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We show that the presence of canaliculi running radially from large irregular osteocyte lacunae, and general isotropy at tissue scale, but local anisotropy at cellular scale, offer reliable characters for diagnosing woven bone in amniotes.

Introduction

In vertebrate paleontological studies, bones constitute the large majority of fossilized remains.

The histological analysis of skeletal elements allows to infer bone growth rates [START_REF] Botha-Brink | Osteohistology of the Triassis Archosauromorphs Prolacerta, Porterosuchus, Eparkeria, and Erythrosuchus from the Karoo Basin of South Africa[END_REF][START_REF] Cubo | Paleohistological estimation of bone growth rate in extinct archosaurs[END_REF][START_REF] Padian | Dinosaurian growth rates and bird origins[END_REF][START_REF] Padian | Growth in small dinosaurs and pterosaurs: the evolution of archosaurian growth strategies[END_REF], lifestyle [START_REF] Houssaye | Bone histology of aquatic reptiles: What does it tell us about secondary adaptation to an aquatic life?[END_REF][START_REF] Houssaye | Bone histology of aquatic reptiles: What does it tell us about secondary adaptation to an aquatic life?[END_REF][START_REF] Laurin | Bone microanatomy and lifestyle : A descriptive approach[END_REF], biomechanical constraints [START_REF] Cubo | First Reported Cases of Biomechanically Adaptive Bone Modeling in Non-Avian Dinosaurs[END_REF] or metabolic rates [START_REF] Cubo | Bone histology of Azendohsaurus laaroussii: Implications for the evolution of thermometabolism in Archosauromorpha[END_REF][START_REF] Fleischle | Quantitative histological models suggest endothermy in plesiosaurs[END_REF][START_REF] Legendre | Palaeohistological Evidence for Ancestral High Metabolic Rate in Archosaurs[END_REF][START_REF] Olivier | First palaeohistological inference of resting metabolic rate in an extinct synapsid , Moghreberia nmachouensis (Therapsida: Anomodontia)[END_REF]. Traditionally, bone paleohistology was based on the analysis of transverse sections (e.g., all the references cited above). Paleohistologists defined two characters using this material. The first one concerns bone matrix organization and has three states: presence of woven-fibered bone matrix (WB), presence of parallel-fibered bone matrix (PFB) and presence of lamellar bone matrix (LB) [START_REF] Francillon-Vieillot | Microstructure and Mineralisation of Vertebrate Skeletal Tissues[END_REF]. The second one is based on the organization of bone as a tissue and has two states: presence of lamellar-zonal bone (LZB) and presence of fibro-lamellar bone (FLB) [START_REF] Francillon-Vieillot | Microstructure and Mineralisation of Vertebrate Skeletal Tissues[END_REF]. [START_REF] Prondvai | Development-based revision of bone tissue classification: The importance of semantics for science[END_REF] proposed a development-based nomenclature in which LB is a particular type of PFB and FLB is a particular case of woven-parallel complex.

According to [START_REF] Francillon-Vieillot | Microstructure and Mineralisation of Vertebrate Skeletal Tissues[END_REF], two osteohistological features can be used to identify WB and PFB: (1) collagen fiber orientation (inferred from the presence or absence of birefringence under cross-polarized light) and (2) morphology and spatial distribution of osteocyte lacunae. Under cross-polarized light, a highly organized matrix with fibers running parallel (oriented in the same direction; PFB) is anisotropic and appears bright (birefringent) when fibers are perpendicular to the axis of light propagation and it appears dark when fibers are aligned along the axis of light propagation [START_REF] Bromage | Circularly Polarized Light Standards for Investigations of Collagen Fiber Orientation in Bone[END_REF]. Thus, in transverse thin sections, collagen fibers parallel to the main axis of a long bone appear dark. At low 4 magnification (at tissue scale), the poorly organized matrix of woven bone shows intermediate brightness values [START_REF] Bromage | Circularly Polarized Light Standards for Investigations of Collagen Fiber Orientation in Bone[END_REF]), or "general isotropy" (Francillon-Vieillot et al., 1990) from all cutting directions. However, at high magnification (on cellular scale), considering that WB collagen fibers are parallel in former osteoblast secretory territories ("microlamellar arrangement"), they are anisotropic and they appear bright where they are perpendicular to the axis of light propagation [START_REF] Kerschnitzki | The organization of the osteocyte network mirrors the extracellular matrix orientation in bone[END_REF]. The other osteohistological feature, the morphology and spatial distribution of osteocyte lacunae, reflects (i.e., is correlated to) the extracellular matrix organization [START_REF] Kerschnitzki | The organization of the osteocyte network mirrors the extracellular matrix orientation in bone[END_REF].

In PFB the longitudinal axis of osteocyte lacunae is parallel to collagen fiber direction whereas canaliculi are perpendicular to it [START_REF] Kerschnitzki | The organization of the osteocyte network mirrors the extracellular matrix orientation in bone[END_REF]. In contrast, in WB there is no alignment between osteocytes and canaliculi run radially from osteocyte lacunae [START_REF] Kerschnitzki | The organization of the osteocyte network mirrors the extracellular matrix orientation in bone[END_REF]. Stein & Prondvai (2014) drew attention to the fact (known previously but neglected before 2014) that WB, and PFB with fibers parallel to the main axis of the long bone, both appear dark in transverse thin sections. Considering that the proportion of WB to PFB has been extensively used to infer bone growth rates and resting metabolic rates of extinct organisms, mismeasure of WB content in transverse sections may have important paleophysiological consequences. The aim of this study is to test in a variety of amniotes the null hypothesis that WB content is not significantly different in the transverse and the longitudinal section planes.

Material and Methods

We analyzed femoral mid-diaphyseal transverse and slightly metaphyseal longitudinal thin sections of 14 extant and extinct taxa including five synapsids, three lepidosaurs, two testudines and four archosauromorphs. The transverse sections of most of them were prepared and used by [START_REF] Montes | Relationships between bone growth rate , body mass and resting metabolic rate in growing amniotes: a phylogenetic approach[END_REF]: Chelodina oblonga (Gray, 1841), Crocodylus niloticus 5 (Laurenti, 1768), Gallus gallus (Linnaeus, 1758), Pelodiscus sinensis (Wiegmann, 1835), Varanus exanthematicus (Bosc, 1792), Varanus niloticus (Linnaeus, 1766) and Zootoca vivipara (Von Jacquin, 1787). We prepared the corresponding longitudinal thin sections using the remaining slightly metaphyseal bone samples that were conserved embedded in epoxy resin. Vivian de Buffrénil kindly shared with us the femur of a growing Caiman crocodilus (Linnaeus, 1758), that was embedded in epoxy resin and cut both transversally and longitudinally. The transverse sections of four (of the five) synapsids were prepared and used by [START_REF] Olivier | First palaeohistological inference of resting metabolic rate in an extinct synapsid , Moghreberia nmachouensis (Therapsida: Anomodontia)[END_REF]: Capreolus capreolus (Linnaeus, 1758), Lepus europaeus (Pallas, 1778), Lystrosaurus sp., and Oudenodon bainii Owen 1860. We used the remaining slightly metaphyseal bone samples (conserved embedded in epoxy resin) to perform the corresponding longitudinal thin sections. Transverse and longitudinal sections of the fifth synapsid of the sample (Clepsydrops collettii Cope 1875) and of the archosauromorph Azendohsaurus laaroussii Dutuit 1972 were prepared and used respectively by Laurin & Buffrénil (2016) and by [START_REF] Cubo | Bone histology of Azendohsaurus laaroussii: Implications for the evolution of thermometabolism in Archosauromorpha[END_REF]. For further information on the ontogenetic stage of the specimens, see Supplementary file 1. It is expressed as % of adult body mass in extant species and inferred from bone histology in extinct ones. To check whether WB can be diagnosed in a reliable way we used a sample including different ontogenetic stages, different thermometabolic regimes (endotherms and ectotherms), and extant and extinct species of diverse amniote clades.

Transverse sections were available because they have been used in previous studies (see above). The corresponding longitudinal thin sections, 100 ± 10µm thick, were obtained from slightly metaphyseal samples of the same specimens using the protocol described by [START_REF] Montes | Relationships between bone growth rate , body mass and resting metabolic rate in growing amniotes: a phylogenetic approach[END_REF]. Thin sections were photographed using a Nikon Eclipse E600POL microscope under linearly polarized light and cross-polarized light with lambda wave plate. Thin sections were deposited at the vertebrate hard tissues histological collection of the French National 6 Museum of Natural History (MNHN), where they are available upon request to the curator (accession numbers of the thin sections analyzed in this study are given in Supplementary file 1). Bone histology nomenclature follows [START_REF] Francillon-Vieillot | Microstructure and Mineralisation of Vertebrate Skeletal Tissues[END_REF] with addenda from [START_REF] Prondvai | Development-based revision of bone tissue classification: The importance of semantics for science[END_REF].

For each taxon included in this study transverse sections were analyzed first. In transverse sections, bone matrix appearing yellow/orange or blue under cross-polarized light with lambda wave plate, or bright without lambda wave plate, is composed of PFB with fibers perpendicular to the main axis of the long bone. In these transverse sections, at low magnifications (at the tissue level), bone matrix appearing red under cross-polarized light with lambda wave plate, or black without lambda wave plate, is composed of either WB or PFB with fibers parallel to the main axis of the long bone. Please note that at high magnifications (at the cellular level), woven bone is anisotropic because of the presence of microlamellar arrangement in former osteoblast secretory territories (fibers appear yellow/orange or blue where they are perpendicular to the axis of light propagation; white arrow in Figure 1). We encircled WB areas in transverse sections and measured these areas using ImageJ when we observed: (a) a bone matrix showing general isotropy at low magnification (at tissue scale);

(b) an anisotropic microlamellar arrangement at high magnification (on cellular scale); (c) no alignment between osteocytes, and (d) canaliculi running radially from large irregular osteocyte lacunae. Longitudinal sections were analyzed likewise in a second time. Please note that the channels herein referred to as vascular cavities are known to not be exclusively filled with corresponding veins and arteries but accommodate a few more tissues as well such as nerves and lymphatic vessels [START_REF] Starck | Bone microstructure and developmental plasticity in birds and other dinosaurs[END_REF].

We tested the null hypothesis suggesting that the proportion of WB (expressed in percentage: WB area / Total matrix area) is not significantly different in transverse and in longitudinal sections. For this first we performed Shapiro-Wilk normality tests for the proportion of WB in 7 transverse and in longitudinal sections in R (R Development Core Team, 2008). Second, we tested the null hypothesis using a Wilcoxon signed-rank non-parametric paired test in R (R Development Core Team, 2008) because the proportions of WB in transverse and in longitudinal sections are not normally distributed.

Results

We analyzed qualitatively and quantitatively femoral transverse and longitudinal bone thin sections of the fourteen taxa of the sample in order to test whether the quantified amount of WB is the same in both section planes. First we provide detailed qualitative histological descriptions of six species of the sample: two extant endotherms (Capreolus capreolus and Gallus gallus, Figure 2), two extant ectotherms (Crocodylus niloticus and Zootoca vivipara, 2B). In these areas collagen fibers can be either woven or longitudinally organized parallel to the long axis of the bone (and so cut transversally). The small size of the osteocyte lacunae of these areas (Figure 2B, black arrowhead) suggests that it is composed of PFB cut transversally. Finally, under cross-polarized light with lambda wave plate, we always observe bluish stripes (Figure 2B, white arrow) equidistant from two consecutive vascular cavities. The large size and irregular shape of osteocyte lacunae of these areas suggest that it is composed of WB (Figure 2B, white arrow). The bluish aspect of these stripes (Figures 1 and2B, white arrows) may be linked to the microlamellar arrangement of collagen fibers in WB at cellular scale [START_REF] Kerschnitzki | The organization of the osteocyte network mirrors the extracellular matrix orientation in bone[END_REF]). The analysis of the corresponding longitudinal section (Figure 2C,D) is congruent with this interpretation because the entire section but the WB area (Figure 2D, white arrow) is strongly anisotropic. Note however that the WB area (Figure 2D, white arrow) is not entirely red but rather dark purple under cross-polarized light with lambda wave plate because of the microlamellar arrangement. The LB (Figure 2D, white arrowhead) is composed of alternating anisotropic layers of fibers oriented either parallel to the main axis of the bone (appearing blue because they are perpendicular to the axis of light propagation), or perpendicular to the main axis of the bone and parallel to the axis of light propagation (appearing as black lines). The PFB is anisotropic and appears bright blue under cross-polarized light with lambda wave plate in longitudinal section (Figure 2D, black arrowhead) because collagen fibers run parallel to the main axis of the bone (and so are perpendicular to the axis of light propagation). It contains spindle shaped osteocyte lacunae (Figure 2D, black arrowhead). In summary, there is a scaffold of WB trabeculae containing large primary osteons formed by a peripheral thick layer of PFB and a inner thin layer of LB around the vascular cavities (Figure 2 A-D).

The femoral transverse section of Gallus gallus is characterized by a radial pattern of vascular cavities (Figure 2E,F). These ones are lined by anisotropic PFB (Figure 2F, black arrowhead). Between these layers of PFB, we can observe areas of isotropic bone matrix (Figure 2F, white arrow). The large size and irregular shape of osteocyte lacunae of these 9 isotropic areas suggests that it is composed of woven bone. The analysis of the corresponding longitudinal section (Figure 2G,H) is congruent with this interpretation. We can observe areas of WB (Figure 2H, white arrow) and areas of PFB (Figure 2H, black arrowhead).

The femoral transverse section of Crocodylus niloticus is organized into three regions (white bar in Figure 3B). It contains longitudinal vascular canals without anastomoses (Figure 3A,B). Some of them are surrounded by an anisotropic tissue (blue and yellow under crosspolarized light with lambda wave plate in Figure 3B, white arrow) indicating the presence of PFB forming primary osteons. Others are simple vascular canals (Figure 3B, black arrow) and are preferentially located in the outer half of the cortex. The inner region is formed by a layer of endosteal bone around the medullary cavity (Figure 3B, D white arrow-heads). This endosteal layer is anisotropic in the longitudinal section (Figure 3D, white arrow-head), whereas it appears blue and red in the transverse section (Figure 3B, white arrow-head), indicating that it is probably composed of spiraling PFB at low angle to the bone's long axis.

In the central region (in between the endosteal bone and the outer half of the cortex), in between primary osteons, the bone matrix is isotropic. It contains irregular large osteocyte lacunae (Figure 3B, black arrow-heads) suggesting that this matrix is composed of WB. The bone matrix of the outer half of the cortex appears blue at some locations, indicating that it is composed of PFB, and red at other locations, suggesting that it is formed by either WB or by PFB with fibers oriented parallel to the main axis of the bone. The small size of the osteocyte lacunae suggests that the second interpretation is correct. The longitudinal section was prepared from a slightly different (more metaphyseal) region and it contains only the endosteal layer and an outer region corresponding to the outer half of the cortex observed in the transverse section (bar in Figure 3D). The layer of endosteal bone is anisotropic (see above), suggesting that it is formed by PFB. The bulk of the cortex contains simple vascular canals (Figure 3D, black arrow) that appear elongated because they are parallel to the main The bone matrix of this region is anisotropic, suggesting that it is mainly composed of longitudinal PFB (Figure 3D). Note, however, that it may contain a few transversally oriented collagen fibers relative to the main axis of the long bone because bone matrix appears partly blue in the transverse section; Figure 3B).

The femoral transverse section of Zootoca vivipara (Figure 3E,F) is completely avascular. It contains an endosteal layer of PFB (Figure 3F, white arrow-head) and an outer periosteal region that is also composed of PFB according to overall birefringence under cross-polarized light with lambda wave plate. The longitudinal section also shows birefringence (Figure 3H). These observations suggest that the PFB forming the periosteal bone cortex probably contains spiraling fibers at about 45° to the bone's long axis.

The femoral transverse section of Lystrosaurus sp. is characterized by a pattern of longitudinal vascular cavities (Figure 4A,B). These ones are lined by anisotropic PFB forming primary osteons (Figure 4B, white arrowheads). These primary osteons are separated by areas of isotropic bone matrix (Figure 4B, white arrows). The large size and irregular shape of osteocyte lacunae in these isotropic areas suggests that it is composed of WB. The analysis of the longitudinal section shows that the vascular canals have an elongated aspect aligned to the main axis of the bone (Figure 4C,D). These cavities are lined by PFB forming primary osteons (Figure 4D, white arrowheads). In between these primary osteons we can see isotropic areas composed of WB (Figure 4D, white arrows).

Transverse and longitudinal femoral sections of Oudenodon bainii (Figure 4E-H) show a pattern similar to that described for Capreolus capreolus : there is a scaffold of trabeculae containing WB (Figure 4F, H, white arrows) and, in-between two layers, there are primary osteons (vascular cavities lined by LB; Figure 4F,H Quantifications of proportion of WB in transverse and longitudinal sections are given in Table 1. Shapiro-Wilk normality tests showed that the proportion of WB was not normally distributed neither in transverse (p-value = 0.02398) nor in longitudinal (p-value = 0.04465) sections. A Wilcoxon signed-rank non-parametric paired test did not reject the null hypothesis suggesting that the proportion of WB (expressed in percentage: WB area / Total matrix area) is not significantly different in transverse and in longitudinal sections (p-value = 0.9056). In other words, the Wilcoxon signed-rank non-parametric paired test did not detect a significant difference in the WB content of the two section planes. Discussion 12 Stein & Prondvai (2014) analyzed the bone histology of sauropod dinosaurs using transverse and longitudinal sections and concluded that the amount of woven bone has been overestimated in previous studies that used only transverse sections. They suggested that this is because, under cross-polarized light, WB and PFB with fibers parallel to the main axis of the long bone, both appear isotropic (dark) in transverse thin sections. Considering that the proportion of WB to PFB has been widely used to perform paleobiological inferences of bone growth rates and resting metabolic rates (see below), the bias put in evidence by Stein & Prondvai (2014) in sauropod dinosaurs, if proven by comparative data in other taxa, may have important paleophysiological consequences. First, we elaborate on why quantifying the proportion of WB is relevant in paleobiology by analyzing the relationships between this feature and bone growth rates and resting metabolic rates. Afterwards we test the null hypothesis that WB content is not significantly different in the transverse and the longitudinal section planes. Finally, we propose recommendations and a workflow based on our findings.

WB is formed by the process of static osteogenesis: mesenchymal cells differentiate into stationary osteoblasts oriented randomly, which differentiate into osteocytes in situ [START_REF] Cubo | Static osteogenesis does not precede dynamic osteogenesis in periosteal ossification of Pleurodeles (Caudata, Amphibia) and Pogona (Squamata, Lepidosauria)[END_REF][START_REF] Ferretti | Static and dynamic osteogenesis : two different types of bone formation[END_REF][START_REF] Marotti | Static and dynamic osteogenesis[END_REF][START_REF] Palumbo | Osteocyte Dendrogenesis in Static and Dynamic Bone Formation: An Ultrastructural Study[END_REF]. PFB is formed by the process of dynamic osteogenesis: mesenchymal cells differentiate into osteoblasts that are all oriented in the same direction and move back as they secrete osteoid, forming a migrating lamina of osteoblasts [START_REF] Cubo | Static osteogenesis does not precede dynamic osteogenesis in periosteal ossification of Pleurodeles (Caudata, Amphibia) and Pogona (Squamata, Lepidosauria)[END_REF][START_REF] Ferretti | Static and dynamic osteogenesis : two different types of bone formation[END_REF][START_REF] Marotti | Static and dynamic osteogenesis[END_REF][START_REF] Palumbo | Osteocyte Dendrogenesis in Static and Dynamic Bone Formation: An Ultrastructural Study[END_REF]. We will consider the relationships between WB and bone growth rate at three levels: tissue, cellular and ultrastructural (see Stein & Prondvai, 2014, for a detailed review). At the tissue level, during the initial growth stages, a number of amniotes form an initial scaffold made of WB that includes large cavities and produces a rapid volume expansion of the cortex (e.g. [START_REF] Castanet | Periosteal bone growth rates in extant ratites ( ostriche and emu ). Implications for assessing growth in dinosaurs[END_REF], in the long bones of ratites and [START_REF] De Margerie | Assessing a relationship between bone microstructure and growth rate: a fluorescent labelling study in the king penguin chick ( Aptenodytes patagonicus )[END_REF], in the long bones of the king penguin). In other amniotes, the initial expansion of the cortex by appositional growth is made of PFB including, if any, smaller cavities, and producing a slow volume expansion of the cortex (e.g., Castanet, 1978, in squamates). As a consequence, for the same quantity of osteoid produced, static osteogenesis and WB are associated to a higher rate of bone accretion (at the tissue level) than dynamic osteogenesis and PFB. At the cellular level, considering that in static osteogenesis stationary osteoblasts are oriented randomly, the WB matrix formed is highly porous (Stein & Prondvai, 2014). In contrast, in dynamic osteogenesis, osteoblasts are all oriented in the same direction and produce PFB, a much more compact matrix (Stein & Prondvai, 2014). Again, for the same quantity of osteoid produced, static osteogenesis will produce a higher rate of volume expansion than dynamic osteogenesis.

At the ultrastructural level, the absolute growth rates at which WB and PFB are formed depend on the osteoid secretion rate of, respectively, static osteogenesis osteoblasts and dynamic osteogenesis osteoblasts (Stein & Prondvai, 2014). Considering that no ultrastructural differences have been observed between static and dynamic osteoblasts [START_REF] Marotti | Static and dynamic osteogenesis[END_REF], we expect to find similar osteoid secretion rates (Stein & Prondvai, 2014).

The formation of a scaffold of WB incorporating large cavities at high rates and the perimedullary resorption of bone tissue by osteoclasts at high rates are both energy consuming [START_REF] Montes | Relationships between bone growth rate , body mass and resting metabolic rate in growing amniotes: a phylogenetic approach[END_REF]. Thus, these mechanisms are only possible in taxa characterized by high resting metabolic rates [START_REF] Fleischle | Quantitative histological models suggest endothermy in plesiosaurs[END_REF][START_REF] Legendre | Palaeohistological Evidence for Ancestral High Metabolic Rate in Archosaurs[END_REF][START_REF] Olivier | First palaeohistological inference of resting metabolic rate in an extinct synapsid , Moghreberia nmachouensis (Therapsida: Anomodontia)[END_REF].

According to [START_REF] Padian | Typology versus transformation in the origin of birds[END_REF] "the types of tissue deposited in the bones of extinct animals are the most direct evidence of basal metabolic rates, because they directly reflect growth rates […]. The sustained deposition of fast-growing bone tissues, as displayed by mammals, birds and other dinosaurs, must reflect sustained high basal metabolic rates." This hypothesis was supported by the results obtained by [START_REF] Montes | Relationships between bone growth rate , body mass and resting metabolic rate in growing amniotes: a phylogenetic approach[END_REF]: the variation of bone growth rates significantly explains the variation of resting metabolic rates in a sample of 14 extant amniotes. In conclusion, precise quantifications of the proportion of WB is a key factor for performing reliable paleobiological inferences of both bone growth rates and resting metabolic rates.

Is WB content significantly different in the transverse and the longitudinal section planes? Qualitatively, when a stripe or a patch of WB was identified in a transverse section, the corresponding stripe or patch of WB was always found at the same location in the corresponding longitudinal section (please find in supplementary file 2 pictures of all the analyzed thin sections where WB areas, PFB areas and vascular canals were encircled).

Quantitatively, the proportion of WB is not significantly different in transverse and in longitudinal sections (i.e., the Wilcoxon signed-rank non-parametric paired test did not reject the null hypothesis suggesting that the proportion of WB is not significantly different in transverse and in longitudinal sections).

Considering that traditional bone histology is a destructive method, and that performing longitudinal sections (in addition to the transverse sections) involves the destruction of supplementary volume of material, we recommend a three steps workflow to efficiently establishing the proportion of WB in the diaphysis of an appendicular bone: (a) a careful analysis of transverse sections to propose hypotheses of the presence of WB when we observe the presence of canaliculi running radially from large irregular osteocyte lacunae, and general isotropy at tissue scale, but local anisotropy at cellular scale; (b) performing and analyzing longitudinal sections only in cases where an ambiguity remains; and (c) reanalyzing the corresponding transverse sections. 
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