvature[END_REF][START_REF] Stern | Quantifying phalangeal curvature: An empirical comparison of alternative methods[END_REF][START_REF] Stern | The locomotor anatomy of Australopithecus afarensis[END_REF][START_REF] Susman | Comparative and functional morphology of hominoid fingers[END_REF][START_REF] Susman | Arboreality and bipedality in the Hadar hominids[END_REF].

Phalangeal curvature is usually measured by the radius of curvature, using the included angle method [START_REF] Jungers | Phalangeal curvature and positional behavior in extinct sloth lemurs (Primates, Palaeopropithecidae)[END_REF][START_REF] Stern | Quantifying phalangeal curvature: An empirical comparison of alternative methods[END_REF][START_REF] Stern | The locomotor anatomy of Australopithecus afarensis[END_REF][START_REF] Susman | Arboreality and bipedality in the Hadar hominids[END_REF], see figure 4.2.

Another more recent method, the high-resolution polynomial curve fitting (HR-PCF), models the dorsal curvature of a bone as a polynomial to give a measure of curvature that is independent of length and does not assume uniform curvature across the bone [START_REF] Deane | New approach to quantifying anatomical curvatures using high-resolution polynomial curve fitting (HR-PCF)[END_REF], see figure 4.3.

However, this relationship between phalangeal curvature and locomotion is subject to debate. In a recent PhD study, both curvature measurement methods were tested, in an integrative analysis on several strepsirrhines species. The authors could not find any particular relationship between phalangeal curvature and arboreal behaviors [START_REF] Congdon | Grasping pressures and phalangeal curvature in primates: an experimental in vivo approach[END_REF].

Therefore, I decided to perform a different approach, to measure not only the curvature of the bone, but also the angular information contained in the distal facet. Indeed, both previously described methods always include de total shape of the bone, with the distal facet as a prolongation of the shaft. Here I wanted to assess whether dissociating the shaft from the distal facet would lead to different results and interpretation. Moreover, I wanted to check whether the shape and orientation of the distal facet, which constitutes the articulation and constrains the range of free movement of the digits, would provide additional functional information.

Therefore, with the help of a software engineer I developed a custom image analysis software to extract curvature and distal facet angular information from photographs of the bones in lateral view. This tool extracts three measurements: the total shaft curvature, the distal facet angle, and the eccentricity ratio between the distal facet and the shaft (figure 4.4.).

The total shaft curvature corresponds to the inverse of the radius of curvature. In practice, the user defines several landmark points on the top and bottom contours of the shaft (figure 4.4. yellow points and lines). The software computes the median line between the top and bottom contours and extracts the total curvature using a spline interpolation approach where the shaft length is normalized to one (figure 4.4. purple line).

The distal facet angle corresponds to the measure of the angular portion of a joint. I assess here that the greater it is, the more angular mobility the associated bone should have. The user also draws landmark "edge" points along the distal joint (figure 4.4. blue points and line). The software computes the pseudo-center of these points by numerical optimization From the digital image of the bone (left), the software delimits the external edges of the bone (center) and then computes the dorsal curve by fitting a 2 nd order polynomial after identifying the distal and proximal "corners" of the bone (right).

with the objective of being equidistant to all edge point (figure 4.4. green points and lines). In practice, it is found by minimizing the variance in the distances between points at the edge of the joint and the pseudo-center.

The eccentricity ratio between the distal facet and the shaft permits to quantify whether the center of the facet is in the prolongation of the shafts median line or if there is an offset. The software computes the prolongation of the shaft median line (figure 4.4. grey line) and the associated offset between the median line and the pseudo-radius (figure 4.4. red line). To remove scale effect, we then compute the ratio offset / pseudo-radius. This ratio value is between 0 and 1 (with 0 when the facet pseudo-center is on the prolongation of the shaft).

Statistical analyses

The overall dataset resulted in 3202 measured bones in total, with 425 metacarpals, 449 metatarsals, 855 proximal phalanges, 680 intermediate phalanges and 793 distal phalanges.

Statistical analyses were performed on Matlab (R2014b, © Mathworks) and on R (version 3.3.3 (Core Team R, 2017)).

Depending on the analysis, data of extant specimens were averaged either at the species or genus level. To do so, we computed, for each index/proportion (i.e. variables), the average of its value for all specimens of a same species, ignoring missing data if any. When averaging at the genus level, we employed a second-step schema where species-level averagedmeasures were then averaged by species of the same genus. All the indices and proportions results are presented in Appendix 5 (SI 2). 

Results

Phalangeal attribution

In the case of isolated phalanges, it is often difficult to assess the digit number and whether it is manual or pedal. This is less the case for metapodials and for the first digits (i.e. hallux and pollex), which possess more specific morphologies. But for proximal, intermediate and distal phalanges, we are sometimes confronted with a difficulty. In primates, it is usually admitted that foot metatarsals and phalanges are relatively longer and more robust than hand metacarpals and phalanges (Bloch & Boyer, 2007). Also, the flexor ridges of proximal phalanges are considered to be more developed in feet than in hands, and intermediate phalanges are considered to be more medio-laterally squeezed in feet than in hands (Bloch & Boyer, 2007).

Having a reference dataset on extant and fossil species for which attribution is known, I wondered if it could be possible to leverage upon it to help with attributions.

This type of objective is known as a classification task in machine learning. A classifier is a method that allows assigning a class to various elements. Here, the elements we want to classify are bones with unknown attribution and the class are the possible attributions.

Among the many existing algorithms for classification, we decided to use a Naïve Bayes classifier because of its simplicity and its ability to handle partial or missing data. We addressed separately two types of attributions, given one bone's measurements: (i) try to determine if it belongs to a hand or a foot, and (ii) try to determine which digit number it belongs to. In both cases, we trained separate classifiers for each bone type (distal phalanges, intermediate phalanges, proximal phalanges and metapodials). To determine the most informative indices for each classifier, we used a standard feature selection method on all the dataset. We obtain sets of characters for each bone type that are the most informative for either manual or pedal and digit number assessment. The results and feature selection details are presented in Appendix 5 (supplementary information 1.1, figure SI 4.1.).

When using the best-performing combination of indices, the attribution accuracy of the classifiers is the following table 4.5. As shown in table 4.5., the performance is reasonable for hand or foot assessment. However, this automated attribution is not of very high trustworthiness for the digit number assessment. Nevertheless, in all cases the performance was higher than a "random guess", which allows significantly improving the number of correct attributions when necessary. Therefore, when attribution was lacking for our fossil data, we used these automatic attributions, the results of which can be found in Appendix 5 (supplementary information 1.2, table SI 4.1.).

Extant species hand and foot morphology and phylogenetic relationships

To evaluate which variable and therefore which associated osteological characteristics, are the most representative in terms of phylogenetic attribution, we computed a phylogenetic signal on each variable, for the overall dataset of extant species. Here, variables were averaged for digits 2,3,4 and 5. An exception was made for grooming claws of pedal digit 2 which were not averaged with the other digits.

Similarly to the computation of phylogenetic signal presented in Chapter 2, we used the phylosig function from the phytools toolbox in R, version 0.6-44 [START_REF] Revell | Phytools: an R package for phylogenetic comparative biology (and other things)[END_REF] to compute Pagel's and Blomberg's K. The computation of phylogenetic signal used data averaged at the species level. We used a phylogenetic tree (figure 4.5., with unit length on all edges) detailing the relationships of all extant species analyzed in this study. P values associated with either Pagel's and Blomberg's K were subsequently Bonferroni-Holmes corrected. Interestingly, the variables that bear the strongest phylogenetic signal in the dataset concern the morphology of the distal phalanges. Most aspects of distal phalanges are concerned, such as their length, being relatively smaller in primates (both extant and fossils, see figures SI 4.2. and SI 4.3. of Appendix 5), and their overall morphology, with primates possessing medio-laterally broader and dorso-ventrally flattened distal phalanges (figure SI 4.12.). Moreover, we see a gradient in these features, with strepsirrhine species exhibiting higher degrees of broadening and flattening and haplorhines exhibiting intermediate values, even for the clawed platyrrhine species (figure SI 4.12.). Moreover, there is also a distinction between distal phalanges of the lateral digits and of the first digits, the latter having higher values in primates, and particularly for the hallucal distal phalanges. This is linked to the morphology of the intermediate phalanges distal facets, which are also broader and flatter in primates (figure SI 4.10.).

Moreover, these results show that the morphology of the proximal phalanges does not particularly exhibit high phylogenetic signal, at least for the top 25 list (but see the complete list of results in Appendix 5, table SI 4.2

.).

Finally, some variables that bear high phylogenetic signal concern the metacarpals and metatarsals, and particularly the shape of their distal facet, with a more "round" shape in primates compared to other species, and a more gracile shaft and a proportionally large distal facet relatively to the shaft (figures SI 4.4. and SI 4.5.). Here again, the morphology of the pollical and hallucal metapodials is particular in primates, overall more robust than that of the other digits, compared to non-primate species. Here, results show more variability in the variables more linked with postural data. Interestingly, distal phalanges seem to be less important than for phylogenetic signal, particularly for the hand. But the first digits retain a functional importance, implying that the morphology of the distal pollical and hallucal phalanges is linked with grasping and hands and feet postural abilities. Interestingly, intermediate phalanges do not express a lot of functional importance, with only some shaft indices being retained. It seems that intermediate phalanges are more robust and medio-laterally broader in clawed arboreal quadrupedal walker and climber species (figures SI 4.9.,SI 4.10.,SI 4.11.). Proximal phalanges are, however, much more important. Arboreal species which exhibit less variability in their postural behavior (i.e. rodents, carnivorans), have overall less round-like distal facets and more robust shafts on their proximal phalanges. This suggests that this morphology is related to the grasping capabilities and the range of digits movements. We obtained similar results concerning the metapodials.

Integrating hand and foot morphology to get insight on fossils

The final step of this survey was to integrate all this information and to include fossil specimens, in order to test whether hand and foot metapodial and phalanx morphology could discriminate species in phylogenetically and/or functionally related cluster.

For this purpose, a Principal Component Analysis (PCA) is usually used by optimization methods (e.g. with the ALS algorithm). However, in the present study, some species exhibit important differences with the others (e.g. Dasyprocta). Moreover, several fossil specimens present only partial data, as their preliminary measurements were taken from pictures, having no access to their overall morphology. These tend to make PCA results unstable. To circumvent these drawbacks, we used a different dimensionality reduction method: Principal Coordinate Analysis (PCoA), a.k.a. Multi-Dimensional Scaling (MDS). Unlike the PCA, which is based on the covariance matrix between the variables that represent individuals, the PCoA is based on the distance or dissimilarity matrix between individuals. The PCoA finds an optimal representation of the individuals in a space of lower dimension (in practice d=2 or d=3 to be represented) so as to preserve as much as possible the distance between individuals. More precisely, in our case the dissimilarity matrix between species group is a square matrix 𝐷 with zero diagonal and where the element 𝐷(𝑖, 𝑗) = 𝐷(𝑗, 𝑖) is the distance between the group 𝑖 and the group 𝑗. Because different indices can have different ranges, we first normalized all indices using the Standard Score transformation (Z-score). Then the distance between two groups was computed as the Lp distance (with p = 4/5 since fractional values being recommended when the number of dimensions is higher than 10) on all indices (except where data were missing from either species group), divided by the number of non-missing data dimensions. PCoA coordinates were computed using the mdscale function (Matlab Statistical Toolbox) with the metricstress minimization criterion. I performed a first PCoA analysis on all species, integrating all variables from both hands and feet (figure 4.6.). 
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Discussions

Overall, these results show that metapodials and phalanges morphology are highly informative for both phylogenetical and functional inferences. Also, having gathered a large array of variables allows their comparison and identifying the most informative ones.

The majority of variables seem to contain information, with a few exceptions, such as the metapodials length relative to total digit length (figure SI 4.2.) and variables concerning curvature and distal facet angle degree. Indeed, I could not find any clear relationship between the curvature angle, the distal facet / shaft eccentricity ratio, and arboreal behaviors, particularly on metapodials. However, in proximal phalanges, it seems that platyrrhines overall exhibit higher distal facet / shaft eccentricity ratios than the other species (figure SI 4.8.). Also, intermediate phalanges shaft curvature seems slightly higher in strepsirrhines compared to other species (figure SI 4.11.). But these results are overall not very clear and difficult to interpret. Therefore, measuring phalangeal curvature to assess postural behaviors might not be an accurate method, despite the number of studies aiming at addressing this question [START_REF] Deane | New approach to quantifying anatomical curvatures using high-resolution polynomial curve fitting (HR-PCF)[END_REF][START_REF] Hamrick | Anthropoid phalanges from the Oligocene of Egypt[END_REF][START_REF] Jungers | Phalangeal curvature and positional behavior in extinct sloth lemurs (Primates, Palaeopropithecidae)[END_REF][START_REF] Richmond | Biomechanics of phalangeal curvature[END_REF][START_REF] Stern | Quantifying phalangeal curvature: An empirical comparison of alternative methods[END_REF][START_REF] Stern | The locomotor anatomy of Australopithecus afarensis[END_REF][START_REF] Susman | Comparative and functional morphology of hominoid fingers[END_REF][START_REF] Susman | Arboreality and bipedality in the Hadar hominids[END_REF]. However, these previous works were mainly based on anthropoid phalanges. This could suggest that this method is worthy only for some groups, but not as a general methodology for mammals. Nevertheless, this could also suggest that phalangeal curvature is of use only to dissociate species between relative degree of terrestriality versus arboreality, but not to dissociate more specifically within arboreal behaviors. For instance, an integrative analysis on strepsirrhine species neither did find any clear relationship between curvature and arboreal behaviors [START_REF] Congdon | Grasping pressures and phalangeal curvature in primates: an experimental in vivo approach[END_REF].

Another point is that having a large dataset with reference attribution for extant species allows extrapolating and helping in phalangeal attribution for isolated material. Although the results are still preliminary, it demonstrates that the Naïve Bayes classifier method employed is promising enough to be worthy of further development. We obtained a set of characters that could be of use for attributing isolated phalanges to either manual or pedal or digit number (figure SI 4.1. of Appendix 5). Interestingly, the attributions are best performed using the relative lengths and midshaft ratios, as previously suggested (Bloch & Boyer, 2007), but the shape of facets is also of importance. However, although this method works fairly well for manual or pedal attribution, it still lacks accuracy on digit number attribution, particularly for intermediate and distal phalanges. Indeed, for these isolated elements of Plesiadapis species, the classifier almost exclusively attributed the elements to digit 4 or 3 (figure SI table 4.1.), which is probably not accurate. This can be due to the fact that morphologies can vary a lot depending on the species. Therefore, the dataset needs to be completed to improve the robustness and generalization of such comparative method.

Hands and feet metapodials and phalanges as phylogenetic and functional markers

An interesting result of this study is that when considering all variables together, we obtain naturally a phylogenetic grouping of the different species, as showed in the PCoA in figure 4.6. And phylogenetic clustering is still present when retaining only the variables which express the highest functional signal (figures 4.7. and 4.8.). The fact that a high proportion of the morphology of hands and feet metapodials and phalanges have a phylogenetical signal suggest that overall, these morphologies are strongly related to the evolutionary history of each lineage. Indeed, we obtained a clear dissociation between strepsirrhine and haplorhine primates, despite the fact that these groups were represented by species of quite various morphologies and behaviors (for example, the slow-climber Nycticebus and the specialized leaper Indri, or the claw climber Leontopithecus and the generalized quadruped Aotus). Taken together, this indicates that regardless of functional convergences and variability within groups, each lineage has acquired and conserved distinctive and unique morphologies.

Very interestingly, the variables that bear the strongest phylogenetic signal in the dataset (as measured by the Blomberg's K and Pagel's λ) relate to the morphology of distal phalanges, whereas the variables that bear the strongest functional signal (as measured by the mutual information with postural data) relate mostly to proximal phalanges and metapodials. Yet, this result can be biased by the primate group which bears very apomorphic distal phalanges and this should be further tested by excluding primates from the analysis. Also, results concerning functional signal should be taken with some caution, because currently only 10 species where used to infer the links between morphological and postural data. This uncertainty will be reduced as more species are added to both the postural and morphological datasets and once a more thorough analysis of these links is conducted.

Concerning distal phalanges, primates exhibit specific morphologies, having flat and broad nails, compared to other species. There is a distinction in primates between distal phalanges of lateral digits and of the first digits, the latter being even broader and flatter. As expected, this is particularly pronounced on the hallucal distal phalanges. Also, there is an interesting gradation in these features, dissociating extant strepsirrhines, which exhibit higher degrees of broadening and flattening, from extant haplorhines which exhibit intermediate values, even for the clawed platyrrhines species (figure SI 4.12.). This is interesting with respect to the possibility of using distal shape information to distinguish among primates and echoes with the question about nails being homologous or not between strepsirrhines and haplorhines. Indeed, it is known that extant primates exhibit differences in their distal phalanges morphology and function [START_REF] Godinot | Fossil primate hands: a review and evolutionary inquiry emphasizing early forms[END_REF][START_REF] Maiolino | Morphological correlates of the grooming claw in distal phalanges of platyrrhines and other primates: A preliminary study[END_REF][START_REF] Soligo | Nails and claws in primate evolution[END_REF][START_REF] Spearman | Phylogeny of the nail[END_REF] and the distal phalanges of early haplorhines [START_REF] Dagosto | Implications of postcranial evidence for the origin of euprimates[END_REF][START_REF] Rose | New fossils of the oldest North American euprimate Teilhardina brandti (Omomyidae) from the paleocene-eocene thermal maximum[END_REF] and adapiforms [START_REF] Dunn | New euprimate postcrania from the early Eocene of Gujarat, India, and the strepsirrhine-haplorhine divergence[END_REF][START_REF] Gebo | Foot morphology and evolution in early Eocene[END_REF][START_REF] Maiolino | Evidence for a grooming claw in a north american adapiform primate: Implications for anthropoid origins[END_REF] have also been shown to be strikingly different in their morphology. Yet, the evolution of nails is widely considered a synapomorphy of the group [START_REF] Cartmill | The volar skin of primates: Its frictional characteristics and their functional significance[END_REF][START_REF] Cartmill | New views on primate origins[END_REF][START_REF] Hamrick | Functional and adaptive significance of primate pads and claws: Evidence from New World anthropoids[END_REF][START_REF] Gros | The antecedents of man[END_REF][START_REF] Soligo | Nails and claws in primate evolution[END_REF]. Therefore, it is still difficult to assess whether nails appeared jointly on both hand and foot, or in parallel in different primate lineages as suggested by some researchers (Boyer et al., 2013b;Cartmill, 1974a).

Moreover, in both extant and fossil euprimates included in this analysis, we see that the total length of the digits is overall higher than in other groups (relatively to the size of the animals). This is found also in dermopterans, scandentians and plesiadapiformes included in the analysis. This might be linked to a common higher grasping capability associated with arboreal adaptation, acquired in the ancestral euarchontans.

Also, we see that the relative length of proximal phalanges allows dissociating strepsirrhines from other groups in being longer.

Interestingly, the morphology of the distal facet of intermediate phalanges seems to group together euprimates, dermopterans and scandentians, in being wider relatively to the shaft (figure SI 4.9.). Therefore, we apparently found a Euarchontan signal, probably related to some initial function for adhering onto arboreal substrates.

Taken together, the comprehensive analysis of the information content of variables describing hand and foot metapodial and phalangeal morphology will be useful to improve character matrices used in cladistic studies such as that presented in Chapter 1, as some of these variables allow specific dissociations between groups.

Furthermore, the detailed analysis of some variables reveals interesting corroborative evidence with findings on hands and feet postures presented on Chapter 2.

Particularly, for primates (extant and fossils), we found that metapodials and proximal phalanges of the first digit are more robust than those of the other digits, especially for strepsirrhines, as expected. The same was found for the foot of the marsupial Caluromys. This corroborates findings on behavioral observations and previous works which reported on the one hand that strepsirrhines are more specialized for pollical and hallucal grasping, along with the functionally convergent species Caluromys philander; and on the other hand, that platyrrhines are less specialized for pollical and hallucal grasping, exhibiting more convergent grasps and a lower degree of pollical / hallucal divergence.

Moreover, distal facets of metapodials and proximal phalanges of euprimates are higher and larger than the shafts, with an overall rounder shape compared to other species, along with a more gracile shaft (figures SI 4.4. and SI 4.5.). This probably enables a greater mobility at the metapodial and phalangeal joints and a greater accessible degree of digit movements such as adduction and abduction. This corroborates behavioral findings that primates exhibited overall more variability in their manual and pedal postural repertoire compared to other species, which can be ultimately related to a higher adaptability permitting them to execute more postural combinations, and thus more efficient and versatile foraging in complex environments. Interestingly, this is found also in scandentians and dermopterans, but to a lesser extent, as previously observed (Sargis, 2002b(Sargis, , 2002a;;[START_REF] Youlatos | Pedal grasping in the northern smooth-tailed treeshrew Dendrogale murina (Tupaiidae, Scandentia): Insights for euarchontan pedal evolution[END_REF].

The opposite is seen for non-primate arboreal species which exhibit less variability in their postural behavior and overall less capability of digits movement (i.e. rodents, carnivorans). They have overall less round-like distal facets and more robust shafts on their proximal phalanges and metapodials. Particularly, rodents bear very robust phalanges and metapodials compared to other species. Interestingly, this is also the condition of plesiadapids.

Among variables that display characteristic values in some groups, it is worth noting that longer intermediate phalanges (relative to total digit length) are typical of dermopterans and likely associated to gliding. Interestingly, both Dryomomys szalay and Darwinius masillae also have this characteristic feature, which is somehow surprising for the latter. Yet, given the limited quality of measurements for Darwinius masillae (based on photographs) this might as well be an artifact. Previous analyses on postcranial elements placed Micromomyidae in Dermoptera (Beard, 1993a(Beard, , 1993b)), however integrative analyses found that Dryomomys overall lacks typical features for colugo-like mitten-gliding (Boyer & Bloch, 2008).

Fossils' placement and interpretation

The strong phylogenetic signal present in the data is also confirmed by the position of fossils among extant species as visible in figure 4.6. More precisely, the two adapiforms Darwinius masillae and Europolemr kelleri are close to extant strepsirrhines whereas the omomyiform Teilhardina belgica as well as Archicebus achilles are closer to haplorhines, as expected. Interestingly, the position of the plesidapiforms included in this study is more singular, with Carpolestes simpsoni and Dryomomys szalayi falling in between strepsirrhines and haplorrhines, but the three species of Plesiadapis falling closer to rodents. This is interesting given that the relationship of Plesiadapiformes is still debated (see Chapter 1) and corroborates the important variability existing within this group [START_REF] Silcox | The evolutionary radiation of plesiadapiforms[END_REF].

Similar results were obtained when only considering the variables with the highest functional signal related to postural data (figures 4.7. and 4.8.), except for the foot of Carpolestes simpsoni which appears among strepsirrhines, confirming its probable analogous function [START_REF] Bloch | Grasping primate origins[END_REF][START_REF] Gebo | On grasping[END_REF][START_REF] Kirk | Comment on "Grasping primate origins[END_REF], while the hand of Dryomomys szalayi is closer to the less specialized quadrupedal generalist platyrrhine species. However, except for Plesiadapis species, fossil data were scarce and partial given the material used (photographs) which calls for caution regarding these interpretations. Confirmations are needed by updating the present analysis with more complete fossil data.

Therefore, it would be very informative to complete these data in order to perform a more in-deep analysis of the respective functional significance of the fossils included, compared to other species.

In the case of Plesiadapis species, however, this integrative study, combined with results of Chapter 1, permits to perform a preliminary functional analysis of its autopodial elements. Previous functional analyses of Plesiadapids generally suggested quadrupedal activities, as well as frequent vertical claw climbing, similar to extant arboreal or scansorial squirrels (Bloch & Boyer, 2007;[START_REF] Gingerich | Cranial anatomy and evolution of early tertiary Plesiadapidae (Mammalia, Primates)[END_REF][START_REF] Godinot | Fossil primate hands: a review and evolutionary inquiry emphasizing early forms[END_REF][START_REF] Jouffroy | Biometrical characteristics of primate hands[END_REF][START_REF] Kirk | Intrinsic hand proportions of euarchontans and other mammals: Implications for the locomotor behavior of plesiadapiforms[END_REF][START_REF] Russell | Les Mammifères Paléocènes d'Europe[END_REF]Szalay et al., 1975;[START_REF] Szalay | Locomotor Adaptations as Reflected on the Humerus of Paleogene Primates[END_REF][START_REF] Youlatos | Locomotor adaptations of Plesiadapis tricuspidens and Plesiadapis n. sp. (Mammalia, Plesiadapiformes) as reflected in selected parts of the postcranium[END_REF]. This is corroborated by our results, with all three Plesiadapis species falling close to arboreal rodents. We found that Plesiadapis species globally possess short and robust metapodials and phalanges, similar to those of extant arboreal rodents and carnivorans. Also, the morphology of the proximal and distal facets overall suggests that they were less able at digit mobility compared to primates, and its claws morphology is very particular, being very robust and thick proportionally to the digit. Their long and powerful claws and overall autopodial morphology indicates that Plesiadapids were probably scansorial mammals, adapted to climbing and moving on large diameter substrates of either horizontal or vertical inclination. Moreover, the limb and autopodial morphology of Plesiadapis insignis indicates a higher accessible degree of prehensility compared to Pl. tricuspidens and Pl. from Le Quesnoy, suggesting that it was probably more capable of using medium diameter substrates. Also, it seems that Plesiadapis appears to be among the least specialized plesiadapiforms, and it is likely that this positional behavior may represent that of the ancestral Euarchontan [START_REF] Silcox | The evolutionary radiation of plesiadapiforms[END_REF].

Are nails that important for locomotion?

A crucial finding in this chapter is that although nails matter for phylogenies, they appear less important when it comes to locomotor function. This overlaps with findings on hand and foot postures relatively to support type detailed in chapter 2.

However, this assertion needs to be nuanced in the case of the first digit distal phalanges which in turns seem to be strongly related to the hallucal (and to a lesser extent pollical) grasping specialization of Primates. Indeed, the nailed first digits of Primates facilitates a firm grip, an adaptation that is visible in convergent mammal species such as the marsupial Caluromys philander [START_REF] Youlatos | Hallucal grasping behavior in Caluromys (Didelphimorphia: Didelphidae): Implications for primate pedal grasping[END_REF] and the plesiadapiform Carpolestes simpsoni [START_REF] Bloch | Grasping primate origins[END_REF] which possess a broader and flatter distal phalanx on their hallux. However, these species possess claws on their lateral digits. Therefore, the idea that nails on lateral digits of Primates do not play an important role in locomotion seems interesting to investigate. From these observations we thus can wonder why primates have nails on lateral digits given that nails on the first digit are the only ones seemingly conferring a locomotor advantage? Following this line of thought we can further wonder if the reason for primates to having nails on hands given that feet exhibiting a nail on the first digit along with a divergent capability, could be sufficient to provide a strong grasp and associated locomotor advantages. Interestingly, other non-primate species bearing claws on all digits have been reported to be capable of pedal grasping and using narrow substrates, like the scandentia Ptilocercus lowii (Sargis, 2001) or arboreal rodents [START_REF] Urbani | Positional behavior and substrate use of Micromys minutus (Rodentia: Muridae): Insights for understanding primate origins[END_REF][START_REF] Youlatos | Pedal grasping in an arboreal rodent relates to above-branch behavior on slender substrates[END_REF]. Yet, these species are relatively small. Therefore, a hypothesis is thus that nails on all digits would constitute an improved force distribution system during locomotion and grasping in larger species, e.g. when primates became larger [START_REF] Adams | Finger pad friction and its role in grip and touch[END_REF][START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Hanna | The energetic cost of climbing in primates[END_REF][START_REF] Soligo | Nails and claws in primate evolution[END_REF]. Indeed, for species with a large body size (e.g. 1 kg), having nails on all digit seems to provide a steadier grip while climbing on vertical substrates [START_REF] Hanna | The energetic cost of climbing in primates[END_REF][START_REF] Soligo | Adaptive origins of primates revisited[END_REF].

But another important feature of primates phalangeal morphology is the presence of apical pads that harbor numerous tactile mechanoreceptors such as Meissner corpuscules [START_REF] Hamrick | Functional and adaptive significance of primate pads and claws: Evidence from New World anthropoids[END_REF](Hamrick, , 2001a;;[START_REF] Hirasaki | Meissner corpuscles and somatosensory acuity: The prehensile appendages of primates and elephants[END_REF][START_REF] Mittra | Comparative morphometrics of the primate apical tuft[END_REF][START_REF] Verendeev | Comparative analysis of meissner's corpuscles in the fingertips of primates[END_REF]. These obviously improve the sensing capabilities of fingertips, and has been shown to be related with fine manipulative abilities in humans and other catarrhines [START_REF] Cauna | Nature and Functions of the Papillary Ridges of the Digital Skin[END_REF][START_REF] Dandekar | 3-D Finite-Element Models of Human and Monkey Fingertips to Investigate the Mechanics of Tactile Sense[END_REF][START_REF] Maeno | Relationship between the Structure of Human Finger Tissue and the Location of Tactile Receptors[END_REF]. Accordingly, I advocate that possessing nails on all digits, and particularly on hands, wasn't selected for their role in locomotion on narrow branches as previously considered, but during a subsequent phase, for the advantages they provide in manipulation and sensitivity. It is indeed possible that nails, altogether with the associated distal pad morphology (bearing mechanoreceptors and fingerprints) confer an evolutionary advantage in manipulative ability compared to clawed species. This is particularly interesting considering that early primates evolved in a complex arboreal environment, and had a rich omnivorous diet, probably composed of leaves, fruits and insects. Therefore, the ability to finely grasp and manipulate pieces of food, and to catch mobile food items, would have conferred to primates a great advantage.

In a previous study on Microcebus murinus, I tested the impact of food type (e.g. static or mobile fruits or insects) on the use of mouth versus hands for food grasping (Toussaint et al., 2015). Results showed clearly that food mobility is the primary factor driving the use of hands over mouth for grabbing food. Therefore, possessing sensitive pads on the hands probably plays an important role in grasping mobile food source, and this could have been selected early in primate evolution, along with a divergent hallux needed as well to ensure a strong pedal grip, which ultimately helped free up hands.

The fact that possessing nails on lateral digits can yield some advantage doesn't preclude scenarios where nails appeared first on the first digit together with the hallux / pollex opposability. More work is thus needed to figure out the detailed evolutionary history of nails. What early nails looked like? Was the transition progressive starting with a shortening of the claw prior to its flattening or was it the other way around or contemporarily? At last, to what extent these transformations were related to those of apical pads?

However, in addition to weighting the possible adaptive advantage of nails on hands vs feet and on the first digit vs the lateral digits, it would be informative to consider the developmental and genetic mechanisms involved in digit extremities. More precisely, we need to consider to what extent the different digit extremities are stemming from the exact same underlying genetic mechanisms. In which case developing a nail on some fingers only would require more mutations thnt a change affecting all digits. Such genetic covariation between hand and feet exists in human and it is likely that this situation was already in place in early mammals and even tetrapods [START_REF] Rolian | THE COEVOLUTION OF HUMAN HANDS AND FEET[END_REF]. Nevertheless, the environmental and phenotypic selective pressure landscape in which these structures emerged is very complex and still largely uncertain. Consequently, studying the ontogenetic processes related to the development of these organs could bring valuable complementary information for reconstructing their evolutionary history.

Given the scope and size of the dataset presented here, it makes no doubt that further in-depth analyses are needed. Also, adding more species for which hands and feet postures are characterized as in chapter 2 will importantly increase the reliability of posturemorphology relationships discussed here. At the same time, completing fossil data with measurements made on specimens directly or on detailed scans is necessary to improve their interpretation. At last, it would be interesting to add non-primate fossils such as the carnivore Vulpavus ovatus or the rodent Paramys to serve as additional reference points to interpret primate fossils.

General conclusions and perspectives

Questions surrounding primate origins have been studied for decades. They are vast, complex, and forging a comprehensive understanding requires compiling knowledge from various fields, which all have their own subtleties. This thesis presented an attempt at employing an interdisciplinary approach on some of these questions. True interdisciplinary research is genuinely difficult as one cannot be an expert in every discipline at play but still needs to understand profoundly each one of them to construct an integrative view of a question. When weaving such an interdisciplinary project, a researcher is walking on a thread: overlooking some details from one discipline may considerably weaken the whole integrative construct, and at the same time going too far in-depth into one field bears the risk to lose the globality of the approach.

As it appears in the structure of this thesis, I wanted to interweave cladistics, ethology, biomechanics and comparative anatomy. To this aim, I used and created methods which could provide quantitative data whenever possible. Relating such varied datasets is also challenging and rather rare in the literature. To this end, I tried to consistently incorporate the same species to serve as reference points when crossing the different datasets. Although some subcomponents of this thesis are still preliminary, the overall approach was meant as a longterm project for which the presented work is a basis.

In addition to the methodological contributions, this study elicited interesting findings. Overall, we found that hands and feet constitute both phylogenetic markers and functional indicators of postural and grasping capabilities, when investigating euprimate relationships within euarchontans and other arboreal models. Primates are distinguished by their more diversified repertoire of postures, which is in line with their characteristic morphology enabling more mobility in autopods. In addition to providing distinguishing features of primates and non-primates, our combined studies of hand and foot posture and morphology spotted notable differences between strepsirrhines and haplorhines (in our case platyrrhines) in digit use and morphology, including the role of the hallux / pollex and nails.

Moreover, we found that the substrate type influences greatly hand and foot postures. Increasing substrate inclination was related to decreasing postural diversity, thus revealing the severe mechanical constraints imposed by vertical substrates. Also, we found that the hallux and pollex play a crucial role for grasping and climbing small vertical substrates, even in non-primates. In contrast nails seem less important in locomotion, and particularly in grasping narrow branches. Overall, distal phalanges (nails versus claws) appear to be much more important as a phylogenetic marker than as a biomechanical feature. An important exception concerns the nail on the first digit of primates (especially the hallux) which appears to play an important role in holding and firm grasping, as corroborated by non-primate species having a convergent grasping mechanism (e.g. the marsupial Caluromys). But, having nails on lateral digits seems less important for locomotion. Alternatively, nails on lateral digits may be related to pad sensitivity, therefore enabling better manipulative ability compared with other mammals.

Moreover, although no exploitable primate mechanical data was obtained yet with the developed force sensor, this massive work of technical development is soon to payout as demonstrated by validation experiments. This technology has a great potential as hinted by the preliminary information obtained with a much simpler and limited pressure mapping system.

Finally, the reappraisal of the morphology of the plesiadapid genus Plesiadapis via imaging techniques allowed demonstrating that its auditive bulla was non-petrous, that it bore a claw on the hallux and probably had a rather poor pedal grasping capability as inferred by our integrative study on postures and morphology. Furthermore, we showed that the latest phylogenies focusing on primate origins lack robustness along with evidence that weakens the hypothesis of plesiadapoids as sister-group to euprimates.

Consequently, these results might affect the ecological scenarios for euprimate origins as well as the sequence of acquisition of the features that distinguish primates from other mammals. The evolution of grasping is central in primate evolution, and thus central in the scenarios that have been proposed for explaining the early transition from a non-primate model to a primate one. These concern: the acquisition of a grasp-leaping mode of locomotion [START_REF] Dagosto | Implications of postcranial evidence for the origin of euprimates[END_REF], 2007[START_REF] Szalay | Locomotor Adaptations as Reflected on the Humerus of Paleogene Primates[END_REF], 1988;[START_REF] Szalay | Evolutionary history of the Primates[END_REF], the evolution of features adapted for visually-directed predatory behavior [START_REF] Cartmill | Arboreal adaptations and the origin of the order Primates[END_REF][START_REF] Cartmill | Pads and claws in arboreal locomotion[END_REF][START_REF] Cartmill | New views on primate origins[END_REF][START_REF] Cartmill | Primate origins, human origins, and the end of higher taxa[END_REF], and an adaptation for exploiting terminal-branch environment during angiosperm diversification [START_REF] Sussman | Primate origins and the evolution of angiosperm[END_REF][START_REF] Sussman | Rethinking Primate Origins Again[END_REF][START_REF] Sussman | Pollinisation of flowering plants by lemurs and marsupials: a surviving archaic coevolutionary system[END_REF].

We found similarities between euarchontan species observed for several functional and phylogenetic characters, supporting that arboreality evolved in the ancestor of Euarchontans and that this trait was retained in the ancestor of Euprimates (Sargis, 2001(Sargis, , 2002;;[START_REF] Szalay | Evolution and diversification of the Archonta in an arboreal milieu[END_REF]. But our results also suggest that plesiadapoids may not be a sister taxon of Euprimates. This questions the hypothesis that Euprimates stemmed from Plesiadapiformes and that they acquired, in common with plesiadapoids, their typical pedal grasping, including and opposable big toe with a nail (Bloch et al., 2007;[START_REF] Bloch | Grasping primate origins[END_REF][START_REF] Sargis | Evolution of pedal grasping in Primates[END_REF]. Thus, we rather propose that this trait evolved independently in the two groups [START_REF] Cartmill | Primate origins, human origins, and the end of higher taxa[END_REF][START_REF] Gebo | On grasping[END_REF][START_REF] Godinot | Primate origins: A reappraisal of historical data favoring tupaiid affinities[END_REF][START_REF] Kirk | Comment on "Grasping primate origins[END_REF]. Moreover, Plesiadapiformes lack features associated with specialized leaping [START_REF] Beard | Postcranial Anatomy, Locomotor Adaptations, and Paleoecology of Early Cenozoic Plesiadapidae, Paromomyidae, and Micromomyidae (Eutheria, Dermoptera)[END_REF]Bloch et al., 2007;[START_REF] Bloch | Grasping primate origins[END_REF], 2007;[START_REF] Gingerich | A new skeleton of Plesiadapis cookei[END_REF][START_REF] Silcox | The evolutionary radiation of plesiadapiforms[END_REF]Szalay et al., 1975;[START_REF] Szalay | Locomotor Adaptations as Reflected on the Humerus of Paleogene Primates[END_REF]. But leaping seems to have been acquired early in euprimate evolution (Boyer et al., 2017;[START_REF] Dagosto | Models for the origin of the anthropoid postcranium[END_REF][START_REF] Szalay | Locomotor Adaptations as Reflected on the Humerus of Paleogene Primates[END_REF]. Therefore, it seems plausible that the acquisition of grasping specialization was delayed in primate evolution, and that leaping capability was more anterior, allowing animals to use large vertical substrates such as trunks [START_REF] Dagosto | Implications of postcranial evidence for the origin of euprimates[END_REF], 2007[START_REF] Szalay | Locomotor Adaptations as Reflected on the Humerus of Paleogene Primates[END_REF], 1988;[START_REF] Szalay | Evolutionary history of the Primates[END_REF]. Moreover, according to our results, we propose that the acquisition of a foot specialized for grasping, along with a nail on the hallux and manual prehensile capability, were probably not an adaptation for terminal-branch locomotion in Primates, but rather an adaptation for climbing vertical substrates and particularly lianas, which enabled animals to connect from lower tree strata to upper strata and to develop an ability for more agile behaviors. Additionally, we propose that nails on lateral digits would have been acquired later in primate evolution, also not as an adaptation for fine branch locomotion, but rather as a process involving the evolution of digital sensing capabilities and the acquisition of a visually improved system. This would have enabled animals to better grasp / catch and manipulate fruits and insects for feeding behaviors in a complex arboreal environment, while staying firmly hanged onto arboreal substrates with their feet. Thus, this partly supports the visually-directed grasping hypothesis.

Finally, the present work leads to further perspectives. Primarily, enlarging the current postural and morphological datasets with more species would strengthen the quantitative links between the two. Particularly, it is important to collect behavioral, biomechanical and morphological data for the same species, to be able to accurately strengthen these quantitative relationships. Also, adding biomechanical findings and data such as those provided by the developed force sensor is a promising direction and would help further disentangle functional and phylogenetic cues in morphology and help assessing whether nails do permit to ensure a better force distribution while climbing or not.

Moreover, extending the integrative model developed here to add studies on leaping mechanism would be very powerful to test our hypotheses, as leaping properties are crucial in primate evolution. For example, comparing leaping properties between the specialized strepsirrhines, the more generalized platyrrhines, and other non-primate models, taken together with their manual and pedal postural capabilities and morphology (especially the tarsus), would yield a more complete assessment of the overall mechanical constraints at play during arboreal locomotion and what are the particularities in primates.

Considering the results of this thesis, it would be very interesting to investigate further whether there is a relation between apical pad morphology and tactile sensitivity as well as manipulative capability. Does the specific morphology of primate pads improve their tip sensitivity, making manipulation finer and therefore more efficient? To what extent this improvement of manipulation compares to the capability to use their digits independently? These questions could be investigated with methods similar to those developed in this thesis with coupled ethological and anatomical studies of the mechanoreceptors present in the skin.

This information on hands and feet would also benefit from being comprehensively integrated with information on other postcranial, cranial and dental specificities, and to the fossil record of both fauna and flora, to verify whether the proposed scenarios are overall adequate.

Finally, future reappraisal of matrices of characters in the light or results obtained through this integrative study should help improving the resolution of early primate phylogenies and relationships within euarchontans. These issues will be addressed shortly.

Appendix 1. Creation of an automated portable light dome for application of Reflectance Transformation Imaging (RTI) to paleontology

At the beginning of my second year of PhD, an entomologist colleague (Olivier Béthoux), knowing my taste for designing and building systems, asked me whether I would be interested in creating a system permitting to apply an imagery technique (called Reflectance Transformation Imaging) to insect wing fossils. This was not planned in my schedule, but I found the project and the methodology very exciting and of potential use for my own research and for other colleagues as well. I decided to accept the challenge and to design and make a light dome. Components were funded by our laboratory (CR2P, UMR7207), and we made the system at the OpenLab, a prototyping laboratory housed at the CRI (Center for Research and Interdisciplinarity). This project drove me to participate in two publications about insect wings (Béthoux et al., 2016;Cui et al., 2018). I then used the light dome, associated with the RTI technique, for my own research, in the reexamination of the Plesiadapis insignis specimens (chapter 1), and in the context of a collaboration with D. Boyer and M. Godinot on the analysis of the most primitive euprimate Donrussellia provincialis (Boyer et al., 2017). The light dome we made is now largely used by different colleagues and institutions, and the laboratory funded us another system that will be installed in a dedicated room, to be available for the entire laboratory.

Goal and context

In the case of flat or sub-plan fossils, generally consisting in imprints, there is a difficulty to produce and share informative data. These specimens are often not adequate for microtomography technique as they usually do not present 3D bone remaining. However, they exhibit informative relief variation on their surface which necessitates extensive manipulation and varying light orientation to be completely revealed. This is time consuming and the resulting observations can be very difficult to illustrate with simple photographs. Some techniques such as surface laser scanning can provide suitable results, but they are very expensive (a standard equipment cost tens of thousands of euros) and are not user friendly really. Ideally, analyzing these specimens would be more convenient with an interactive file allowing the user to modify the lightening angle at will. Therefore, we turned toward another method, less costly and easier to set up: Reflectance Transformation Imaging technique (RTI), also known as Polynomial Texture Mapping (PTM) [START_REF] Malzbender | Enhancement of Shape Perception by Surface Reflectance Transformation[END_REF][START_REF] Malzbender | Polynomial texture maps[END_REF]. This imagery method, based on photography, was designed to capture shape and color of a flat object surface, and to interactively visualize it, with the ability to modify the object illuminating angle. Moreover, enhancement functions permit to magnify relief details and to reveal surface information than can be difficult to see or represent otherwise. This technique was developed by Cultural Heritage Imaging corporation (http://culturalheritageimaging.org ) and Hewlett-Packard (HP) company. Software for data processing (RTIBuilder) and result visualization (RTIViewer) are free and very easy to use, with different tutorials provided on the website. So far, this technique has mainly been used in archeology, to study artefacts and ancient monuments, such as engraving (figure 5.1., [START_REF] Malzbender | Polynomial texture maps[END_REF]) or papyrus (figure 5.2.) (see also [START_REF] Earl | Polynomial texture mapping and related imaging technologies for the recording, analysis and presentation of archaeological materials[END_REF][START_REF] Earl | Reflectance transformation imaging systems for ancient documentary artefacts[END_REF][START_REF] Happa | Illuminating the past: State of the art[END_REF][START_REF] Piquette | Reflectance Transformation Imaging ( RTI ) and Ancient Egyptian Material Culture[END_REF][START_REF] Piquette | Scribal Practice and an Early Dynastic Stone Vessel Inscription: Material and aesthetic implications. A Good Scribe and an Exceedingly Wise Man: Studies in Honour of W[END_REF], but less in paleontology (figure 5.3., [START_REF] Hammer | Imaging Fossils Using Reflectance Transformation and Interactive Manipulation of Virtual Light Sources[END_REF]). However, we believe that this technique has a real potential in the field of paleontology and should be spread more broadly, to the benefit of researchers as well as collection managers. 

Principle of RTI

The RTI reconstruction model is built from a set of photographs of the object (usually 50 to 70). The camera and the object are always fixed. Only the illumination angle varies on each photograph. The light used to illuminate the object must come from a punctual source, such as a flash or a lamp, and must be kept at the same intensity and distance from the object for all photographs (figure 5.4.). The reconstruction algorithm (RTIbuilder software) can find the light orientation in each photograph thanks to the addition of one or two reflective beads positioned near the object. It then calculates the behavior of each pixel regarding the orientation of the light source and finally compiles all photographs in one file. The latter is an interactive augmented 2D image where the light orientation can be modified at will, capturing micro-asperities of the object surface. Details of reflection principle and RTI mathematical 
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Creation of a portable and automated light dome for RTI application

We designed our own portable light dome (figure 5.6.), with the objective of making a more user-friendly, portable, automatic and affordable system. All necessary components cost around 400€ (special funding from the UMR 7207) and it took us a few days to build it and have it running.

We used an acrylic hemisphere of 30 cm diameter, on the top of which we cut an opening for the camera's objective, along with regularly spaced drillings all over the shell for the LEDs. We glued 68 RGB addressable LEDs, arranged in 4 rows and connected one to one another. The inner part of the dome was painted in matte black to avoid unwanted reflections during data acquisition. An electronic microcontroller (Arduino) drives both the LEDs and the camera shutter and allows the automated acquisition (1 light source = 1 photograph, resulting in 68 photographs for each acquisition session). We designed a control box permitting to adjust acquisition settings (light intensity, exposure time, tests, start, pause…) and to perform acquisitions without the need of a computer. As reflective beads, we use metallic black pearls of various sizes or balls from ballpoint pen tips, depending on the size of the objects (fossil specimens in our case). This system is overall easy to use and relatively fast (an acquisition lasts on average 30 min). (1) less than or equal to 0.9. 176. D, M3, Prominent parastylar lobe presence: (0) not prominent or absent; (1) prominent. 

Male/female differences

To verify whether there were no significant differences between males and females of the same species, I computed the following for each applicable species (i.e at least one male and one female observed): for each individual, the frequency of all possible values of all variables. I combined hands and feet by computing the proportion of all variable values for the hand and feet of each individual separately (because these are independent) and then merge them. I then performed a PCA on these dependent raw frequencies to obtain linearly independent transformed values and kept all first principal components which summed explained at least 95% of variance. I performed on this transformed set a MANOVA (manova1 from Matlab statistical toolbox) with the associated Wilk's lambda test for the hypothesis that the male and female individuals are different, for both hands and feet. For all applicable species, this hypothesis was always rejected with P≥0.21 (d=0 for all). 

Grouping in species

To verify whether grouping individuals from the same species was justified, I computed the following for primates and non-primate species separately when applicable (i.e. for species with at least 2 individuals observed): for each individual, the frequency of all possible values of all variables. I combined hands and feet by computing the proportion of all variable values for the hand and feet of each individual separately (because these are independent) and then merge them. I then performed a PCA on these dependent raw frequencies to obtain linearly independent transformed values and kept all first principal components which summed explained at least 95% of variance. I performed on this transformed set a MANOVA (manova1 from Matlab statistical toolbox) with the associated Wilk's lambda test for the hypothesis that the species are different. This hypothesis was not rejected for primate species (P=1.2360.10 -5 , d=9, lambda=0.3230, chi2= 22.6021, df=2) and for non-primate species (P= 3.5933.10 -6 , d=8, lambda= 0.1830, chi2= 28.0222, df=3) and confirmed by Bonferroni-holms corrected post hoc pairwise tests (see tables below). On addition to these tests, I checked inter-species and intra-species differences as given by the Matlab MANOVA function. I verified for each species that the maximal intra-species difference is lower than the minimal inter-species difference (minimum of inter-species difference / maximum of intra-species difference > 1). I also verified for each cluster that the maximal intra-cluster difference is lower than the minimal inter-cluster difference (minimum of inter-cluster difference / maximum of intracluster difference > 1). In order to represent postural data on a finer-grained basis; allowing to study both differences between species and the variability of each variable, I computed the frequencies of each possible value for each variable, for each species and each substrate. I computed such proportion individual per individual and then represented the average proportion among individuals of a same species. To keep such fine-grained representation readable, ascents and descents were merged and all variable values occurring with a frequency below 1% were not included in the following figures. For variable definitions, refer to tables 3 and 4 in the main text. 

-Computing the most frequent postures

In order to describe the global impact of substrates orientation and diameter on hands and feet postures, I computed the frequency of each possible value for each variable, each phylogenetic group and each substrate. I computed such proportion species per species and used the average proportion among species belonging to the same phylogenetic group. When a variable only took one value in the given context, it is the most frequent value, therefore no further significance test was conducted. By convention, I indicated these variables with a P value of 0. When a variable had more than one possible value in the given context, I took the value with the highest frequency and tested the hypothesis that the frequency of the most frequent value was higher that the frequency of the second most frequent value. To do so, I generated 500 bootstrapped samples of data (with the same amount of data equally distributed between species) and used these 500 bootstrapped proportions to compute a onesided Wilcoxon signed-rank test on paired proportions of the two competing values. I then applied a Bonferroni-Holms correction to all the P values from Wilcoxon tests (but not counting cases where there was only one possible value) with a significance threshold of 0.05. All P values failing the Bonferroni-Holms correction were replaced in the result table by their negative values to indicate these failed to pass. 3,22E-82 0,00E+00 -6,78E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 -5,49E-01 3,02E-32 -1,13E+00 0,00E+00 0,00E+00 0,00E+00 -4,49E-01

5,27E-33

Small 7,05E-77 2,13E-38 0,00E+00 7,71E-25 1,36E-07 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,08E-50 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 6,36E-32 7,84E-31 Large 0,00E+00

5,60E-57

-4,98E+00 2,36E-78 1,02E-20 9,13E-66 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 6,12E-88 0,00E+00 Small 0,00E+00 0,00E+00 0,00E+00 5,30E-84 0,00E+00 0,00E+00 -3,31E+00 1,63E-20 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 4,96E-15 2,97E-81 -6,50E+00 0,00E+00 0,00E+00

Large 1,99E-46 0,00E+00 1,18E-83 0,00E+00 0,00E+00 0,00E+00 -1,62E+00 0,00E+00 0,00E+00 0,00E+00 Medium 0,00E+00 1,43E-56 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,27E-93 0,00E+00 9,21E-07 0,00E+00 9,66E-39 0,00E+00 0,00E+00 0,00E+00 1,88E-03 0,00E+00 1,48E-87 Small 0,00E+00 0,00E+00 5,95E-20 0,00E+00 0,00E+00 0,00E+00 3,32E-57 0,00E+00 

Indices and proportions values

In this section are reported the values of each index and proportion. Extant species are averaged by genus. proximal facet dorsal / ventral widths PP2-5 foot 0,25 4,98E-01 -9,96E+00 0,00 1,00E+00 -1,50E+01 distal facet angle PP1 foot 0,25 5,56E-01 -9,46E+00 0,00 1,00E+00 -8,00E+00

pp proportion of digit length -digit 1 foot 0,24 6,11E-01 -9,17E+00 0,00 1,00E+00 -4,00E+00 curvature MT1 0,23 6,75E-01 -7,43E+00 0,00 1,00E+00 -2,00E+00 distal facet dorsal / ventral expansions PP2-5 hand 0,23 6,70E-01 -8,04E+00 0,00 1,00E+00 -2,80E+01 proximal facet dorsal / ventral widths PP1 foot 0,23 6,93E-01 -6,93E+00 0,00 1,00E+00 -1,60E+01 distal facet -shaft eccentricity ratio MT1 0,23 7,30E-01 -5,84E+00 0,00 1,00E+00 -2,00E+01 distal facet dorsal / ventral expansions IP2-5 hand 0,22 7,36E-01 -5,15E+00 0,00 1,00E+00 -2,90E+01 distal facet angle PP1 hand 0,22 6,54E-01 -8,50E+00 0,00 1,00E+00 -7,00E+00 distal facet height / midshaft height PP1 hand 0,22 6,21E-01 -8,69E+00 0,16 5,91E-01 -2,25E+01 distal facet dorsal / ventral widths MT1 0,22 7,75E-01 -1,55E+00 0,00 1,00E+00 -2,40E+01 phalangeal index without distal -digit 1 foot 0,22 7,65E-01 -3,06E+00 0,00 1,00E+00 -6,00E+00 pp index digit 1 foot 0,22 7,65E-01 -2,29E+00 0,00 1,00E+00 -5,00E+00

distal facet -shaft eccentricity ratio MC1 0,22 7,02E-01 -6,32E+00 0,00 1,00E+00 -2,10E+01 phalangeal index without distal -digit 1 hand 0,21 7,49E-01 -3,75E+00 1,00 3,82E-04 -5,04E-02 pp index digit 1 hand 0,21 7,46E-01 -4,47E+00 1,00 3,82E-04 -5,00E-02 distal facet dorsal / ventral widths MC1 0,18 9,71E-01 -9,71E-01 0,00 1,00E+00 -2,60E+01

4. Extant species mutual Information between hand and foot morphology and posture 
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Figure 0 . 2 .

 02 Figure 0.2. Illustration representing simplified Primates classification and diversity through time. Adapted from (Williams et al. 2010).
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Figure 1 . 1 .

 11 Figure 1.1. Photographs of the Plesiadapis tricuspidens cranium (CM323PN, Pellouin collection) in dorsal (left) and ventral (right) views.

Figure 1 . 2 .

 12 Figure 1.2. Photograph of the Plesiadapis insignis type specimen, main slab. Unnumbered MNHN (Paris, France).

Figure 1 . 3 .

 13 Figure 1.3. Photograph of the Plesiadapis insignis type specimen, counterslab. NMB Au.796 (Basel, Switzerland). Photograph taken by Florian Dammeyer (Naturhistorisches Museum Basel).

Figure 1 . 4 .

 14 Figure 1.4. Photograph of the Plesiadapis insignis referred specimen, slab1. Unnumbered MNHN (Paris, France).

Figure 1 . 5 .

 15 Figure 1.5. Photograph of the Plesiadapis insignis referred specimen, slab2. Unnumbered MNHN (Paris, France).

Figure 1 . 6 .

 16 Figure 1.6. Photographs of some long bones of the new species of Plesiadapis from Le Quesnoy locality. From top to bottom: ulna, humerus, femur.

Figure 1 . 7 .

 17 Figure 1.7. Photographs of some of the postcranial elements of the new species of Plesiadapis from Le Quesnoy locality.

Figure 1 . 9 .

 19 Figure 1.9. Plesiadapis insignis cranium from type specimen main slab. Photographs from RTI enhancement revealing the masseter muscle imprints on the ramus of the mandible and the platysma muscle imprint along the body of the mandible.

Figure 1 .

 1 Figure 1.10. Plesiadapis insignis metatarsals and proximal phalanges imprint from type specimen counterslab, up: photograph without RTI; down: photograph from RTI enhancement.

Figure 1 .

 1 Figure 1.11. Plesiadapis insignis right hand from referred specimen slab1, up: photograph without RTI; down: photograph from RTI enhancement.

Figure 1 .

 1 Figure 1.12. Plesiadapis insignis right foot from referred specimen slab2, up: photograph without RTI; down: photograph from RTI enhancement.

Figure 1 . 13 .

 113 Figure 1.13. Resulting single most parsimonious cladogram of Chester et al. 2017, with Primates sensu lato indicated in blue (Euprimates and Plesiadapiformes) and the 16 outgroups and demorpterans and scandentians are in black. The Euprimates used in this study consist exclusively in fossil species. Numbers below branches represent Absolute Bremer Support values.
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  I conducted these experiments in two zoological parks: La Vallée des Singes (Romagne, France), where I observed 3 species of platyrrhine primates of various body sizes (Callicebus cupreus: 3 individuals, Saimiri boliviensis: 8 individuals, Saguinus imperator: 2 individuals); and at the zoological and botanical parc of Mulhouse (France), where I observed 2 species of strepsirrhine primates (Hapalemur griseus: 1 individual, Eulemur rubriventer: 1 individual).

  1. C) to derive the pressure value corresponding to the density of pink. ���� � � � �� �������� ������ ������ ������� ����������� ����������� ��� �������� ���������� �������� medium, large, defined depending on the animals' hands and feet sizes, as in Chapter 2�������� ����������������������������������������������������������������������������������������������������� ������������������������������������������������������������������������������������������ ���� ���������� ��� ���������� ��� ������ ������� ���� ����� ��������� ������������� �� ��������� �� ������������������������������������������������������������������������������������������� ���� �������� ���� ������ ����� �������� ���� ������� ����� ���� ����� ������������ ��� ����������� ���������� ��� �������� ��� ������ �������� ���������� ��� ���������� ������� ��� ������ ��� ������ ��� ����������������������������������������������������������� � ��� ������ �������� �������� ���������� ��� ���� �������� ��������� ������� ��� ���� ��������� ��� ��������� ��������� ���� ������������� ��� �������� ���������� ������� ��� �� ���� ��� ������� ��������� ��� ���� ������������� ����������� ��� ������������ ���� ��������� ����� �� ��������� ����������������������������������������������������������������������������������������������� the initial RGB scanned image into a "pink�density" image, which is then converted into the ������������������������������������������������������������������������������������������������ ������������������������������������������������������������������������������������������ ��� �� ������ ��������� ���������� �������� ����� ���� ��������� ������ ��� ����� ��������� ������ ���� �������������������������������� the particular areas corresponding to hands/feet contacts. The program then computes several variables (average pressure, max. and min. pressures, surface of the retained imprint).
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 36 Figure 3.6. Illustrations of the two types of demonstrators planned to be built in this project.

  .10.), where low friction pneumatic cylinders apply known forces to each cell (we used M9 Airpel® Anti-Stiction Air Cylinders from Airpot corp). For this study, we applied to each cell 18 different vertical forces and 14x3 different slantwise forces (along 3 different directions) to perform the calibration. ����� ����� ����� ��� ����� ������������� ������� ���� ������������� ���� ����� ���� ������������������������������������������������������������������������������������������������������� ����������������������������������������������������������������������������������� 123
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 315 Figure 3.15. Illustration of the functional demonstrators' set-up.
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 318 Figure 3.18. Example of use of the 3D force sensor for biomechanics (left) and robotics (right). Sensor cells are represented in dark red.

Figure 4 . 1 .

 41 Figure 4.1. Measurements taken in this study. Descriptions are listed in Table3.

Figure 4 . 2 .

 42 Figure 4.2. Method of included angle for phalangeal curvature measurement. Figure from (Jungers et al., 1997) linear measurements needed to calculate the b) radius of curvature R and the included angle Theta used as phalangeal curvature approximation; c) calcul formulas of R and Theta.
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 43 Figure 4.3. Method of HR-PCF for phalangeal curvature measurement. Figure from Deane et al., 2005.From the digital image of the bone (left), the software delimits the external edges of the bone (center) and then computes the dorsal curve by fitting a 2 nd order polynomial after identifying the distal and proximal "corners" of the bone (right).

Figure 4 . 4 .

 44 Figure 4.4. Illustration of the computation used in this study to measure the shaft curvature (yellow and purple lines), distal facet angle (blue and green lines) and eccentricity ratio between the distal facet and the prolongation of the shaft (grey and red lines).

Figure 4 . 5 .

 45 Figure 4.5. Phylogeny used to compute the phylogenetic signal of each index/proportion.
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Figure 5

 5 Figure 5.1. 4000 years old neo-Sumerian tablet. First object analyzed using RTI technique, from Malzbender et al. (2001). A: Original photograph, B: reconstruction from RTI, C: with application of the specular enhancement function, D: enhancement model computed in C and added to the real color information of B.

Figure 5 . 2 .

 52 Figure 5.2. Papyrus from the Smithonian museum 2010 paper squeeze project. From left to right: original photograph, raking light view from RTI model, specular enhancement.

Figure 5 . 1 .

 51 Figure 5.1. Trilobite from Hammer et al. (2002). 1: original photograph, 2: reconstruction from RTI.

Figure 5 . 3 .

 53 Figure 5.3. Examples of the two methods used to acquire data for RTI reconstruction. A: "manual" acquisition, from ; B: light dome for "automated" acquisition, from Hammer et al. (2002).

Figure 5 . 4 .

 54 Figure 5.4. Photograph of our portable light dome.

  177. D, M3, Metacone presence: (0) metacone present as a well-developed cusp; (1) metacone absent. 178. D, M3, Hypocone size: (0) very small or absent; (1) large. 179. D, Upper Molar, Stylar shelf morphology: (0) broad; (1) narrow (buccal cingulum only) or absent. 180. D, Upper Molar, Mesostyles presence (0) absent; (1) one or more present. 181. D, Upper Molar, Centrocrista morphology: (0) moderate; (1) strong and straight; (2) absent or very weak; (3) strong and V-shaped. 182. D, Anteriormost Lower Incisor, Continuous growth presence: (0) absent; (1) present. 183. D, Anteriormost Lower Incisor, Enamel restricted to an anterior band: (0) not restricted; (1) restricted. 184. D, Anteriormost Lower Incisor, Root extent relative to M3: (0) does not extend below M3; (1) extends below M3. 185. D, I1, Size: (0) much larger than other incisors (or premolars if I2-3 are lost); (1) comparable to other incisors (or premolars if I2-3 are lost); (2) very reduced; (3) tooth absent 186. D, I1, Form: (0) simple, not laterally compressed; (1) laterally compressed with no broad, flattened surface; (2) as 1, with flattened dorsal surface; (3) as 2, but rotated medially. 216. D, M1, Talonid basin form: (0) talonid with well-defined basin surrounded by ridges continuous with or comprised of the entoconid, hypoconid, and or hypoconulid; (1) talonid basin reduced or absent. 217. D, M1, Talonid width near cusp apices: (0) somewhat narrower than trigonid; (1) wider than trigonid; (2) much narrower than trigonid (the distance between the lingual margin and the point at which the cristid obliqua contacts the postvallid is less than half the width of the trigonid). 218. D, M1, Talonid cusps relative height: (0) hypoconid taller than entoconid; (1) entoconid taller than hypoconid. 219. D, M1, Entoconid notch presence (between the entoconid and hypoconulid): (0) absent; (1) present. 220. D, M1, Hypoconulid notch presence (between the hypoconulid and hypoconid): (0) absentweak; (1) present. 221. D, M1, Hypoconulid and entoconid relative positions (see ref. 24: fig. 3.18): (0) unpaired; (1) paired (hypoconulid lingual of the central axis of the tooth but not directly appressed to the entoconid); (2) twinned (hypoconulid appressed to the entoconid in the distolingual corner of the tooth). 222. D, M1, Hypoconulid position relative to the central axis of the tooth: (0) hypoconulid centrally placed or lingual of the central axis of the tooth; (1) hypoconulid buccal of central axis; (2) cusp absent. 223. D, M2, Mesiobuccal projection presence: (0) absen; (1) present. 224. D, M2, Paraconid distinctiveness compared to M1: (0) comparably distinct to the paraconid on m1; (1) less distinct than the paraconid on M1. 225. D, M3, Presence: (0) present; (1) absent. 226. D, M3, Length relative to M2: (0) M3 less than or equal to M2; (1) M3 greater than M2. 227. D, M3, Talonid width: (0) much narrower than trigonid; (1) similar in breadth to trigonid or wider; (2) talonid absent. 228. D, M3, Hypoconulid size: (0) similar to that cusp on M1-2; (1) larger than on M1-2 but not developed into a lobe; (2) developed into a lobe. 229. D, Lower Molar, Relative sizes: (0) lower molars get progressively smaller distally from M1-3; (1) lower molars get progressively larger from M1-3; (2) all lower molars similar in size; (3) M2 is the smallest lower molar; (4) M2 is the largest lower molar. 230. D, Lower Molar, Lingual curvature ("sweeps smoothly from the paraconid to the rear of the talonid"; McKenna, 1963: p. 17): (0) absent; (1) present. 231. D, Lower Molar, Trigonid length along the tooth row: (0) trigonids become less mesiodistally compressed from M1-3; (1) no change; (2) trigonids become more mesiodistally compressed from M1-3. 232. D, Lower Molar, Trigonid mesial inflection presence (in mesially oriented trigonids the postvallid is at a greater than ninety degree angle to the floor of the talonid basin; see ref. 24: fig. 3.13): (0) absent; (1) weak; (2) pronounced. 233. D, Lower Molar, Curving paracristids presence: (0) absent; (1) present. 234. D, Lower Molar, Protoconid-metaconid notch morphology: (0) strong and sharp; (1) more rounded; (2) fold of enamel bridges notch. 235. D, Lower Molar, Buccal cingulid(s) presence: (0) anterobuccal "precingulid" only; (1) separate anterior and posterior cingulids; (2) continuous buccal cingulid; (3) absent (no buccal cingulid or "precingulid"). 236. D, Lower Molar, Hypoflexid distinctiveness: (0) distinct, invaginated; (1) not distinct.
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  2.11. Hand most frequent postures only in ascents on oblique and vertical substrates for each variable, combined by groups, with associated Bonferroni-Holms Corrected p-values from wilcoxon signed rank test on 500 bootstrapped computations of proportions.

Foot

  2.13. Hand most frequent postures only in descents in head-first on oblique and vertical substrates for each variable, combined by groups, with associated Bonferroni-Holms Corrected p-values from wilcoxon signed rank test on 500 bootstrapped computations of proportions. ) full pollex + claw full pollex no claw (ns) adduction adduction neutral neutral (ns) full digits + claws full digits no
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  2.15. Hand most frequent postures only in descents in rump-first on oblique and vertical substrates for each variable, combined by groups, with associated Bonferroni-Holms Corrected p-values from wilcoxon signed rank test on 500 bootstrapped computations of proportions. ) MC + DP + claw (ns) full pollex no claw(ns)
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Table 1 . 1 .

 11 Measurements of Plesiadapis insignis type and referred specimens. In millimeters. Lengths and heights at midshaft. MC=metacarpus; MT=metatarsus; PP=proximal phalanx; IP=Intermediate phalanx; Cl=claw.

			Type specimen			Referred specimen
		Main slab	Counterslab		slab 1		slab 2
		length	height	length	height	length	height	length	height
	Skull	58.4	32.9					
	Humerus	32.7	5.5					
	Radius	33.2	3.8			33.1	3.9	
	Ulna	29.9	3.8			30.1	3.9	
	Hand							
	MC 1					6.7	2.5	
	MC 2					7.6	2.1	
	MC 3					8.9	1.6	
	MC 4					9.8	1.9	
	MC 5					9.6	1.8	
	PP 1					6.7		
	PP 2					8.9	2.0	
	PP 3					9.1	2.2	
	PP 4					9.3	2.1	
	PP 5					7.5	1.9	
	IP 1							
	IP 2							
	IP 3					7.3		
	IP 4					6.2	1.8	
	IP 5					5.9	1.7	
	Cl 1							
	Cl 2							
	Cl 3					4.6	2.9	
	Cl 4					6.2	3.1	
	Cl 5						2.9	
	Femur			51.1	6.6			49.1	5.7
	Tibia			44.1	4.2			46.8	4.3
	Fibula							42.2	2.7
	Foot							
	MT 1								2.5
	MT 2								2.5
	MT 3								1.9
	MT 4								1.9
	MT 5								1.9
	PP 1							
	PP 2							
	PP 3							7.5	2.5
	PP 4							9.0	2.4
	PP 5							9.1	2.0
	IP 1							
	IP 2							5.7	2.0
	IP 3							5.3	2.8
	IP 4							5.3	2.5
	IP 5							4.8
	Cl 1							5.7	1.9
	Cl 2							6.7	2.6
	Cl 3							7.0	2.0
	Cl 4							6.8	2.8
	Cl 5							5.3	3.5

29 1>0, 63 0>2, 67 3>1, 79 0>1, 115 0>3, 116 0>1, 144 1>0, 149 1>0, 160 1>0, 173 2>0, 185 1>0, 186 0>2, 232 0>1

  1.1 for details of the characters):

	The node of Plesiadapiformes + Euprimates is supported by 6 unambiguous
	synapomorphies, most of which being dental characters:
	9 0>1,

107 0>1, 138 2>0, 179 0>1, 209 0>1, 228 0>2

  

	The node Euprimates is only supported by 3 unambiguous dental synapomorphies:
	187 1>0, 190 0>1, 235 0>2
	And the ancestral locomotor morphotype of Euprimates is reconstructed with 12
	ambiguous synapomorphies (accelerated optimization, Acctran):
	4 0>1,

23 1>2, 26 1>2, 28 0>1, 30 1>2, 32 0>1, 46 0>2, 48 1>0, 52 0>1, 55 0>1, 57 0>1, 60 0>1 The

  associated characters and states are presented below: 4. PC, Humerus, Deltopectoral crest form: broad and elevated. 23. PC, Innominate, Anterior inferior iliac spine development: pronounced and laterally projecting. 26. PC, Innominate, Ischiopubic symphysis presence and form: robust -long craniocaudally. 28. PC, Femur, Greater trochanter relative anteroposterior (AP) expansion: trochanter AP dimension 120% or greater midshaft AP dimension. 30. PC, Femur, Third trochanter position: proximal to lesser trochanter. 32. PC, Femur, Patellar groove form: proximodistal length greater than or equal to 150% of mediolateral dimension. 46. PC, Astragalus, Fibular facet form and orientation: flat and faces laterally with no shelf. 48. PC, Astragalus, Head shape: maximum diameter less than 140% of minimum diameter 52. PC, Calcaneum, Peroneal tubercle position: proximal. 55. PC, Entocuneiform, Plantodistal process presence: absent. 57. PC, Metapodial, Metatarsal I torsion: present. 60. PC, Phalanges, Distal phalanx of pedal digit I shape: flattened as a nail.

Table 2 .1. List of animals studied. Family Subfamily Species Housing location Observation period Sample size Year of birth

 2 

			Lorisidae	Lorisinae	Nycticebus pygmaeus	Nowe Zoo Poznan, Poland	March 2013	4 females	unknown
			Lemuridae		Hapalemur occidentalis	Parc Zoologique de Paris (PZP), France	April 2017	1 male	2014
	PRIMATES	STREPSIRHINES	Pitheciidae	Callicebinae	Hapalemur griseus Eulemur rubriventer PZBM Parc Zoologique et Botanique de Mulhouse (PZBM), France Eulemur coronatus PZBM Eulemur mongoz PZBM PZP Callicebus cupreus PZP	September 2016 September 2016 September 2016 September 2016 April 2017 April 2017	1 female 2 females ; 2 males 1 female ; 3 males 1 female 2 males 1 female ; 1 male	2006 1991, & 2008, 1999 & 2005, 2015, 1987 1996, 2007 & 2010
		PLATYRRHINES	Cebidae	Saimirinae Aotinae Callitrichinae	Saimiri boliviensis boliviensis Aotus lemurinus griseimembra Saguinus imperator PZBM PZBM Spaycific'Zoo, France	September 2016 September 2017 September 2016	2 females ; 2 males 1 female ; 1 male 2 females ; 2 males	2005, & 2011, 2010 & 2009 2010, & 2014,
					Saguinus oedipus	Spaycific'Zoo	September 2017	1 female ; 1 male	2016 & 2015
		CARNIVORANS	Procyonidae		Procyon lotor Nasua nasua Potos flavus	Spaycific'Zoo Spaycific'Zoo Spaycific'Zoo	September 2017 September 2017 September 2017	1 female ; 3 males 2 females ; 2 males 1 female	2005 & 2007, 2012, unknown unknown
	NON-PRIMATE MAMMALS	SCANDENTIANS RODENTS MARSUPIALS	Tupaiidae Gliridae Platacanthomyidae Didelphidae Phalangeridae Petauridae	Tupaia belangeri Dryomys nitedula Graphiurus murinus Moscow Zoo Moscow Zoo, Russia University of Thessaloniki, Greece -wildcaught Typhlomys chapensis Moscow Zoo -wildcaught Marmosops parvidens Guyane francaise -wildcaught January 2017 1 female July 2017 3 females July 2017 1 female ; 1 male July 2017 1 female ; 1 male July 2017 2 males Caluromyinae Caluromys philander Leithiinae Graphiurinae Didelphinae Laboratoire d'écologie générale, Brunoy, France March 1993 2 males Trichosurus vulpecula Spaycific'Zoo September 2017 1 female ; 1 male 2017 2 males Petaurus breviceps Spaycific'Zoo September 2 females ;	unknown unknown unknown unknown unknown 1990, unknown 2012, 2010, &

Table 2 .2. Categories and definition of substrate sizes and orientations. Substrate diameter Definition Substrate orientation Definition in degree

 2 

	Small	Hand/Foot length > substrate perimeter	Horizontal	0° -22.5°
		(foot can fully grasp around the substrate)		
	Medium	Hand/Foot length = substrate perimeter	Oblique	22.5° -67.5°
		(foot grasps around the substrate)		
	Large	Hand/Foot length < substrate perimeter	Vertical	67.5 -90°
		(foot cannot surround entirely the substrate)		

Table 2 .3. Description and definition of collected hand variables. Variable Description Hand postures Hand posture relative to the forearm Neutral: mid

 2 -ray of the hand positioned along the axis of the midline Abduction: mid-ray of the hand positioned laterally away from the midline

		Adduction: mid-ray of the hand positioned medially away from the midline
	Rotation of the forearm	Pronation: forearm rotated laterally so that the palm of the hand faced
		downward
		Supination: forearm rotated medially so that the palm of the hand faced
		upward
	Grasping postures	
	Grasp type	Convergent grasp: pollex and lateral digits grasp in unison (together)
		Pollical grasp: holding of the substrate between pollex and lateral digits
		Digit 1 grasp: pollex positioned in parallel with the substrate and lateral
		digits angled to the substrate
		Digit 2 grasp: pollical grasping but with digit 2 in parallel with the substrate
		and other lateral digits angled to the substrate
		Digit 2-3 grasp: holding of the substrate between digits 2 and 3
		(zygodactylous grasp).
		Same for Digit

3, 3-4, 4, 4-5 grasps Degree of pollical divergence (angle between pollex and second digit) Low: 0° to 45° Medium: 45° to 90° High: 90° and more Movement of the lateral digits Abduction: movement

  of the digits away from the midline of the hand Adduction: movement of the digits towards the midline of the hand

Movement of the lateral digits at the metacarpo-phalangeal joint Neutral: lateral digits phalanges positioned in line with the metacarpals Abduction: lateral digits phalanges positioned laterally away from the metacarpal midline Adduction: lateral digits phalanges positioned medially away from the metacarpal midline Pollical rotation Lateral: lateral surface of the pollex facing toward the substrate Palmar: palmar surface of the pollex toward the substrate Medial: medial surface of the pollex toward the substrate Hand contact areas with the substrate Pollex contact areas MC1: first metacarpal pad PP1: first proximal phalanx pad DP1: first distal pad CL1: apical part of the pollical claw Lateral digits contact areas MC2-3-4-5: metacarpal pads PP2-3-4-5: proximal phalanges pads IP2-3-4-5: intermediate phalanges pads DP2-3-4-5: distal pads CL2-3-4-5: apical parts of the claws Table 2.4. Description and definition of collected foot variables. Variable Description Foot postures Foot posture relative to the leg Neutral: mid

  -ray of the foot positioned along the axis of the midline Abduction: mid-ray of the foot positioned laterally away from the midline

	Adduction: mid-ray of the foot positioned medially away from the midline
	Reversion: extreme plantarflexion and backward rotation of the foot,
	reorienting the plantar surface of the foot to a medial position

Posture of the distal foot relatively to the proximal foot Neutral: no

  

		distal rotational motion of the foot. distal foot in line with
		parallel to the hindlimb
		Inversion: rotational motion of the distal foot reorienting the plantar surface
		of the foot medially
		Eversion: rotational motion of the distal foot, reorienting the plantar surface
		of the foot laterally
	Tarsal contact areas	Plantigrady: proximal heel in contact with the substrate during grasp
		Semiplantigrady: elevation of the proximal heel resulting in loss of contact
		with the substrate during grasp
	Grasping postures	
	Grasp type	Convergent grasp: hallux and lateral digits grasp in unison (together)
		Hallucal grasp: holding of the substrate between hallux and lateral digits
		Digit 1 grasp: hallux positioned in parallel with the substrate and lateral
		digits perpendicular to the substrate
		Digit 2 grasp: hallucal grasping but with digit 2 in parallel with the substrate
		and other lateral digits perpendicular to the substrate
		Digit 2-3 grasp: holding of the substrate between digits 2 and 3
		(zygodactylous grasp).
		Same for Digit

3, 3-4, 4, 4-5 grasps Degree of hallucal divergence (angle between hallux and second digit) Low: 0° to 45° Medium: 45° to 90° High: 90° and more Movement of the lateral digits Abduction: movement of the digits away from midline of the foot Adduction: movement of the digits towards the midline of the foot Movements of the lateral digits at the metatarso-phalangeal joint Neutral: lateral digits phalanges positioned in line with the metatarsals Abduction: lateral digits phalanges positioned laterally away from the metatarsal midline Adduction: lateral digits phalanges positioned medially away from the metatarsal midline Hallucal rotation Lateral: lateral

  surface of the hallux facing toward the substrate Plantar: plantar surface of the hallux facing toward the substrate Medial: medial surface of the hallux facing toward the substrate

Foot contact areas with the substrate Hallux contact areas MT1

  

	: first metatarsal pad
	PP1: first proximal phalanx pad
	DP1: first distal pad
	CL1: apical part of the hallucal claw

Lateral digits contact areas MT2-3-4-5: metatarsal pads PP2-3-4-5: proximal phalanges pads IP2-3-4-5: intermediate phalanges pads DP2-3-4-5: distal pads CL2-3-4-5: apical parts of the claws

  

  .13. represents those variabilities as computed by phylogenetic group, for hands and feet on each substrate type, considering all variables jointly (to capture expected inter-dependencies between variables).
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Table 4 . 1 .

 41 Extant specimen studied. Associated body mass range and positional behavior come from either literature or the ADW website (animaldiversity.org, University of Michigan Museum of Zoology). Abbreviations: R/L-H/F= right/left-hand/Foot, MC= metacarpal, MT=metatarsal, PP= proximal phalanx, IP= intermediate phalanx, D=distal phalanx.

			Family	Species	Collection number	Institution	Which Hand/Foot	Remarks	Body mass range	Known positional behavior
			Lorisidae	Nycticebus coucang	1958-154	MNHN, Paris	RH-LF	Complete	599-685 g	Arboreal slow climber
				Loris gracilis	A 3927	MNHN, Paris	RH-LF	lacks IP2, D5 foot and PP2, IP2, IP5, D2, D5 hand	127-227 g
				Loris tardigradus	1960-110	MNHN, Paris	RH-LF	Complete	127-227 g
			Indriidae	Indri indri	A 3913	MNHN, Paris	LH-RF	Complete	7000-10000 g Arboreal vertical leaper
				Indri indri	1938-525	MNHN, Paris	LH-RF	Complete	
				Propithecus verreauxi	1932-486	MNHN, Paris	RH-RF	Complete	3000-7000 g Arboreal vertical leaper
				Propithecus verreauxi	1939-330	MNHN, Paris	RH-RF	lacks D4 foot	
		STREPSIRHINES	Lemuridae	Propithecus verreauxi Varecia variegata Varecia variegata Varecia variegata	CG 1932-3235 A 3918 1908-215 1896-286	MNHN, Paris MNHN, Paris MNHN, Paris MNHN, Paris	LH-LF LH-LF LH-RF LH-RF	lacks D4 hand lacks D3 hand and foot Complete Complete	3200-4500 g	Arboreal quadrupedal walker
				Eulemur fulvus 1906-36	MNHN, Paris	LH-RF	Complete	2000-4000 g	Arboreal quadrupedal walker
				Eulemur mongoz	1910-270	MNHN, Paris	RH-RF	Complete	2000-3000 g
				Eulemur mongoz	1893-428	MNHN, Paris	RH-LF	Complete	
			Cheirogaleidae	Microcebus murinus	1951-11	MNHN, Paris	RH-LF	lacks IP2 foot and D3,4,5 hand	55-80 g
				Microcebus murinus	CG 2006-113	MNHN, Paris	RH-RF	Complete	
				Microcebus murinus	1932-284	MNHN, Paris	RH-LF	Complete	
	PRIMATES	TARSIIFORMES	Tarsiidae	Phaner furcifer 2009-392 Tarsius syrichta carbonarius FMNH 129379 Tarsius syrichta fraterculus FMNH 142007	MNHN, Paris FMNH, Chicago LH-RF RH-LF FMNH, Chicago LH-RF	Complete lacks D2 hand lacks D4 hand	300-500 g 85-165 g	Arboreal vertical leaper
			Pitheciidae	Callicebus moloch	ZD 1876.6.19.1	NHM, London LH-LF	lacks all D hand and foot 970-1650 g	Arboreal quadrupedal walker
				Callicebus personatus	ZD 1951.11.8.2	NHM, London RH-LF	Complete	
				Callicebus cupreus	A 3985	MNHN, Paris	LH-RF	lacks D2,3 hand and D2,3,5 foot	
			Cebidae	Cebus apella	1962-47	MNHN, Paris	RH-RF	lacks PP5, D3 foot	1300-4800 g	Arboreal quadrupedal walker
				Cebus apella	1880-1380	MNHN, Paris	LH-RF	lacks digit1 hand and PP, IP, D non attributed hand	
				Cebus capucinus 1960-122	MNHN, Paris	RH-RF	lacks D5 foot	2000-4000 g
				Saimiri sciureus 1902-247	MNHN, Paris	LH-RF	Complete	850-1000 g
				Saimiri sciureus A 3970	MNHN, Paris	LH-RF	lacks D4, MT3 foot	
		PLATYRRHINES		Saimiri sciureus 2009-383 Aotus trivirgatus 1935-114 Aotus trivirgatus 1878-166 Aotus felinus 1889-147 Saguinus midas ZD 1862.6.20.19 NHM, London RH-RF MNHN, Paris RH-LF MNHN, Paris RH-RF MNHN, Paris LH-LF MNHN, Paris LH-RF	lacks D4,5 hand Complete lacks D4 foot Complete Complete	750-950 g 400-550 g	Arboreal claw climber
				Saguinus midas CG 1966-19	MNHN, Paris	RH-RF	Complete	
				Leontopithecus rosalia	1953-30	MNHN, Paris	LH-LF	Complete	600-700 g
				Leontopithecus rosalia	1953-33	MNHN, Paris	RH-LF	Complete	
				Leontopithecus rosalia	1962-1	MNHN, Paris	LH-RF	lacks D4 foot	
				Cebuella pygmaea	FMNH 60454	FMNH, Chicago RH-LF	Complete	110-135 g
				Cebuella pygmaea	FMNH 127379	FMNH, Chicago LH-LF	lacks D4,5 foot and D3 hans	
				Cebuella pygmaea	FMNH 104917	FMNH, Chicago RH-LF	Complete	
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 42 Fossil specimen studied. * = Plesiadapis tricuspidens specimens belonging to the same individual[START_REF] Russell | Les Mammifères Paléocènes d'Europe[END_REF].

	Species Analysed bones	Collection number	Institution or
				associated reference
	Plesiadapis	metacarpal 4?	R5295*	MNHN, Paris
	tricuspidens			
		metacarpals 5?	R5364, R5373, R5305*	MNHN, Paris
		metatarsals 2?	R5326, R5325	MNHN, Paris
		metatarsals 4?	R5273*, R5335, R5336	MNHN, Paris
		proximal phalanges	BR14538, CRL239, R5328, R5297*,	MNHN, Paris
			R5383, R503, R5365, R5342, R5301*,	
			R5339	
		intermediate phalanges	CR1, BR14535, BR14536, CR2, R5296*,	MNHN, Paris
			R5330, R5346, R5363, R5372, R5324,	
			R5315*, R5352, R5369, R5391	
		distal phalanges	BR1, BR5, BR6, R613, R5361, R612,	MNHN, Paris
			R5309	
	Plesiadapis	metacarpals 1?	4 unumbered specimens	MNHN, Paris
	LeQuesnoy			
		metacarpals 2?	5 unumberes specimens	MNHN, Paris
		metacarpal 3?	unumbered specimen	MNHN, Paris
		metacarpals 4?	3 unumbered specimens	MNHN, Paris
		metatarsal 1?	unumbered specimen	MNHN, Paris
		metatarsal 2?	unumbered specimen	MNHN, Paris
		metatarsal 3?	unumbered specimen	MNHN, Paris
		metatarsal 5?	unumbered specimen	MNHN, Paris
		proximal phalanges	8 unumbered specimens	MNHN, Paris
		intermediate phalanges	8 unumbered specimens	MNHN, Paris
		distal phalanges	17 unumbered specimens	MNHN, Paris
	Plesiadapis	right hand: metacarpals 1 to 5, manual	Reffered specimen -slab1	MNHN, Paris
	insignis	proximal phalanges 2 to 5, manual		
		intermediate phalanges 4 and 5, manual		
		distal phalanges 3 and 4 ; right foot:		
		metatarsals 1 to 5, pedal proximal		
		phalanges 3 to 5, pedal intermediate		
		phalanges 2, 3, 4, pedal distal phalanges 2,		
		3, 4.		
	Carpolestes	complete left foot	UM101963	Bloch and Boyer 2002,
	simpsoni			Bloch and Silcox 2006
	Dryomomys	left hand: metacarpals 1 to 5, proximal	UM41882	Bloch and Boyer 2007,
	szalayi	phalanges 1 to 4, intermediate phalanges 2		Bloch et al. 2007
		to 4, distal phalanges 1 to 5; right hand:		
		proximal and intermediate phalanges 5 ;		
		right foot: metatarsals 2 to 5, proximal		
		phalanges 1 to 5, intermediate phalanges 2,		
		4 and 5; left foot: intermediate phalanx 3.		

Table 4 .3. Linear

 4 measurements taken in this study and their associated description.

	Autopodial	Measurement	Description
	element	associated number	
		on figure 2	
	Metacarpal	(1)	total length: proximo-distal dimension
	(MC) /	(2)	shaft width: medio-lateral dimension at midshaft
	Metatarsal (MT)	(3) (4)	shaft height: dorso-ventral dimension at midshaft distal facet width: medio-lateral dimension of the distal articular surface
		(5)	distal facet height: dorso-ventral dimension of the distal articular surface
		(6)	distal facet dorsal width: medio-lateral dimension of the dorsal surface of the distal facet
		(7)	distal facet ventral width: medio-lateral dimension of the ventral surface of the distal facet
	Proximal	(8)	total length: proximo-distal dimension
	phalanges	(9)	shaft width: medio-lateral dimension at midshaft
	(PP) / Intermediate phalanges	(10) (11)	shaft height: dorso-ventral dimension at midshaft proximal phalanges flexor ridges length
	(IP)	(12)	proximal phalanges flexor ridges height
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 44 Morphological indices calculated in this study.

	Index type	Index	Associated measurement used (table3).	Inferred functional significance
		Description				
			metacarpals	proximal and	distal	
			and	intermediate	phalanges	
			metatarsals	phalanges		
		width / length	(2) / (1)	(9) / (8)	(24) / (23)	Indicates the robustness of the bone (medio-laterally
						relatively thin to large)
		height / length	(3) / (1)	(10) / (8)	(25) / (23)	Indicates the robustness of the bone (dorso-ventrally
	Midshaft					relatively thin to large)
	shape	width / height	(2) / (3)	(9) / (8)	(24) / (25)	Indicates the shape at midshaft (rounded to ellipsoidal)
		cross sectional	(π/2) x ((3) x	(π/2) x ((10) x	NA	Indicates the global shape at midshaft
		area: (π/2) x	(2))	(9))		
		(Height x Width)				
	Proximal	tubercle height /	NA	(12) / (10)	NA	Indicates the relative protuberance of the flexor tubercle
	phalanges	shaft height				of the proximal phalanx
	flexor	tubercle length /	NA	(11) / (8)	NA	Indicates the relative length of the flexor tubercle of the
	tubercle	shaft length				proximal phalanx
	shape					
	Claws	shaft height /	NA	NA	(25) / (26)	Indicates the relative protuberance of the ventral tubercle
	ventral	tubercle height				of the claw
	tubercle	tubercle length /	NA	NA	(27) / (23)	Indicates the relative length of the ventral tubercle of the
	shape	shaft length				claw
		distal facet	(5) / (3)	(18) / (10)	NA	Indicates the relative difference between the height of the
		height / height				distal facet and height of the midshaft
		at midshaft				
		distal facet width	(4) / (2)	(17) / (9)	NA	Indicates the relative difference between the width of the
		/ width at				distal facet and width of the midshaft
		midshaft				
		geometric mean:	((5)x(7)x(6)x	((18)x(20)x(19	NA	Indicates the global geometric shape of the distal facet
	Distal facet	(height x ventral	(4)) 1/4	)x(17)) 1/4		
	shape	width x dorsal				
		width x mid-				
		width) 1/4				
		dorsal / ventral	(6) / (7)	(19) / (20)	NA	Indicates the shape of the distal facet (square to
		widths				triangular)
		mid-width /	(4) / (5)	(17) / (18)	NA	Indicates the shape of the distal facet (square to
		height				rectangular)
		dorsal / ventral	NA	21 / 22	NA	Indicates the lateral shape of the distal facet
		expansions				

Table 4 . 5 .

 45 Performance of automatic attribution. We report the accuracy (i.e. the proportion of correct attribution) for each classifier. Accuracy reported are the average of 50-folds crossvalidation with 90/10% test/train split. We also provide in parenthesis the improvement relative to the accuracy of a random guess.

	Bone type	Accuracy: hand or foot	Accuracy: Digit number
	Distal phalanx	64.8 % (+29.6 %)	35.7 % (+78.5 %)
	Intermediate phalanx	62.7 % (+25.4 %)	38 % (+52 %)
	Proximal phalanx	67.5 % (+35%)	42.2 % (+111 %)
	Metacarpal / Metatarsal	86.3 % (72.6 %)	37 % (85 %)

Table 4 . 6 .

 46 Results showing the top 25 variables in terms of phylogenetic signal, out of the 222 evaluated indices/proportions. Blomberg and Pagel p-values are reported, as well as the Bonferroni-Holmes correction. P-values passing the correction tests (using the 0.05 threshold) are in bold and those failing the correction tests are reported as negatives. MC: metacarpal, MT: metatarsal, PP: proximal phalanx, IP: intermediate phalanx, D and dp: distal phalanx. Numbers correspond to the digits number. Complete results are presented in Appendix 5 (supplementary information 3, table SI 4.2.).

	Index or proportion	Blomberg	Blomberg	Bonferroni	Pagel	Pagel	Bonferroni
		K	P-value	correction	λ	P-value	correction
	proximal facet width / height D2-5 foot	2,52	2,00E-05	4,38E-03	1,00	3,09E-14 6,86E-12
	distal facet width / height MT2-5	2,14	2,00E-05	4,42E-03	0,90	3,59E-11 7,76E-09
	midshaft width / height D2-5 foot	2,01	2,00E-05	4,36E-03	1,00	2,18E-12 4,82E-10
	dp proportion of digit length -digit 2-5 hand 1,74	2,00E-05	4,28E-03	1,00	1,63E-11 3,56E-09
	dp proportion of digit length -digit 2-5 foot	1,65	2,00E-05	4,30E-03	1,00	4,99E-10 1,06E-07
	midshaft width / total length D2-5 foot	1,64	2,40E-04	4,92E-02	1,00	2,43E-11 5,30E-09
	proximal facet width / height D2-5 hand	1,37	6,00E-05	1,27E-02	0,93	1,93E-09 4,01E-07
	midshaft width / height D2-5 hand	1,34	2,00E-05	4,34E-03	0,98	3,09E-09 6,37E-07
	proximal facet width / height D2 foot	1,34	1,04E-02	-1,53E+00	1,00	3,11E-02 -2,46E+00
	distal facet width / height MC2-5	1,31	2,00E-05	4,44E-03	0,83	2,35E-07 4,58E-05
	proximal facet width / height D1 foot	1,27	2,00E-05	4,40E-03	0,98	9,62E-11 2,06E-08
	dp index digit 2-5 foot	1,21	1,40E-04	2,91E-02	1,00	7,32E-07 1,37E-04
	proximal facet width / height D1 hand	1,20	4,00E-05	8,48E-03	0,89	4,74E-07 9,05E-05
	midshaft width / total length MC2-5	1,19	2,00E-05	4,32E-03	1,00	8,11E-11 1,74E-08
	midshaft width / total length D2-5 hand	1,14	1,44E-03	-2,71E-01	1,00	3,65E-08 7,30E-06
	proximal facet geometric mean D2 foot	1,12	2,70E-02	-3,24E+00	1,00	4,08E-02 -3,10E+00
	midshaft width / total length PP2-5 foot	1,09	7,00E-04	-1,37E-01	1,00	3,87E-12 8,50E-10
	midshaft width / total length D1 foot	1,09	6,00E-05	1,26E-02	1,00	3,18E-11 6,90E-09
	distal facet width / height IP2-5 foot	1,08	4,00E-05	8,52E-03	0,95	6,36E-07 1,20E-04
	midshaft width / height D1 hand	1,03	1,60E-04	3,30E-02	0,85	1,38E-06 2,52E-04
	midshaft height / total length D1 foot	1,02	1,60E-03	-2,99E-01	1,00	2,03E-06 3,61E-04
	midshaft width / height D1 foot	1,00	1,00E-04	2,09E-02	0,97	4,72E-09 9,67E-07
	distal facet height / midshaft height MT2-5	0,98	1,60E-04	3,31E-02	0,91	1,38E-06 2,53E-04
	ip proportion of digit length -digit 2-5 hand 0,97	2,80E-04	-5,71E-02	1,00	4,92E-09 1,00E-06
	dp index digit 2-5 hand	0,97	6,20E-04	-1,23E-01	1,00	3,53E-07 6,86E-05
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 45 Results showing the top 25 variables, hands and feet separately, in terms of mutual information (in Shannons) with postural data, out of the 222 evaluated indices/proportions. MC: metacarpal, MT: metatarsal, PP: proximal phalanx, IP: intermediate phalanx, D and dp: distal phalanx. Numbers correspond to the digits number. Complete results are presented in Appendix 5 (supplementary information 3, table SI 4.3.).

	Index or proportion hand	Mutual	Index or proportion foot	Mutual
		information		information
	Cross Sec Area IP2-5	2,2990	midshaft height / tubercle height D1	2,8251
	distal facet width / height MC1	2,2990	tubercle length / total length D1	2,8251
	distal facet width / height MC2-5	2,2990	distal facet height / midshaft height IP2-5	2,6124
	distal facet width / height PP1	2,2990	distal facet height / midshaft height MT2-5	2,6124
	midshaft height / total length PP1	2,2990	distal facet dorsal / ventral expansions PP1	2,6124
	midshaft height / total length PP2-5	2,2990	distal facet dorsal / ventral widths MT2-5	2,6124
	proximal facet geometric mean D2-5	2,2990	midshaft height / total length MT1	2,6124
	proximal facet dorsal / ventral widths PP1 2,2990	midshaft width / height IP2-5	2,6124
	proximal facet width / height PP2-5	2,2990	midshaft width / height MT2-5	2,6124
	tubercle length / total length PP2-5	2,2990	midshaft width / height PP1	2,6124
	midshaft width / height PP1	2,2990	phalangeal index without distal -digit 1	2,6124
	midshaft width / total length MC1	2,2990	pp index digit 1	2,6124
	dp proportion of digit length -digit 1	2,2990	pp proportion of digit length -digit 2-5	2,6124
	mc mt proportion of digit length -digit 1	2,2990	curvature PP2-5	2,6124
	Cross Sec Area MC2-5	2,2063	distal facet dorsal / ventral widths PP2-5	2,4719
	Cross Sec Area PP2-5	2,2063	proximal facet dorsal / ventral widths D2-5	2,4719
	distal facet angle MC1	2,2063	proximal facet dorsal / ventral widths D1	2,4342
	distal facet width / midshaft width MC2-5	2,2059	dp proportion of digit length -digit 1	2,3819
	midshaft width / height D1	2,2059	phalangeal index with distal -digit 2-5	2,3819
	midshaft width / height IP2-5	2,2059	proximal facet geometric mean D2-5	2,3684
	curvature IP2-5	2,2059	mc mt proportion of digit length -digit 2-5	2,3684
	midshaft height / total length D1	2,2031	Cross Sec Area MT2-5	2,3618
	pp proportion of digit length -digit 1	2,1622	proximal facet dorsal / ventral widths PP2-5	2,3618
	midshaft width / total length IP2-5	2,1559	midshaft height / tubercle height PP1	2,3597
	midshaft width / height MC2-5	2,1321	midshaft width / height MT1	2,3422
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 SI .2. p-values of MANOVAs (d=0 for all)

	Primate species	Hand&Foot	Non-primate species Hand&Foot
	Eulemur rubriventer 1	Procyon lotor	0.21
	Eulemur coronatus	0.21	Nasua nasua	1
	Eulemur mongoz	0.49	Dryomys nitedula	1
	Callicebus cupreus	0.99	Graphiurus murinus 1
	Saimiri boliviensis	1	Trichosurus vulpecula 1
	Aotus griseimembra 1	Petaurus breviceps	1
	Saguinus imperator 1		
	Saguinus oedipus	0.95		
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 SI .3. Bonferroni-Holms corrected post hoc pairwise tests for Primate species Table SI 2.4. Bonferroni-Holms corrected post hoc pairwise tests for non-Primate species

Table SI

 SI Grouping in phylogenetically related sets I used exactly the same methodology as the grouping in species tests to verify whether grouping species in phylogenetic clusters is justified. The groups used are presented in the table below.

	Saguinus imperator		1.43.10 2	Trichosurus vulpecula 1.85.10 3
	Saguinus oedipus		3.77.10 2	Petaurus breviceps		2.90.10 3
					BOTH HANDS AND FEET	
		Aotus		Callicebus	Eulemur		Eulemur	Eulemur	Nycticebus	Saguinus	Saguinus	Saimiri
		griseimembra	cupreus	coronatus	mongoz	rubriventer	pygmaeus	imperator	oedipus	boliviensis
	Aotus griseimembra			1,92E-03 3,65E-04 1,22E-03 2,01E-03	3,83E-04 2,55E-05 2,01E-03 5,69E-06
	Callicebus cupreus				1,28E-03 2,45E-03 1,85E-03	2,42E-03 1,18E-03 1,73E-03 4,88E-04
	Eulemur coronatus Table SI 2.6. Phylogenetically related species grouping 4,05E-04 3,19E-03	8,92E-05 1,72E-06 3,22E-04 4,44E-04
	Eulemur mongoz Eulemur rubriventer Groups Nycticebus pygmaeus Strepsirrhine primates Nycticebus pygmaeus, Eulemur rubriventer, Eulemur coronatus, 1,29E-03 2,20E-03 7,51E-07 1,81E-03 1,61E-04 Species 5,45E-05 2,74E-05 4,73E-04 3,12E-04 5,65E-07 2,40E-03 9,75E-06 Saguinus imperator 2,50E-03 3,87E-09 Eulemur mongoz, Hapalemur griseus, Hapalemur occidentalis
	Saguinus oedipus Platyrrhine primates		Callicebus cupreus, Saimiri boliviensis, Aotus griseimembra,	2,19E-06
	Saimiri boliviensis			Saguinus imperator, Saguinus oedipus
	Carnivorans		Nasua nasua, Procyon lotor, Potos flavus
	Scandentians Rodents		Tupaia belangeri BOTH HANDS AND FEET Dryomys nitedula, Graphiurus murinus, Typhlomys chapensis
	Marsupials	Caluromys	Dryomys Caluromys philander, Petaurus breviceps, Trichosurus vulpecula, Graphiuru Nasua Petaurus Procyon Trichosurus Tupaia Typhlomys
		philander	nitedula Marmosops parvidens s murinus nasua	breviceps	lotor	vulpecula	belangeri	chapensis
	Caluromys philander		1,64E-02 1,78E-02 1,16E-06 6,69E-06 3,45E-05 1,93E-02 1,97E-02 1,94E-02
	Dryomys nitedula Wilk's lambda test for the hypothesis that the clusters are different led to a not rejecting 1,58E-03 2,36E-08 3,02E-08 6,69E-07 5,36E-04 4,94E-03 2,92E-02
	Graphiurus murinus Nasua nasua result when applicable (hand and foot combined: P=0.01, d=5, lambda=0.1876, chi2=20.0787, 4,41E-08 2,60E-08 1,36E-06 1,13E-03 1,61E-02 2,72E-03 5,13E-13 2,40E-08 1,11E-07 4,50E-06 4,19E-07
	Petaurus breviceps df=8) and confirmed by Bonferroni-Holms corrected post hoc pairwise tests (see table below). 5,03E-11 3,67E-07 2,45E-06 2,41E-06
	Procyon lotor									6,89E-07 4,32E-05 1,18E-06
	Trichosurus vulpecula									2,36E-04 4,30E-03
	Tupaia belangeri									5,55E-03
	Typhlomys chapensis								
	2.5. Ratios of (min-inter / max-intra) differences	
	Primate species		Hand&Foot	Non-primate species Hand&Foot
	Nycticebus pygmaeus 4.84.10 2	Procyon lotor		3.35.10 2
	Eulemur rubriventer 1.25.10 1	Nasua nasua		9.70.10 2
	Eulemur coronatus		1.71.10 1	Tupaia belangeri		9.18.10 2
	Eulemur mongoz		7.25.10 1	Dryomys nitedula		4.84.10 3
	Callicebus cupreus		2.48.10 2	Graphiurus murinus	8.58.10 4
	Saimiri boliviensis		1.28.10 2	Typhlomys chapensis 1.88.10 3
	Aotus griseimembra 1.28.10 3	Caluromys philander 3.03.10 3
	202								
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	2.7. Bonferroni-Holms corrected post hoc pairwise tests for groups (hand and foot
	combined).			
			Hands & feet	
		Carnivorans Marsupials Platyrrhine Rodents Strepsirrhine
	Carnivorans	3,07E-03	2,13E-05 6,19E-03	3,27E-04
	Marsupials		5,27E-03 1,23E-02	1,38E-03
	Platyrrhine		3,45E-03	7,00E-03
	Rodents			1,80E-04
	Strepsirrhine			
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 SI .8. Ratios of (min-inter / max-intra) differences

	Group	Hand & Foot
	Strepsirrhine	3.39
	Platyrrhine	4.18
	Carnivorans	46.3
	Rodents	131
	Marsupials	34.5
	2 -Postural data by species, for each variable and substrate
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 SI .9. Hand global most frequent postures for each variable and substrate, combined by groups, with associated Bonferroni-Holms Corrected pvalues from wilcoxon signed rank test on 500 bootstrapped computations of proportions.

  Table SI 2.10. Foot global most frequent postures for each variable and substrate, combined by groups, with associated Bonferroni-Holms Corrected pvalues from wilcoxon signed rank test on 500 bootstrapped computations of proportions.

Table SI 2

 SI .12. Foot most frequent postures only in ascents on oblique and vertical substrates for each variable, combined by groups, with associated Bonferroni-Holms Corrected p-values from wilcoxon signed rank test on 500 bootstrapped computations of proportions.
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 SI .14. Foot most frequent postures only in descents in head-first on oblique and vertical substrates for each variable, combined by groups, with associated Bonferroni-Holms Corrected p-values from wilcoxon signed rank test on 500 bootstrapped computations of proportions.
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 SI .16. Foot most frequent postures only in descents in rump-first on oblique and vertical substrates for each variable, combined by groups, with associated Bonferroni-Holms Corrected p-values from wilcoxon signed rank test on 500 bootstrapped computations of proportions.

Table SI 4

 SI .1. Attributions for isolated metapodials and phalanges belonging to Plesiadapis tricuspidens, Pl. LeQuesnoy and Teilhardina belgica.

			R503 QNY33	PP ? IP ?	F F			PP4 IP4
	Teilhardina	intermediate phalanges	R5365 IRSNB M1266	PP ? IP3or4	F H			PP4 IP4
	belgica Plesiadapis LeQuesnoy	proximal phalanges	R5339 QNY23 IRSNB Vert-32731-18 IRSNB Vert-32731-21	PP1 ? PP ? IP ? IP ?	F H H H			PP1 IP4 PP3 IP4
			QNY18 IRSNB Vert-32731-22	PP ? IP ?	F H	Final attribution PP4 IP4
	Species Bone type	Collection number QNY19 IRSNB Vert-32731-19 QNY20 IRSNB Vert-32731-20	Initial attribution PP ? IP ? PP ? IP ?	Hand or foot attribution F F F F	PP5 IP5 Digit number attribution PP4 IP5
	Plesiadapis Plesiadapis	metacarpals distal phalanges	R5295 QNY21 BR1	MC4 PP ? DP ?	F F		MC4	PP3 D4
	tricuspidens tricuspidens Teilhardina belgica	proximal phalanges	R5364 R5350 R5373 R5305 QNY22 QNY24 BR5 QNY25 BR6 IRSNB M1264 R613 R5361	MC4 MC ? MC5 MC5 PP ? PP ? DP ? PP ? DP ? PP1 DP ? DP ?	F F F F F H F F		MC4 MC2 MC5 MC5	PP4 D3 PP3 D3 PP2 D4 PP1 D3
		metatarsals	R5326 IRSNB M2167 R612	MT2 PP ? DP ?	H F		MT2	PP2 D3
			R5325 IRSNB Vert-32731-16 R5309	MT2 PP ? DP ?	H F		MT2	PP2 D3
	Plesiadapis	distal phalanges	R5273 IRSNB M1265 QNY34	MT4 PP1 DP ?	F F		MT4	PP1 D4
	Plesiadapis LeQuesnoy LeQuesnoy Plesiadapis tricuspidens	metacarpals intermediate phalanges	R5335 R5336 R5370 R5353 QNY1 QNY2 QNY3 QNY4 IRSNB Vert-32731-10 IRSNB Vert-32731-11 QNY35 IRSNB Vert-32731-12 QNY36 IRSNB Vert-32731-09 QNY37 IRSNB M2168 QNY38 IRSNB Vert-32731-13 QNY39 IRSNB Vert-32731-15 QNY40 R5369 QNY41 QNY42	MT4 MT4 MT ? MT ? MC1 ? MC1 ? MC1 ? MC1 ? PP1 PP1 DP ? PP1 DP ? PP ? DP ? PP ? DP ? PP ? DP ? PP ? DP ? IP ? DP ? DP ?	F F F F F F F F F F H F F H F F		MT4 MT4 MT3 MT3 MC1 MC1 MC1 MC1	PP1 D4 PP1 D4 PP1 D4 PP2 D4 PP2 D5 PP4 D4 PP3 D4 IP4 D3
			QNY5 BR14535 QNY43	MC2 ? IP ? DP ?	H F		MC2	IP4 D3
			QNY6 BR14536 QNY44	MC2 ? IP ? DP ?	F F		MC2	IP4 D3
			QNY7 CR2 QNY45	MC2 ? IP ? DP ?	F F		MC2	IP4 D3
			QNY8 R5296 QNY46	MC2 ? IP ? DP ?	F F		MC2	IP4 D3
			QNY9 R5330 QNY47	MC2 ? IP ? DP ?	F F		MC2	IP4 D4
			QNY10 R5346 QNY48	MC3 ? IP ? DP ?	F F		MC3	IP4 D4
			QNY11 R5363 QNY49	MC4 ? IP ? DP ?	F F		MC4	IP4 D3
			QNY12 R5372 QNY50	MC4 ? IP ? DP ?	F H		MC4	IP4 D4
			QNY13 R5324	MC4 ? IP ?	F		MC4	IP4
		metatarsals	QNY14 R5315	MT1 ? IP ?	F		MT1	IP4
			QNY15 R5352	MT2 ? IP ?	F		MT2	IP4
			QNY16 CR1	MT3 ? IP ?	F		MT3	IP4
			QNY17 R5391	MT5 ? IP ?	F		MT5	IP4
	Plesiadapis Plesiadapis	proximal phalanges intermediate phalanges	BR14538 QNY26	PP ? IP ?	H F			PP2 IP4
	tricuspidens LeQuesnoy						
			CRL239 QNY27	PP ? IP ?	H F			PP5 IP4
			R5342 QNY28	PP ? IP ?	H F			PP5 IP4
			R5301 QNY29	PP ? IP ?	H F			PP3 IP4
			R5328 QNY30	PP ? IP ?	F F			PP3 IP4
			R5297 QNY31	PP ? IP ?	F F			PP4 IP4
			R5383 QNY32	PP ? IP ?	F F			PP2 IP4

Table SI 4

 SI .2. Results of all indices/proportions linked to phylogenetic signal. Blomberg and Pagel p-values are reported as is and after Bonferroni-Holmes correction. P-values passing the correction tests (using the 0.05 threshold) are in bold and those failing the correction tests are reported as negatives. MC: metacarpal, MT: metatarsal, PP: proximal phalanx, IP: intermediate phalanx, D or dp: distal phalanx. Numbers correspond to the digits number.

	tubercle length / total length D2-5 foot distal facet width / midshaft width PP2-5 foot midshaft width / total length MT1 distal facet height / midshaft height IP2-5 foot	0,83 0,56 0,43 0,31	7,22E-03 -1,16E+00 6,12E-03 -1,03E+00 4,79E-02 -4,74E+00 1,82E-01 -9,66E+00	0,92 0,99 0,80 0,53	2,27E-03 5,86E-05 6,31E-03 3,00E-01	-2,56E-01 9,20E-03 -6,49E-01 -1,47E+01
	midshaft width / total length PP2-5 hand proximal facet width / height PP2-5 hand distal facet -shaft eccentricity ratio MT2-5 pp proportion of digit length -digit 1 hand	0,82 0,56 0,43 0,31	6,70E-03 -1,09E+00 6,62E-03 -1,09E+00 3,92E-02 -4,16E+00 1,91E-01 -9,55E+00	1,00 0,82 1,00 1,00	2,39E-08 3,94E-03 1,53E-04 2,07E-04	4,86E-06 -4,18E-01 2,29E-02 2,94E-02
	midshaft width / total length D1 hand proximal facet geometric mean D2-5 foot proximal facet width / height IP2-5 hand proximal facet dorsal / ventral widths PP2-5 hand	0,79 0,56 0,41 0,31	5,36E-03 -9,27E-01 7,84E-03 -1,23E+00 5,12E-02 -5,02E+00 2,11E-01 -9,49E+00	0,99 1,00 0,96 0,00	8,29E-06 1,35E-05 4,93E-04 1,00E+00	1,43E-03 2,24E-03 -6,41E-02 -1,40E+01
	proximal facet width / height PP2-5 foot proximal facet geometric mean PP1 foot tubercle length / total length PP2-5 hand dp index digit 1 foot	0,78 0,55 0,41 0,30	4,60E-04 -9,29E-02 1,56E-02 -2,09E+00 7,81E-02 -6,56E+00 1,92E-01 -9,42E+00	0,83 1,00 1,00 0,60	8,63E-05 2,64E-04 3,55E-02 6,71E-02	1,33E-02 3,72E-02 -2,73E+00 -4,49E+00
	midshaft width / height PP2-5 hand tubercle length / total length D2-5 hand distal facet -shaft eccentricity ratio IP2-5 hand Cross Sec Area IP2-5 hand	0,77 0,55 0,40 0,30	7,00E-04 -1,38E-01 7,65E-02 -6,51E+00 6,56E-02 -5,90E+00 2,19E-01 -9,43E+00	0,76 0,76 0,33 0,32	1,62E-04 9,12E-02 2,67E-02 3,32E-01	2,41E-02 -6,02E+00 -2,14E+00 -1,59E+01
	phalangeal index with distal -digit 2-5 foot distal facet width / midshaft width MC1 distal facet angle IP2-5 hand midshaft width / height PP1 hand	0,75 0,55 0,40 0,29	1,96E-03 -3,65E-01 1,11E-02 -1,61E+00 6,92E-02 -6,02E+00 2,09E-01 -9,63E+00	1,00 0,92 0,88 0,78	3,09E-06 2,05E-04 6,85E-03 1,26E-02	5,44E-04 2,93E-02 -6,99E-01 -1,12E+00
	pp index digit 2-5 foot distal facet height / midshaft height MC1 distal facet width / midshaft width IP2-5 hand distal facet dorsal / ventral widths IP2-5 hand	0,74 0,54 0,40 0,29	2,36E-03 -4,34E-01 1,49E-02 -2,01E+00 5,81E-02 -5,52E+00 2,52E-01 -1,01E+01	1,00 0,57 0,88 0,00	3,48E-08 5,37E-03 2,34E-02 1,00E+00	6,99E-06 -5,59E-01 -1,92E+00 -2,70E+01
	Index or proportion phalangeal index without distal -digit 2-5 foot distal facet dorsal / ventral widths IP2-5 foot distal facet geometric mean PP1 hand midshaft width / height PP2-5 foot	Blomberg 0,74 0,54 0,39 0,29	Blomberg 2,82E-03 -5,10E-01 Bonferroni 1,13E-02 -1,62E+00 5,37E-02 -5,21E+00 2,75E-01 -1,04E+01	Pagel 1,00 0,90 0,90 0,18	Pagel 4,29E-08 1,22E-03 1,84E-02 4,14E-01	Bonferroni 8,53E-06 -1,45E-01 -1,57E+00 -1,82E+01
	midshaft width / height MT2-5 midshaft width / height MC1 midshaft height / tubercle height PP2-5 foot distal facet dorsal / ventral widths PP1 hand	K 0,39 0,73 0,54 0,28	P-value 2,78E-03 -5,06E-01 correction 1,26E-02 -1,77E+00 9,80E-02 -7,05E+00 2,48E-01 -1,04E+01	Lambda 0,96 0,87 0,76 0,26	P-value 2,02E-06 1,31E-04 1,15E-02 2,18E-01	correction 3,61E-04 1,99E-02 -1,08E+00 -1,18E+01
	proximal facet width / height D2-5 foot tubercle length / total length D1 foot distal facet geometric mean MT2-5 midshaft height / total length MT1 distal facet width / midshaft width MT1	2,52 0,73 0,54 0,39 0,28	2,00E-05 4,38E-03 6,55E-02 -5,96E+00 9,08E-03 -1,37E+00 5,53E-02 -5,30E+00 3,07E-01 -1,05E+01	1,00 0,62 1,00 0,73 0,00	3,09E-14 1,89E-01 1,01E-05 2,01E-02 1,00E+00	6,86E-12 -1,04E+01 1,70E-03 -1,67E+00 -3,10E+01
	distal facet width / height MT2-5 midshaft height / total length IP2-5 hand distal facet geometric mean PP2-5 foot proximal facet geometric mean PP1 hand distal facet dorsal / ventral expansions PP1 foot	2,14 0,72 0,53 0,39 0,28	2,00E-05 4,42E-03 8,02E-03 -1,25E+00 9,28E-03 -1,39E+00 6,29E-02 -5,78E+00 3,14E-01 -9,74E+00	0,90 0,98 1,00 0,94 0,17	3,59E-11 9,67E-07 1,88E-05 1,25E-02 2,44E-01	7,76E-09 1,78E-04 3,10E-03 -1,15E+00 -1,29E+01
	midshaft width / height D2-5 foot distal facet height / midshaft height MC2-5 midshaft width / height IP2-5 foot tubercle length / total length PP1 hand distal facet dorsal / ventral widths PP1 foot	2,01 0,71 0,53 0,38 0,28	2,00E-05 4,36E-03 4,80E-04 -9,65E-02 8,28E-03 -1,28E+00 2,68E-01 -1,05E+01 3,10E-01 -1,02E+01	1,00 0,55 0,63 0,34 0,15	2,18E-12 5,61E-05 4,78E-02 7,79E-01 5,00E-01	4,82E-10 8,87E-03 -3,49E+00 -2,65E+01 -2,05E+01
	dp proportion of digit length -digit 2-5 hand midshaft height / tubercle height D2-5 foot proximal facet dorsal / ventral widths D2 foot midshaft height / total length MC1 Cross Sec Area PP2-5 hand	1,74 0,70 0,53 0,37 0,28	2,00E-05 4,28E-03 1,87E-02 -2,47E+00 5,30E-01 -1,01E+01 6,89E-02 -6,13E+00 2,48E-01 -1,02E+01	1,00 0,94 0,00 0,85 0,23	1,63E-11 9,14E-03 1,00E+00 2,43E-02 2,99E-01	3,56E-09 -8,87E-01 -1,90E+01 -1,97E+00 -1,50E+01
	dp proportion of digit length -digit 2-5 foot midshaft height / total length MC2-5 distal facet angle MT2-5 dp proportion of digit length -digit 1 foot curvature IP2-5 hand	1,65 0,70 0,52 0,37 0,28	2,00E-05 4,30E-03 1,42E-03 -2,68E-01 1,03E-02 -1,53E+00 8,06E-02 -6,61E+00 3,11E-01 -9,95E+00	1,00 1,00 0,96 0,91 0,00	4,99E-10 7,47E-07 1,71E-04 3,50E-03 1,00E+00	1,06E-07 1,38E-04 2,51E-02 -3,78E-01 -3,00E+00
	midshaft width / total length D2-5 foot Cross Sec Area PP1 foot distal facet width / height MT1 mc mt proportion of digit length -digit 2-5 hand Cross Sec Area PP1 hand	1,64 0,70 0,52 0,37 0,28	2,40E-04 4,92E-02 5,76E-03 -9,85E-01 1,31E-02 -1,83E+00 8,73E-02 -6,90E+00 2,09E-01 -9,84E+00	1,00 0,89 0,46 1,00 0,39	2,43E-11 1,64E-06 1,15E-02 1,22E-03 3,98E-01	5,30E-09 2,97E-04 -1,07E+00 -1,45E-01 -1,79E+01
	proximal facet width / height D2-5 hand Cross Sec Area MT1 distal facet geometric mean IP2-5 foot distal facet angle PP2-5 foot curvature PP1 hand	1,37 0,68 0,51 0,37 0,28	6,00E-05 1,27E-02 6,42E-03 -1,07E+00 1,38E-02 -1,92E+00 9,49E-02 -6,92E+00 2,79E-01 -1,03E+01	0,93 0,96 1,00 0,76 0,00	1,93E-09 5,51E-07 2,70E-05 1,31E-02 1,00E+00	4,01E-07 1,05E-04 4,38E-03 -1,15E+00 -1,00E+00
	midshaft width / height D2-5 hand midshaft height / total length D2-5 foot proximal facet geometric mean IP2-5 foot proximal facet dorsal / ventral widths PP1 hand proximal facet dorsal / ventral widths IP2-5 foot	1,34 0,67 0,51 0,37 0,28	2,00E-05 4,34E-03 4,70E-03 -8,18E-01 1,44E-02 -1,96E+00 8,01E-02 -6,65E+00 3,51E-01 -1,02E+01	0,98 1,00 1,00 0,48 0,23	3,09E-09 4,70E-06 2,19E-05 5,11E-02 1,00E+00	6,37E-07 8,18E-04 3,60E-03 -3,63E+00 -1,70E+01
	proximal facet width / height D2 foot proximal facet geometric mean D1 foot ip proportion of digit length -digit 2-5 foot Cross Sec Area PP2-5 foot distal facet height / midshaft height IP2-5 hand	1,34 0,67 0,50 0,37 0,27	1,04E-02 -1,53E+00 7,66E-03 -1,21E+00 1,95E-02 -2,56E+00 6,91E-02 -6,08E+00 3,67E-01 -9,53E+00	1,00 1,00 1,00 0,86 0,00	3,11E-02 3,77E-05 8,35E-06 9,30E-03 1,00E+00	-2,46E+00 6,08E-03 1,43E-03 -8,93E-01 -3,20E+01
	distal facet width / height MC2-5 midshaft width / total length PP1 hand proximal facet geometric mean D2-5 hand phalangeal index with distal -digit 1 hand distal facet dorsal / ventral expansions IP2-5 foot	1,31 0,67 0,50 0,37 0,27	2,00E-05 4,44E-03 6,74E-03 -1,09E+00 1,85E-02 -2,46E+00 8,17E-02 -6,53E+00 3,59E-01 -9,70E+00	0,83 0,96 1,00 1,00 0,00	2,35E-07 2,78E-04 8,38E-05 5,84E-04 1,00E+00	4,58E-05 3,81E-02 1,30E-02 -7,53E-02 -3,00E+01
	proximal facet width / height D1 foot ip index digit 2-5 hand proximal facet geometric mean PP2-5 foot curvature MT2-5 distal facet -shaft eccentricity ratio IP2-5 foot	1,27 0,66 0,49 0,36 0,27	2,00E-05 4,40E-03 3,82E-03 -6,72E-01 1,41E-02 -1,93E+00 8,08E-02 -6,55E+00 4,00E-01 -9,19E+00	0,98 1,00 1,00 0,22 0,00	9,62E-11 6,00E-07 4,10E-05 5,36E-01 1,00E+00	2,06E-08 1,13E-04 6,52E-03 -2,14E+01 -2,20E+01
	dp index digit 2-5 foot midshaft width / total length IP2-5 foot distal facet geometric mean MT1 distal facet height / midshaft height PP2-5 hand curvature MC1	1,21 0,66 0,49 0,36 0,27	1,40E-04 2,91E-02 8,12E-03 -1,26E+00 2,69E-02 -3,26E+00 9,00E-02 -7,02E+00 3,50E-01 -1,05E+01	1,00 1,00 1,00 0,68 0,59	7,32E-07 1,01E-07 2,31E-03 1,01E-01 2,82E-01	1,37E-04 1,99E-05 -2,59E-01 -6,54E+00 -1,47E+01
	proximal facet width / height D1 hand tubercle length / total length PP1 foot midshaft width / height PP1 foot distal facet dorsal / ventral widths MT2-5 mc mt proportion of digit length -digit 1 foot	1,20 0,66 0,49 0,36 0,26	4,00E-05 8,48E-03 4,29E-02 -4,37E+00 2,23E-02 -2,90E+00 9,27E-02 -7,05E+00 3,89E-01 -9,74E+00	0,89 0,94 0,81 0,62 0,33	4,74E-07 1,39E-01 2,70E-04 1,31E-01 3,70E-01	9,05E-05 -8,50E+00 3,75E-02 -8,41E+00 -1,70E+01
	midshaft width / total length MC2-5 midshaft width / total length MC1 Cross Sec Area IP2-5 foot curvature PP2-5 foot distal facet angle MC1	1,19 0,66 0,48 0,36 0,26	2,00E-05 4,32E-03 5,66E-03 -9,74E-01 2,25E-02 -2,91E+00 1,02E-01 -7,12E+00 3,99E-01 -9,59E+00	1,00 1,00 1,00 0,82 0,00	8,11E-11 1,21E-05 6,88E-04 3,19E-02 1,00E+00	1,74E-08 2,03E-03 -8,74E-02 -2,49E+00 -1,00E+01
	midshaft width / total length D2-5 hand mc mt proportion of digit length -digit 2-5 foot distal facet width / midshaft width PP1 hand distal facet angle MC2-5 distal facet height / midshaft height PP1 foot	1,14 0,65 0,47 0,35 0,26	1,44E-03 -2,71E-01 2,22E-03 -4,11E-01 2,40E-02 -3,02E+00 1,23E-01 -7,99E+00 4,81E-01 -1,01E+01	1,00 1,00 0,40 0,00 0,10	3,65E-08 2,38E-05 6,94E-03 1,00E+00 6,71E-01	7,30E-06 3,87E-03 -7,01E-01 -9,00E+00 -2,48E+01
	proximal facet geometric mean D2 foot distal facet width / height MC1 midshaft height / tubercle height D1 hand Cross Sec Area MC2-5 phalangeal index with distal -digit 1 foot	1,12 0,65 0,47 0,35 0,25	2,70E-02 -3,24E+00 3,68E-03 -6,51E-01 1,48E-01 -9,05E+00 9,47E-02 -7,01E+00 4,27E-01 -9,40E+00	1,00 0,84 0,64 0,74 0,27	4,08E-02 1,83E-03 1,64E-01 1,51E-01 5,58E-01	-3,10E+00 -2,11E-01 -9,66E+00 -9,05E+00 -2,18E+01
	midshaft width / total length PP2-5 foot distal facet width / height PP2-5 foot proximal facet width / height PP1 foot phalangeal index with distal -digit 2-5 hand distal facet angle IP2-5 foot	1,09 0,64 0,47 0,35 0,25	7,00E-04 -1,37E-01 4,16E-03 -7,28E-01 2,49E-02 -3,09E+00 1,09E-01 -7,44E+00 5,55E-01 -9,99E+00	1,00 0,99 0,76 1,00 0,08	3,87E-12 1,67E-04 3,34E-03 1,06E-03 6,82E-01	8,50E-10 2,47E-02 -3,64E-01 -1,30E-01 -2,39E+01
	midshaft width / total length D1 foot distal facet width / midshaft width PP2-5 hand proximal facet dorsal / ventral widths D2-5 foot midshaft height / tubercle height PP1 foot	1,09 0,64 0,47 0,35	6,00E-05 1,26E-02 1,42E-03 -2,70E-01 3,87E-02 -4,14E+00 6,02E-01 -9,64E+00	1,00 0,96 0,94 0,00	3,18E-11 7,46E-05 2,03E-04 1,00E+00	6,90E-09 1,16E-02 2,94E-02 -1,30E+01
	distal facet width / height IP2-5 foot midshaft width / height D2 foot proximal facet geometric mean IP2-5 hand midshaft width / height MT1	1,08 0,63 0,47 0,35	4,00E-05 8,52E-03 2,87E-01 -1,01E+01 2,56E-02 -3,14E+00 9,90E-02 -7,03E+00	0,95 0,00 1,00 0,43	6,36E-07 1,00E+00 2,03E-04 2,88E-01	1,20E-04 -1,10E+01 2,93E-02 -1,47E+01
	midshaft width / height D1 hand midshaft height / total length PP1 hand proximal facet geometric mean D1 hand Cross Sec Area MC1	1,03 0,63 0,47 0,35	1,60E-04 3,30E-02 7,50E-03 -1,19E+00 2,86E-02 -3,38E+00 9,36E-02 -7,02E+00	0,85 0,75 0,97 0,89	1,38E-06 1,12E-03 3,72E-03 1,25E-02	2,52E-04 -1,35E-01 -3,98E-01 -1,13E+00
	midshaft height / total length D1 foot midshaft width / total length IP2-5 hand Cross Sec Area MT2-5 distal facet dorsal / ventral widths PP2-5 hand	1,02 0,63 0,47 0,35	1,60E-03 -2,99E-01 1,40E-02 -1,93E+00 2,48E-02 -3,10E+00 1,11E-01 -7,46E+00	1,00 1,00 1,00 0,29	2,03E-06 7,92E-06 9,23E-05 1,75E-01	3,61E-04 1,37E-03 1,41E-02 -9,99E+00
	midshaft width / height D1 foot distal facet geometric mean PP1 foot distal facet width / height IP2-5 hand proximal facet dorsal / ventral widths D1 foot	1,00 0,62 0,46 0,34	1,00E-04 2,09E-02 9,34E-03 -1,39E+00 2,93E-02 -3,43E+00 2,16E-01 -9,51E+00	0,97 1,00 0,82 0,38	4,72E-09 3,78E-05 1,19E-03 6,72E-01	9,67E-07 6,05E-03 -1,42E-01 -2,42E+01
	distal facet height / midshaft height MT2-5 tubercle length / total length D1 hand midshaft height / total length PP1 foot distal facet dorsal / ventral expansions PP2-5 foot	0,98 0,62 0,46 0,34	1,60E-04 3,31E-02 6,94E-02 -5,96E+00 2,64E-02 -3,22E+00 1,20E-01 -7,95E+00	0,91 0,60 0,53 0,59	1,38E-06 5,41E-02 7,03E-03 1,60E-02	2,53E-04 -3,73E+00 -7,03E-01 -1,37E+00
	ip proportion of digit length -digit 2-5 hand dp proportion of digit length -digit 1 hand distal facet geometric mean IP2-5 hand midshaft height / tubercle height PP2-5 hand	0,97 0,62 0,45 0,34	2,80E-04 -5,71E-02 8,90E-03 -1,35E+00 2,83E-02 -3,37E+00 1,97E-01 -9,44E+00	1,00 0,87 1,00 0,00	4,92E-09 1,01E-03 1,51E-04 1,00E+00	1,00E-06 -1,25E-01 2,28E-02 -1,20E+01
	dp index digit 2-5 hand tubercle length / total length PP2-5 foot distal facet width / height PP2-5 hand proximal facet width / height PP1 hand	0,97 0,61 0,45 0,34	6,20E-04 -1,23E-01 1,22E-02 -1,73E+00 3,27E-02 -3,70E+00 1,06E-01 -7,31E+00	1,00 1,00 1,00 0,85	3,53E-07 2,69E-04 1,67E-03 4,53E-02	6,86E-05 3,77E-02 -1,94E-01 -3,35E+00
	midshaft height / total length D1 hand phalangeal index without distal -digit 2-5 hand distal facet geometric mean PP2-5 hand distal facet -shaft eccentricity ratio MC2-5	0,97 0,61 0,45 0,34	3,00E-04 -6,09E-02 6,76E-03 -1,09E+00 3,15E-02 -3,59E+00 1,47E-01 -9,24E+00	1,00 1,00 1,00 0,48	2,55E-06 3,92E-07 3,28E-04 5,01E-02	4,51E-04 7,52E-05 4,40E-02 -3,61E+00
	midshaft height / total length IP2-5 foot proximal facet dorsal / ventral widths D1 hand distal facet geometric mean MC2-5 distal facet -shaft eccentricity ratio PP1 hand	0,96 0,60 0,45 0,33	4,80E-04 -9,60E-02 2,28E-02 -2,92E+00 3,03E-02 -3,49E+00 1,36E-01 -8,68E+00	0,99 0,64 1,00 0,21	8,18E-10 4,56E-03 3,41E-04 4,39E-01	1,72E-07 -4,79E-01 4,53E-02 -1,89E+01
	midshaft width / height MC2-5 distal facet width / midshaft width IP2-5 foot distal facet height / midshaft height PP2-5 foot distal facet dorsal / ventral widths MC2-5	0,95 0,60 0,45 0,33	2,98E-03 -5,33E-01 6,38E-03 -1,07E+00 3,31E-02 -3,68E+00 1,47E-01 -9,09E+00	0,97 0,96 0,46 0,00	3,29E-08 3,84E-06 8,72E-03 1,00E+00	6,65E-06 6,73E-04 -8,55E-01 -2,50E+01
	midshaft width / total length MT2-5 ip index digit 2-5 foot distal facet width / midshaft width MC2-5 distal facet -shaft eccentricity ratio PP1 foot	0,94 0,60 0,45 0,33	7,00E-04 -1,37E-01 6,38E-03 -1,07E+00 3,00E-02 -3,48E+00 1,50E-01 -8,99E+00	1,00 1,00 0,72 0,42	7,33E-07 1,92E-06 2,78E-04 1,39E-01	1,36E-04 3,45E-04 3,84E-02 -8,62E+00
	midshaft width / total length PP1 foot pp index digit 2-5 hand proximal facet geometric mean PP2-5 hand midshaft width / height IP2-5 hand	0,93 0,60 0,45 0,33	6,20E-04 -1,23E-01 6,44E-03 -1,06E+00 3,30E-02 -3,70E+00 1,57E-01 -8,94E+00	0,99 1,00 1,00 0,67	3,54E-07 7,62E-08 2,89E-04 1,73E-01	6,83E-05 1,51E-05 3,90E-02 -1,00E+01
	midshaft height / tubercle height D1 foot midshaft height / total length D2 foot distal facet angle PP2-5 hand distal facet width / height PP1 foot	0,91 0,59 0,44 0,33	2,36E-02 -2,99E+00 3,58E-01 -1,00E+01 3,74E-02 -4,04E+00 1,52E-01 -8,83E+00	0,80 0,00 0,80 0,66	5,20E-02 1,00E+00 2,86E-03 1,26E-02	-3,64E+00 -2,30E+01 -3,14E-01 -1,13E+00
	midshaft height / total length PP2-5 foot curvature IP2-5 foot distal facet angle MT1 mc mt proportion of digit length -digit 1 hand	0,89 0,59 0,44 0,32	2,62E-03 -4,79E-01 1,08E-02 -1,57E+00 3,52E-02 -3,83E+00 1,51E-01 -8,89E+00	1,00 0,64 0,65 0,99	1,72E-10 1,06E-03 9,49E-03 2,20E-03	3,66E-08 -1,30E-01 -9,02E-01 -2,51E-01
	midshaft width / total length D2 foot distal facet height / midshaft height MT1 distal facet -shaft eccentricity ratio PP2-5 hand proximal facet dorsal / ventral widths IP2-5 hand	0,86 0,59 0,43 0,32	9,12E-02 -7,02E+00 2,88E-03 -5,18E-01 3,97E-02 -4,09E+00 1,72E-01 -9,45E+00	1,00 0,66 0,44 0,64	4,58E-01 8,29E-04 5,69E-02 1,35E-02	-1,93E+01 -1,04E-01 -3,87E+00 -1,18E+00
	pp proportion of digit length -digit 2-5 hand dp index digit 1 hand midshaft height / total length D2-5 hand curvature PP1 foot	0,86 0,59 0,43 0,32	7,20E-04 -1,38E-01 1,17E-02 -1,67E+00 3,93E-02 -4,13E+00 1,65E-01 -9,25E+00	1,00 0,84 1,00 0,60	7,91E-10 9,25E-04 6,67E-04 1,32E-01	1,67E-07 -1,16E-01 -8,54E-02 -8,32E+00
	midshaft height / total length MT2-5 midshaft height / tubercle height D2-5 hand distal facet dorsal / ventral widths PP2-5 foot curvature MC2-5	0,85 0,58 0,43 0,32	1,22E-03 -2,33E-01 5,81E-02 -5,47E+00 3,51E-02 -3,86E+00 1,88E-01 -9,61E+00	1,00 0,87 0,67 0,70	1,92E-07 4,22E-02 2,49E-03 3,38E-01	3,76E-05 -3,16E+00 -2,76E-01 -1,59E+01
	midshaft height / total length PP2-5 hand midshaft height / tubercle height PP1 hand curvature PP2-5 hand proximal facet dorsal / ventral widths D2-5 hand	0,84 0,58 0,43 0,32	3,08E-03 -5,48E-01 5,92E-02 -5,51E+00 4,54E-02 -4,54E+00 2,80E-01 -1,01E+01	1,00 0,80 1,00 0,21	1,20E-09 1,93E-02 2,02E-04 1,00E+00	2,51E-07 -1,62E+00 2,95E-02 -1,80E+01
	pp proportion of digit length -digit 2-5 foot distal facet width / midshaft width PP1 foot distal facet geometric mean MC1 distal facet width / height PP1 hand	0,84 0,57 0,43 0,32	7,20E-04 -1,39E-01 5,80E-03 -9,86E-01 3,94E-02 -4,10E+00 1,72E-01 -9,31E+00	1,00 0,68 1,00 0,63	2,16E-09 2,86E-04 1,62E-03 1,75E-01	4,47E-07 3,89E-02 -1,89E-01 -9,83E+00
	distal facet -shaft eccentricity ratio PP2-5 foot distal facet width / midshaft width MT2-5 distal facet dorsal / ventral expansions PP1 hand proximal facet width / height IP2-5 foot	0,84 0,57 0,43 0,32	7,20E-04 -1,40E-01 8,64E-03 -1,32E+00 4,46E-02 -4,50E+00 1,88E-01 -9,77E+00	0,79 0,96 0,60 0,69	8,79E-06 9,20E-06 8,24E-03 8,57E-01	1,49E-03 1,55E-03 -8,16E-01 -2,83E+01

Table SI 4

 SI .3. Results of all indices/proportions, hands and feet separately, linked with postural data (mutual information, in Shannons). MC: metacarpal, MT: metatarsal, PP: proximal phalanx, IP: intermediate phalanx, D an dp: distal phalanx. Numbers correspond to the digits number.

	distal facet geometric mean PP1 curvature MC1	2,0229 1,5863	distal facet width / height PP1 proximal facet dorsal / ventral widths D2 foot 1,9228 2,3029
	distal facet height / midshaft height MC1 proximal facet geometric mean PP1	2,0125 1,5833	Cross Sec Area IP2-5 proximal facet width / height D2 foot	2,2765 1,9228
	phal index w d digit 2-5 distal facet height / midshaft height IP2-5	2,0125 1,5816	distal facet dorsal / ventral expansions IP2-5 midshaft width / height D2 foot	2,2414 1,9228
	distal facet dorsal / ventral widths MC1 midshaft height / total length D2-5	2,0076 1,5787	distal facet -shaft eccentricity ratio MT1 midshaft width / total length D2 foot	2,2279 1,9228
	distal facet dorsal / ventral widths MC2-5 distal facet angle PP1	2,0076 1,5583	proximal facet width / height D2-5 proximal facet geometric mean PP1	2,2106 1,9117
	distal facet geometric mean IP2-5 ip index digit 2-5	1,9990 1,5546	midshaft height / tubercle height PP2-5 distal facet width / midshaft width MT2-5	2,2069 1,8934
	midshaft width / total length D2-5 midshaft width / total length D1	1,9990 1,5396	distal facet geometric mean IP2-5 distal facet height / midshaft height PP2-5	2,2009 1,8676
	phal index w d digit 1 ip proportion of digit length -digit 2-5	1,9990 1,5166	distal facet -shaft eccentricity ratio IP2-5 distal facet -shaft eccentricity ratio PP2-5	2,1898 1,8676
	Index or proportion hand distal facet dorsal / ventral widths PP1 dp proportion of digit length -digit 2-5 Cross Sec Area IP2-5 midshaft height / tubercle height PP2-5 distal facet angle MC2-5	Mutual information 1,9805 1,5067 2,2990 1,9805 1,5017	Index or proportion foot midshaft width / total length PP2-5 pp index digit 2-5 midshaft height / tubercle height D1 distal facet width / midshaft width IP2-5 midshaft width / total length MT2-5	Mutual 2,1109 1,8303 information 2,8251 2,0974 1,8295
	distal facet width / height MC1 distal facet angle PP2-5 distal facet -shaft eccentricity ratio IP2-5	2,2990 1,9805 1,4939	tubercle length / total length D1 distal facet -shaft eccentricity ratio MT2-5 distal facet geometric mean MT2-5	2,8251 2,0974 1,8288
	distal facet width / height MC2-5 distal facet dorsal / ventral widths IP2-5 phal index wo d digit 2-5	2,2990 1,9759 1,4772	distal facet height / midshaft height IP2-5 proximal facet geometric mean IP2-5 phalangeal index without distal -digit 2-5	2,6124 2,0974 1,8237
	distal facet width / height PP1 distal facet width / height IP2-5 midshaft width / total length MC2-5	2,2990 1,9759 1,4569	distal facet height / midshaft height MT2-5 phalangeal index with distal -digit 1 distal facet width / midshaft width PP1	2,6124 2,0916 1,8034
	midshaft height / total length PP1 tubercle length / total length PP1 pp index digit 2-5	2,2990 1,9756 1,4354	distal facet dorsal / ventral expansions PP1 midshaft height / total length IP2-5 ip index digit 2-5	2,6124 2,0908 1,8013
	midshaft height / total length PP2-5 dp index digit 1 curvature MC2-5	2,2990 1,9607 1,4212	distal facet dorsal / ventral widths MT2-5 mc mt proportion of digit length -digit 1 distal facet angle MT2-5	2,6124 2,0863 1,7906
	proximal facet geometric mean D2-5 distal facet -shaft eccentricity ratio MC1 proximal facet width / height IP2-5	2,2990 1,9279 1,4107	midshaft height / total length MT1 proximal facet width / height PP1 distal facet geometric mean PP2-5	2,6124 2,0797 1,7878
	proximal facet dorsal / ventral widths PP1 distal facet angle IP2-5 proximal facet width / height D1	2,2990 1,9199 1,3292	midshaft width / height IP2-5 dp proportion of digit length -digit 2-5 distal facet width / height MT2-5	2,6124 2,0756 1,7845
	proximal facet width / height PP2-5 distal facet geometric mean MC1 distal facet height / midshaft height MC2-5	2,2990 1,9149 1,2816	midshaft width / height MT2-5 midshaft height / total length PP2-5 distal facet angle PP1	2,6124 2,0743 1,7734
	tubercle length / total length PP2-5 midshaft height / total length IP2-5 midshaft height / tubercle height D2-5	2,2990 1,9146 1,1477	midshaft width / height PP1 midshaft width / height D1 midshaft width / height PP2-5	2,6124 2,0743 1,7660
	midshaft width / height PP1 mc mt proportion of digit length -digit 2-5 curvature PP1	2,2990 1,8882 1,1126	phalangeal index without distal -digit 1 Cross Sec Area MT1 Cross Sec Area PP1	2,6124 2,0712 1,7538
	midshaft width / total length MC1 distal facet width / midshaft width PP2-5 midshaft width / height MC1	2,2990 1,8833 1,0358	pp index digit 1 midshaft height / total length PP1 distal facet height / midshaft height PP1	2,6124 2,0608 1,7505
	dp proportion of digit length -digit 1 proximal facet dorsal / ventral widths D1	2,2990 1,8824	pp proportion of digit length -digit 2-5 dp index digit 2-5 distal facet width / midshaft width PP2-5	2,6124 2,0608 1,6812
	mc mt proportion of digit length -digit 1 Cross Sec Area MC1	2,2990 1,8740	curvature PP2-5 curvature MT2-5 midshaft width / height D2-5	2,6124 2,0608 1,6534
	Cross Sec Area MC2-5 midshaft width / height PP2-5	2,2063 1,8445	distal facet dorsal / ventral widths PP2-5 ip proportion of digit length -digit 2-5 distal facet angle MT1	2,4719 2,0594 1,6494
	Cross Sec Area PP2-5 distal facet height / midshaft height PP1	2,2063 1,8317	proximal facet dorsal / ventral widths D2-5 curvature MT1 proximal facet width / height PP2-5	2,4719 2,0555 1,6133
	distal facet angle MC1 phal index wo d digit 1	2,2063 1,8182	proximal facet dorsal / ventral widths D1 distal facet dorsal / ventral expansions PP2-5 2,0543 2,4342 distal facet geometric mean MT1 1,6054
	distal facet width / midshaft width MC2-5 pp index digit 1	2,2059 1,8182	dp proportion of digit length -digit 1 tubercle length / total length PP1 pp proportion of digit length -digit 1	2,3819 2,0539 1,5535
	midshaft width / height D1 midshaft width / height D2-5	2,2059 1,8026	phalangeal index with distal -digit 2-5 distal facet -shaft eccentricity ratio PP1 dp index digit 1	2,3819 2,0351 1,4938
	midshaft width / height IP2-5 distal facet height / midshaft height PP2-5	2,2059 1,7951	proximal facet geometric mean D2-5 proximal facet width / height IP2-5 midshaft width / total length D2-5	2,3684 2,0351 1,4745
	curvature IP2-5 distal facet -shaft eccentricity ratio PP2-5	2,2059 1,7951	mc mt proportion of digit length -digit 2-5 distal facet dorsal / ventral widths IP2-5 proximal facet dorsal / ventral widths IP2-5	2,3684 2,0347 1,4463
	midshaft height / total length D1 midshaft width / total length PP1	2,2031 1,7624	Cross Sec Area MT2-5 midshaft height / total length D2-5	2,3618 2,0128
	pp proportion of digit length -digit 1 curvature PP2-5	2,1622 1,7549	proximal facet dorsal / ventral widths PP2-5 midshaft width / total length D1	2,3618 1,9994
	midshaft width / total length IP2-5 proximal facet width / height PP1	2,1559 1,7521	midshaft height / tubercle height PP1 midshaft height / total length MT2-5	2,3597 1,9986
	midshaft width / height MC2-5 proximal facet width / height D2-5	2,1321 1,7379	midshaft width / height MT1 tubercle length / total length PP2-5	2,3422 1,9986
	distal facet geometric mean PP2-5 proximal facet dorsal / ventral widths IP2-5	2,1309 1,7308	distal facet width / height IP2-5 distal facet width / midshaft width MT1	2,3414 1,9965
	distal facet width / height PP2-5 proximal facet dorsal / ventral widths D2-5	2,1309 1,7212	proximal facet geometric mean PP2-5 distal facet width / height PP2-5	2,3414 1,9965
	midshaft height / total length MC1 dp index digit 2-5	2,1309 1,7076	proximal facet width / height D1 distal facet height / midshaft height MT1	2,3414 1,9953
	proximal facet geometric mean PP2-5 distal facet dorsal / ventral widths PP2-5	2,1279 1,6892	midshaft width / total length IP2-5 curvature PP1	2,3303 1,9953
	midshaft height / tubercle height D1 proximal facet geometric mean IP2-5	2,1206 1,6892	tubercle length / total length D2-5 midshaft height / total length D1	2,3166 1,9773
	tubercle length / total length D1 pp proportion of digit length -digit 2-5	2,1206 1,6759	midshaft height / tubercle height D2-5 proximal facet dorsal / ventral widths PP1	2,3142 1,9758
	tubercle length / total length D2-5 distal facet -shaft eccentricity ratio MC2-5	2,1206 1,6611	Cross Sec Area PP2-5 midshaft width / total length MT1	2,3061 1,9392
	midshaft height / tubercle height PP1 distal facet -shaft eccentricity ratio PP1	2,1086 1,6607	distal facet dorsal / ventral widths MT1 midshaft width / total length PP1	2,3061 1,9392
	distal facet geometric mean MC2-5 midshaft height / total length MC2-5	2,0538 1,6595	distal facet angle PP2-5 distal facet width / height MT1	2,3061 1,9338
	proximal facet geometric mean D1 proximal facet dorsal / ventral widths PP2-5 1,6588 2,0383	curvature IP2-5 distal facet angle IP2-5	2,3061 1,9307
	midshaft width / total length PP2-5 Cross Sec Area PP1	2,0379 1,6377	proximal facet geometric mean D1 distal facet dorsal / ventral widths PP1	2,3049 1,9300
	distal facet width / midshaft width MC1 distal facet width / midshaft width PP1	2,0255 1,5993	distal facet geometric mean PP1 midshaft height / total length D2 foot	2,3029 1,9228
	distal facet width / midshaft width IP2-5	1,5915	proximal facet geometric mean D2 foot	1,9228

Primates ainsi que leurs liens phylogénétiques précis au sein des Euarchonta (le clade incluant les Primates, Scandentia, Dermoptères et Plesiadapiformes) sont débattus. De plus, l'interprétation fonctionnelle et évolutive de certains caractères morphologiques qui définissent les Primates est incertaine. Parmi eux, se trouvent l'acquisition de capacités de préhension manuelle et pédale, avec un pied spécialisé dans la saisie et un gros orteil opposable, ainsi que des ongles remplaçant les griffes sur les phalanges distales. De ce fait, le morphotype ancestral des Primate est très étudié, bien que l'arborealité et la petite taille de nos premiers ancêtres soient consensuelles. Le but de cette thèse était de revisiter certains aspects encore flous des origines des Primates, en se concentrant sur les mécanismes de préhension de la main et du pied, à travers une approche interdisciplinaire mêlant éthologie, biomécanique, anatomie comparée et analyse phylogénétique. Un réexamen du genre Plesiadapis (Plésiadapiforme) conduit au questionnement de l'hypothèse récente concernant les relations phylogénétiques des premiers primates. De plus, une étude quantitative des postures manuelles et pédales en relation au type de support utilisé lors de la locomotion, suivie d'une analyse morphologique des métapodes et phalanges de mains et pieds, ont été conduites sur différentes espèces de Primates et non-Primates. Les résultats furent ensuite couplés de façon intégrative afin de relier les caractères morphologiques à leur fonction, tout en évaluant leur importance phylogénétique. Les résultats de ces travaux permettent de proposer des hypothèses alternatives concernant deux caractères clés chez les Primates, comme la fonction initiale des ongles : liés plutôt à une capacité sensorielle que mécanique ; ainsi que concernant le scenario environnemental qui a pu conduire à l'évolution de leurs capacités de préhension pédale : supports fins verticaux et non la niche de fines branches. Également, un nouveau type de capteur de force spatialement résolu a été créé dans l'optique de mieux caractériser les contraintes biomécaniques en jeu lors de la locomotion arboricole. Ce dernier a des applications dans différents domaines, comme la robotique.
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Phylogenetic analysis

We performed a parsimonious analysis based on a modified version of the matrix of [START_REF] Chester | Oldest skeleton of a plesiadapiform provides additional evidence for an exclusively arboreal radiation of stem primates in the Palaeocene[END_REF], itself based on the previous work of [START_REF] Silcox | Cranial anatomy of paleocene and eocene labidolemur kayi (Mammalia: Apatotheria), and the relationships of the apatemyidae to other mammals[END_REF]. We used the same characters, but brought some modifications, as previously stated. The complete list of characters used is presented in Appendix 3, as well as the resulting taxa/characters matrix we used to perform the analyses.

In order to test the previous hypotheses of a close group relationship between plesiadapoids and euprimates (e.g., Bloch et al., 2007;[START_REF] Silcox | Cranial anatomy of paleocene and eocene labidolemur kayi (Mammalia: Apatotheria), and the relationships of the apatemyidae to other mammals[END_REF][START_REF] Chester | Oldest skeleton of a plesiadapiform provides additional evidence for an exclusively arboreal radiation of stem primates in the Palaeocene[END_REF], we kept the same taxa inside the Euarchonta. The interest groups of this study, Plesiadapiformes and Euprimates (only represented by fossil taxa in the original matrix), were compared to other Euarchontans, with extant Scandentians (Tupaia and Ptilocercus) and the extant Dermopteran Cynocephalus. We added 6 extant Euprimates: 3 strepsirrhines and 3 haplorhines. We decided to maintain only 3 extant outgroup taxa (Erinaceus, Solenodon and Genetta) from the initial matrix, as the extant representatives of Laurasiatherian mammals, sister group to Euarchontoglires. Thus, we deleted 13 outgroup taxa from the initial analysis of [START_REF] Chester | Oldest skeleton of a plesiadapiform provides additional evidence for an exclusively arboreal radiation of stem primates in the Palaeocene[END_REF] (figure 1.13.). Therefore, in our final matrix, we scored 23 taxa for 240 cranial and postcranial characters (68 postcranial, 45 cranial and 127 dental). In the initial analysis of [START_REF] Chester | Oldest skeleton of a plesiadapiform provides additional evidence for an exclusively arboreal radiation of stem primates in the Palaeocene[END_REF], all characters were coded as unordered. Here, of the multistate characters, we coded 16 as ordered (characters 1, 6, 13, 17, 21, 23, 26, 27, 38, 42, 72, 98, 108, 119, 185, 189) and 8 as irreversible (characters 91, 118, 120, 122, 174, 190, 193, 225). All others were coded as unordered. Polymorphic taxa were coded with multiple character state entries.

Mutual Information between hand and foot morphology and posture in extant species

The next step of this analysis was to assess whether the morphology of hand and foot metapodials and phalanges can be statistically related with behavioral postures (as investigated in Chapter 2). Therefore, in a similar manner as we computed the intensity of the phylogenetic signal, we computed a functional signal on each index/proportion, to assess which indices/proportions contain the more functional information. Out of all extant species analyzed throughout this project, 10 genera were quantified both in terms of postures and in terms of morphology, providing a comparative dataset (Aotus, Callicebus, Saimiri, Saguinus, Eulemur, Nycticebus, Tupaia, Potos, Procyon and Caluromys).

We used the compact representation of postural data in the form of principal components computed in Chapter 2, distinguishing hands and feet separately. For each morphological variable of the hand (respectively of the foot), we computed the mutual information between the values of this index and each principal component of postures. Then, we computed the weighted-average mutual information, weighting each term by the amount of explained variance.

Mutual information is a classic quantity in information theory which allows to measure (in Shannons) how related two random variables are. Unlike correlation, this measure does not require the relation to be monotonic and is therefore more general. The computation of mutual information was conducted with matlab mi function provided by J. Delpiano.

Appendices Appendix 2. Creation of a system combining RTI and Photogrammetry

Following the light dome success (Appendix 1.) and the value this methodology can bring to various projects, I had the idea to combine the RTI technique with the well-known and largely used photogrammetry technique for 3D reconstruction. I was exploring different methodologies to scan these specimens and perform a geometric analysis. We wanted to analyze both shape and microreliefs on these specimens, but the photogrammetry technique alone does not permit to obtain 3D models with realistic enough textures. I therefore designed and built another system, called ''PhotogramRTI''. This system was funded by the Ecole Pratique des Hautes Etudes (EPHE). Unexpectedly, it made the object of a second valorization project at the SATT Lutech, and of a patent application (application number 1660467, ''Procédé et dispositif de modélisation 3D d'un objet à partir d'images de l'objet'', MNHN, CNRS, UPMC, PARIS 7, EPHE). It was finally decided to discontinue the technological transfer program. A large part of the work has been done since the system is functional. However, it lacks an analysis software to process acquired data. I did not have the time to finish this project, but I intend to look for company or organizations interested in finishing it, possibly as a collaborative open-source initiative.

Goal and context

In the case of the study of 3D objects external shape, photogrammetry techniques allow to reconstruct the tridimensional envelop from a set of photographs taken with different angle views. The quality of the result (visualization of the object in 3D with the ability to manipulate it) depends on the quality and number of the pictures. However, it does not permit to obtain a precise information on the micro-asperities and real textures of the object. On the other side, RTI or PTM techniques allow to capture precise texture and micro-asperities presents on a flat object, but do not permit to obtain such a result on 3D objects.

Therefore, combining these two methods would allow to obtain a 3D model that also contains precise reliefs information. This would constitute a perfect surrogate to visual object analysis. In the case of comparative anatomy and paleontology, it can help sharing while preserving specimens, bringing data that is complementary to µCT-scans and way cheaper.

To this end, we designed an acquisition system which acquires all the photographs necessary to build such an augmented 3D model. This system was designed to be userfriendly, cost effective, transportable, as much automated as possible and being able to generate data for either photogrammetry only or RTI only or for the combination of both. In addition to this image acquisition device, it is necessary to develop two specific pieces of All the system is driven by an Arduino microcontroller which manages motors synchronization, LEDs exposure sequences and camera trigger. Moreover, a control box (figure 6.2.) allows the user to set up and manage the acquisition (light intensity, exposure time, manual movement to set up the object, tests, start, pause etc.) without a computer.

Reconstruction algorithm and visualization software

The outlines of the reconstruction algorithm and the visualization software have been defined but these have not been implemented yet.

The ''builder'' software should first apply a photogrammetry algorithm to obtain a 3D envelop of the object. Then, the object's surface is subdivided into textels (small elements of surface, analogous to pixels but suitable to 3D surfaces). Finally, a classic RTI fitting algorithm is applied to each textel.

The ''viewer'' software would be based on existing 3D rendering software, with some modifications allowing to use the RTI models of each textel instead of a classic texture image.

Nevertheless, our acquisition system can already be used with existing software, to do either a classical photogrammetry reconstruction (ex of software: PhotoScan) or a classical RTI on one angle view (RTIBuilder and RTIViewer). Appendix 3. Supplementary information of Chapter 1

1. List of characters To verify whether there were no significant differences between left and right hands and between left and right feet, I computed the following on each variable: for each individual, the frequency of all possible values, distinguishing the use of left or right hand/foot (resulting in a table where each individual is represented by two rows, one for each hand/foot). I then performed a PCA on these dependent raw frequencies to obtain linearly independent transformed values and kept all first principal components which summed explained at least 95% of variance. I performed on this transformed set a MANOVA (manova1 from Matlab statistical toolbox) with the associated Wilk's lambda test for the hypothesis that the individuals' left and right hands/feet are different. For all variables, this hypothesis was always rejected with P≥0.52 for the hand and P≥0.46 for the foot (d=0). These analyses were performed separately for primates and non-primates. The same analyses were then performed separately when considering: i) only grasps performed when ascending oblique and vertical substrates, and ii) only grasps performed when descending (separately head or rump first) oblique and vertical substrates. Results are presented below.

4 -Influence of the substrate types on the positional repertoire variability -Shannon's entropy statistical details Entropy (a.k.a. Shannon's Entropy) is a measure from Information theory which is analogous to Thermodynamics' entropy but with a slightly different convention (and is the original definition of entropy). The quantity of entropy is usually bits or Shannons. It measures the quantity of information contained in a distribution. In my precise case, I simply computed entropies on the distribution of each variables (e.g. the frequency of postures) for each species and then for each phylogenetic group. Those measures represent how "diverse" is the global postural repertoire on each substrate. The more different postures there are on the substrate, the higher the entropy is. Also, the more equi-probable all possible postures are, the higher the entropy is. For all variables, I did precomputation exactly as for the other plots in order to work exactly on the same variables than the regular plots. Then I computed the regular Shannon's entropy for all substrates and conditional entropies for hands and feet separately.

-Link between postural data and phylogenetic relationships: Tests of phylogenetic signal

To test whether the postural data on hands and feet present a phylogenetic signal, I performed Pagel's λ and Blomberg K tests using the consensual phylogenetic tree relating all species studied (figure 9 in the main text). Tests were conducted in R using the phylosig package [START_REF] Revell | Phytools: an R package for phylogenetic comparative biology (and other things)[END_REF], with 5000 runs for each test. As we have multivariate behavior data and as phylogenetic signal tests are made one trait at a time, I used PCA transformed proportion data for each species as input variable for phylogenetic signal analysis. I only used the first three PCs (PC1: 37.1 % of variance explained, PC2: 14.4 % of variance explained, PC3: 12.3 % of variance explained). I then wondered if hands and feet postures adopted on specific substrates would reveal phylogenetic signals of different strength. To do so, I computed the phylogenetic signal strength for hands and feet combined, differentiating substrates by orientations (horizontal, oblique, vertical) and diameters (small, medium, large). In practice, I repeated the same PCA analysis as before, but only retaining data for each given group of substrates. Results of Blomberg's K test are reported in the table below, along with their corresponding P values. On the first line are the results when all substrates are merged for reference. The strongest phylogenetic signal, matching the general level, is achieved on vertical substrates. Pagel's λ tests are not reported since they did not differ among any substrate (λ=0.999 on all substrates except oblique ones for PC1 which λ=0.545). Feature selection permits to find the set of variables that allow the best classification. Indeed, adding non-informative, or poorly-informative, variables in a classifier can degrade its performance. To perform feature selection, we used the typical leave-one-out approach where we start with a classifier using all variables, and progressively remove variables one at a time. At each step, it removes the variable which had the worst performance in terms of prediction accuracy (50 folds cross validation with 90/10% test/train split).

In figure SI 4.1, we show the results of this procedure. In all cases we obtain an optimal set of variables which provides the highest accuracy of attribution and which were used thereafter.